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Resumen 

 

El fluoruro de calcio en su fórmula elemental (CaF2) se considera ampliamente útil en el 

diseño de nuevas tecnologías y aplicaciones en la ciencia actual, como la aleación de 

metales, la mejora de la deposición óptica y también en la fabricación de productos para 

el sector farmacéutico. Generalmente, el CaF2, en composiciones específicas, permite: 

mejorar la calidad óptica al reducir la dispersión de luz, promover la remineralización en 

los dientes como un eficaz agente anticaries, e incluso mejorar la capacidad como agente 

de contraste para aplicaciones de bioimagen con altos estándares de éxito en el sector 

biomédico. Si consideramos la forma a nanoescala del CaF2, se abre un campo de 

investigación y aplicación que se pretende explorar en este trabajo. En primer lugar, el 

CaF2 se sintetizará y analizará exhaustivamente con respecto a la forma, el tamaño, la 

cristalinidad y la pureza utilizando diversas técnicas, como la Difracción de rayos X 

(XRD), Espectroscopia fotoelectrónica de rayos X (XPS), la microscopía electrónica de 

barrido (SEM), Espectroscopía de rayos X por energía dispersiva (EDX) y la Microscopía 

por transmisión de electrones (TEM). En segundo lugar, se calculará el tamaño de estas 

NPs de CaF2 y finalmente se intentará la obtención de suspensiones acuosas estables y / 

o coloides de estas nanopartículas.  

 

Palabras Clave: Nanopartículas de CaF2, síntesis de nanopartículas, estabilidad coloidal, 

caracterización fisicoquímica, propiedades biomédicas, bioimagen. 



 

Abstract 

 

Calcium fluoride in its elemental formula (CaF2) is considered widely valuable for 

designing new technologies and applications in current science, such as metal alloying, 

the improvement of optical deposition, and the manufacture of products for the 

pharmaceutical sector. Generally, CaF2, in specific compositions, makes it possible to: 

improve optical quality by reducing light scattering, promoting remineralization in teeth 

as an effective anticaries agent, and even improving the ability as a contrast agent for 

bioimaging applications with high standards of success in the biomedical sector. If we 

consider the nanoscale form of CaF2, research and application open up, which is intended 

to be explored in this work. First, CaF2 is synthesized and extensively analyzed 

concerning the shape, size, crystallinity, and purity using various techniques, such as X-

Ray Diffraction (XRD), X-ray Photoelectron Spectroscopy (XPS), Scanning Electron 

Microscopy (SEM), Energy Dispersive X-Ray Spectroscopy (EDS) and Transmission 

Electron Microscopy (TEM). Finally, the acquisition of stable aqueous suspensions and 

colloids of these NPs will be discussed.  

 

Key Words: CaF2 nanoparticles, nanoparticles synthesis, colloidal stability, 

physicochemical characterization, biomedical properties, biomaging. 
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CHAPTER 1. INTRODUCTION 

 

1.1 Inorganic Materials  

 

Inorganic materials can be defined as chemicals that do not contain carbon (C). However, 

carbon in its elemental and compounds states like diamond or nitrogen and oxygen 

respectively, and other salts are also classified as inorganic. On the other hand, all other 

types of organic compounds or organic molecules are carbon-containing chemicals, 

forming carbon-carbon and carbon-hydrogen bonds. (Hemond & Fechner, 2015) 

 

Inorganic elements regulate and influence a multitude of biological functions in the body. 

The major elements are Ca, Mg, P, S and N being mainly the structural components of 

the body. Fluorine and 90% of the total calcium present in the human body (900-1300 g) 

are structural components of nucleic acids, proteins, carbohydrates, and phospholipids. 

They are essential in the constitution and growth of bones and teeth. (Khurshid & Qureshi, 

1984) As minerals in the biological systems, these elements can direct complex processes, 

such as tissue regeneration in situ by controlling cellular functions. In this context, the 

potential of nanoscale mineralized structures as an alternative to naturally occurring 

growth factors has been demonstrated. (Brokesh & Gaharwar, 2020; Tai et al., 2007) 

Minerals at the nanoscale are vital for homeostasis since they regulate cellular activity to 

a degree comparable to growth factors through indirect effects on the matrix properties, 

such as cell stiffness and adhesiveness, nanostructure conformation, and degradability 

ratio. Inorganic biomaterials can be composed of mineral elements with unique 

characteristics due to their unique chemical, physical, mechanical, and biological 

properties that are currently attractive and meet application needs in healthcare industries. 

(Brokesh & Gaharwar, 2020; Tan et al., 2009) Several electronic components constructed 

primarily from inorganic materials have attracted much research interest due to their 

considerable potential for development and performance in biomedical devices and skin 

analogs, displays, batteries, and even stretchable electronic components. (Yu & Yang, 

2020) For example, some thin-film transistors made from inorganic materials offer a 

better performance when compared to their analogs made of organic materials. (Shekar 

et al., 2004) 
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The properties of inorganic materials are classified as biophysical or biochemical, 

depending on their interaction with living systems. For example, biochemical properties 

can control and direct cellular functions through intracellular signaling. On the other 

hand, biophysical properties, such as the shape, size, surface-to-volume ratio, topography, 

stiffness and charge, can be modulated for various uses in medicine. Inorganic-based 

biomaterials' biophysical and biochemical attributes play a crucial role in dictating their 

interactions with biological systems. (Brokesh & Gaharwar, 2020) Therefore, inorganic 

biomaterials offer significant advantages for the biomedical field due to their large surface 

area, controllable structures, diverse surface chemistry, and unique biological, chemical 

and physical properties. 

 

The potential of inorganic materials is vast from scientific to technological applications 

due to their particular properties. For example, dental science has received important 

consideration due to the advent of nanotechnology that has resulted in improving the 

physical and mechanical properties of dental restorative materials. (Vaidya & Pathak, 

2019) Another example is inorganic nanophotonic materials (INPM), considered as 

promising diagnostic and therapeutic agents for in vivo applications, such as bioimaging, 

photoacoustic imaging, and photothermal therapy. (Nie et al., 2019) The application of 

inorganic nanoparticles can benefit cancer treatment and contribute to wound healing, 

anti-inflammation, and recovery from other diseases. (Zengin et al., 2019) Direct 

administration of metal ions combined with inorganic nanoparticles in specific 

compositions does not cause severe toxicity as therapeutic agents. (Hossain et al., 2011) 

Furthermore, it is proven that the inhibitory effect of inorganic nanoparticles at specific 

compositions can regulate the levels of reactive oxygen species (ROS) in targeted tissues 

or diseases and interfere with specific cell signaling behaviors and pathways. (Tang et al., 

2015) Besides, inorganic materials can enhance the therapeutic effects of specific 

treatment strategies, such as radiotherapy (L. Xu et al., 2016), and photodynamic 

(Abrahamse & Hamblin, 2016; Lamch et al., 2018), sonodynamic (Lai et al., 2020; Serpe 

et al., 2012; Lihong Sun et al., 2021; T. Xu et al., 2020; Yamaguchi et al., 2011), and 

chemodynamic therapies. (Xianwen Wang et al., 2020) 

 

The convergence of nanotechnology and biotechnology employing inorganic 

nanoparticles in biomedical applications are elucidated thanks to the biological analysis 
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of their composition and their interaction with the environment. (Liu et al., 2021) 

Inorganic nanoparticles offer unique characteristics compared to their organic and 

polymeric counterparts, explaining thus their wide use in the biomedical industry. As 

such, they represent an exciting opportunity to develop drug delivery and imaging 

systems addressing unique challenges not currently addressed in clinical settings. 

However, despite these apparent advantages, very few inorganic nanoparticle systems 

have reached clinical use. Therefore, in-depth studies are necessary to know the basis of 

their properties and their interaction with the environment. 

 

1.1.1 Alkali Earth Fluorides  

 

In group IIA of the periodic table are the alkaline earth metals (M). These form highly 

ionic salts with fluorine (F) in the MF2 combination where the subscripts of F are ≠ 1. 

Thanks to their wide bandgaps, low refractive indices, reasonable hardness, and low 

deliquescence relatively to other halides, alkaline earth fluorides find particular utility for 

optical coatings, transmitting components in the deep ultraviolet, microelectronic, 

optoelectronic devices (Fedosenko et al., 2014), gate dielectrics (Zubkov et al., 2003), 

damping layers (A. K. Sharma et al., 2019), semiconductor structures (Bose & Paul, 

2011), and even more advanced three-dimensional devices (Amatucci & Pereira, 2007; 

X. Yang et al., 2001). On the other hand, crystals of this type are composed of F ions 

similar to neon electrostatically bonded with either Ne −like Mg2+, Ar −like Ca2+, 

Kr −like Sr2+, or Xe −like Ba2+ in a close-packed lattice. These arrangements form a 

compact network with the rutile structure for MgF2 and the cubic fluorite structure for 

CaF2, SrF2, and BaF2. (Song & Williams, 1993) 

 

 

 

 

 

 

 

 

 

 



 

4 

 

1.2 Calcium Fluoride (𝐂𝐚𝐅𝟐)  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. Unit cell for the 𝐂𝐚𝐅𝟐 Crystal Structure. The cubic scheme presents a complete 

octahedron intersected by the 𝐂𝐚𝟐+ ions at the centers of the cube faces. Thus, the 

tetrahedron is crossed by one 𝐂𝐚𝟐+ ion at one corner of the cube and three 𝐂𝐚𝟐+ ions at 

the centers of the adjacent faces. (Callister & Rethwisch, 2008) 

 

Calcium fluoride (CaF2), composed of Ca2+ and F− ions has received particular interest 

among the fluoride compounds because is an insoluble ionic compound that crystallizes 

in the fluorite structure. In nature, it is most commonly found as a purple or deep-green 

mineral fluorite and is the source of most of the world's fluorine. The ionic radius ratio 

for CaF2 is related to the formula rC/rA , where the radius of the fluorine ion is divided 

by the radius of the calcium ion and gives a result of about 0.8 with a coordination number 

of 8 denoting a stable anion-cation coordination configuration. (Callister & Rethwisch, 

2008) In the cubic structure of CaF2, each Ca metal ion is surrounded by eight equivalent 

fluoride ions from the nearest neighbor, F, which form the corners of a Ca-centered cube. 

In turn, each fluoride ion is surrounded by a tetrahedron of four equivalent metal ions, as 

shown in Fig. 1. This arrangement results in each alternating cube of fluoride ions having 

no metal ions at its center. These are the so-called interstitial or hollow sites of the fluorite 

lattice, making fluorite crystals exceptionally accommodating to hosts for both dopants 

and unintentional impurities, such as rare-earth (RE3+) ions. (Song & Williams, 1993)  
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Calcium Fluoride is a well-known chemical used to produce a wide range of materials for 

various industrial areas. (Ropp, 2013) CaF2 is an attractive material that offers unique 

optical properties due to its large bandgap (12 eV), high stability with a large scale 

transparent spectral range ranging from ultraviolet to infrared frequencies (200 −

1100 nm) that minimizes the absorption of the incident and emission light (Salah et al., 

2015), a low refractive index reduces the requirement of anti-reflection coatings (Yenisoy 

& Tüzemen, 2019), and low effective phonon energy that minimizes the non-radiative 

loss (~ 280 cm − 1). (Feldmann et al., 2006) Potential technological applications of 

CaF2 include advanced photonics (Hase et al., 1990; Kuznetsov et al., 2019), display 

monitors (Cramer et al., 2006), and light amplification. (Bensalah et al., 2006). (Omolfajr 

et al., 2011) The alkaline earth fluorides made of CaF2 are promising materials for the 

anti-reflection film owing to their high transmittances and low refractive indices in all 

wavelength regions of the sunlight. The extremely high laser damage threshold of CaF2 

has made it an attractive material due to its excellent optical properties such as low 

refractive index, corrosion resistance, thermal stability, and significant hardness. 

CaF2 based optical components are used, such as windows and lenses in spectroscopy, 

thermal imaging systems, lasers, and telescopes. CaF2 films are of interest because can 

be used in particular as a buffer layer on Si for further epitaxial growth for example in 

quantum dot structures or even in the solid lead and tin chalcogenide solutions. 

(Fedosenko et al., 2014) CaF2 are cost-effective and chemically stable, with good optical 

properties. (Alharbi, 2015; Salah et al., 2015) On the other hand, all of these optical 

features make it suitable for up-conversion host materials. It could be prepared as an agent 

for bone/teeth reconstruction (Limin Sun & Chow, 2008) and has been demonstrated to 

have great biocompatibility. (Moon et al., 2005; Zhengyi, 2010) 

 

1.2.1 Physical / Chemical Properties and Synthesis 

 

Properties 

 

Calcium Fluoride is an inorganic compound naturally occurring in nature; it is the 

principal source of hydrogen fluoride. CaF2 has been intensively studied in its nanoforms. 

Physical and chemical description of calcium fluoride with (7789 − 75 − 5) CAS 

number identifier is described below. CaF2 has a molecular weight of 78.08 g/mol; it is 
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stable during transport showing no chemical reactivity and appears as colorless and 

odorless cubic crystals or white hygroscopic powder. CaF2 possesses a boiling point of 

2500 °C and a melting point of 1350 −  1403 °C. Additionally, the solubility of this 

compound is 0.0015 g/100 mL of water at 18 −  25 °C. The density of CaF2 is 3.18 −

3.20 g/cm3 at 68 °F. Further, CaF2 is not flammable and not combustible, and its index 

of refraction is 1.4338. CaF2 is a transparent matrix in the UV − Vis − NIR region, giving 

it the unique characteristic of being a luminescent matrix in studying the optical properties 

of luminescent ions. Additionally, CaF2 health hazards are negligible due to their 

excellent biocompatibility, and if the exposure to specific conditions is presented, usually 

no treatment is needed. Furthermore, the toxicity by ingestion is of grade 2 with an 

LD50 = 0.5 to 5  g/kg demonstrated no appreciable hazard. Finally, CaF2 is chemically 

stable and has a considerably low solubility product constant, KSP = 3.9 × 10−11, 

particularly favoring the growth of nanocrystals; it is very stable under physiological 

conditions, even under some severe acid conditions. (International Chemical Safety Cards 

(ICSC), 1999; Li et al., 2016; National Center for Biotechnology Information, 2021; 

USCG CHRIS Code, 1999).  

 

To date, calcium fluoride has attracted attention for its excellent biocompatibility, an 

endogenous component in living organisms widely used as a promoting agent for bone / 

dental reconstruction. (Weir et al., 2012) In addition, CaF2 has a low refractive index and 

a wide bandgap and is optically transparent over a wide range of wavelengths from mid-

infrared to vacuum ultraviolet (190 − 1100 nm). (Straßer et al., 2017; C. Zhang et al., 

2010) Besides, it has excellent biocompatibility which can be used as a nanodevice sensor 

for conformational and functional changes in proteins. (Valerio Marino et al., 2013) 

Furthermore, CaF2 is a unique phosphor host possesses captivating luminescent 

properties and is applied to generate up-conversion luminescence for fluorescence 

imaging (FLI). (Lu et al., 2012) Furthermore, the surprising luminescent properties of 

CaF2 doped with different lanthanide ions in its crystal lattices are well recognized.  (Qi 

et al., 2018) 
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Synthesis 

 

Nanoparticle research has proliferated given the tremendous academic interest in the 

fields of modern chemistry and physics that offer a wide range for adjusting the size and 

characteristics of these materials. Various methods to synthesize calcium fluoride 

nanoparticles include, for example, hydrothermal (Bezerra & Valerio, 2016; Omolfajr et 

al., 2011) and solvothermal methods (X. Zhang et al., 2008), microwave-assisted 

synthesis method (J. Zhao et al., 2015), microemulsion method (Hua et al., 2003), 

nanoparticle up-conversion, flame spraying, and other methods, such as high-temperature 

pyrolysis or precursor transformation (Qi et al., 2018).  

 

Nanoparticles are more chemically reactive than microparticles and allow the 

manufacture of ceramic materials from various precursors under different conditions. 

(Labéguerie et al., 2006; Ratner et al., 2004) For technological applications, a colloidal 

suspension of small particles of uniform size is required, and that can be prepared from 

high purity starting reagents avoiding the incorporation of impurities. The insolubility of 

CaF2 in both water and organic solvents allows its easy preparation because they will 

precipitate in a direct double decomposition reaction between any soluble magnesium or 

calcium salt and hydrofluoric acid (HF) which is known for its insensitivity to water. Ian 

(1998) shows that colloidal suspension of fluoride coatings, prepared using a concentrated 

HF solution, have excellent performance. (Ian, 1988) Moreover Hong et al. 2006 have 

reported the sol-gel synthesis of porous films of lanthanide fluoride and alkaline earth 

using HF and their optical characterization. (Hong & Kawano, 2006) Table 1 compares 

the most commonly used preparation methods for the synthesis of nano- CaF2 in terms of 

advantages and disadvantages and displays some of its bioapplications. (Qi et al., 2018) 
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Table 1. Synthesis methods used in the specific preparation of 𝐂𝐚𝐅𝟐 for imaging 

applications. Adapted from (Qi et al., 2018) 

 

Synthesis Methods Advantages Disadvantages 
Biomedical 

Applications 

Hydrothermal  

and  

Solvothermal  

Methods 

Good crystallinity and Hierarchical 

structure of the products. 

Convenient doping with other ions. 

Easy to control via heating 

temperature and time. 

Energy consumption. 

Cannot load 

drugs/gene in situ. 

Unsuitable for CaCs and 

CaSi synthesis. Cannot 

hybridize with 

bioactive molecules. 

 

Fluorescence Imaging 

Protein - Adsorption 

Theranostics 

Microwave 

-assisted  

synthesis  

method 

Fast and even heating. High 

reaction rate and efficiency. Good 

crystallinity and Hierarchical 

structure of the products. 

Convenient doping with other ions. 

Easy to control via heating  

temperature and time. 

Energy consumption. 

Cannot load drug/gene 

in situ. Unsuitable for 

CaCs and CaSi.Cannot  

hybridize with 

bioactive molecules. 

Fluorescence Imaging 

Protein - Adsorption 

Theranostics 

 

Generally, the above methods require an additional template or precursor materials to 

control the synthesis of fluorinated particles. Several studies have focused on the 

production of CaF2 NPs, but the size of the particles is not adequately controlled. The 

controllable synthesis of the nanoparticles of this critical material is expected to be 

dominated, mainly to modify its physicochemical properties. To simplify and improve 

the synthesis, this work mainly focuses on developing a synthesis method to prepare well 

crystallized and size-controlled CaF2 nanoparticles. This easy route was successfully 

tested in the procedure for creating polytetrafluoroethylene (PTFE) nanoparticles. (C. 

Chingo Aimacaña & Dahoumane, 2019; C. M. Chingo Aimacaña et al., 2021) In this 

route, sizes were controlled using two solvents. Only essential reagents are used in the 

reaction process by cleaning and isolating the particulate calcium and fluorine compounds 

from a low-cost commercial sealant by diluting them in acetone as the primary solvent 

applied to the base sample; posteriorly, HF effectively reduces the particle size at the 

nanoscale and removes undesired impurities. As is known, nanoscale fluorides offer new 

opportunities for biomedical application in numerous fields due to their characteristic 
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properties. Until now, some nanoscale fluorides have been prepared, but few studies have 

focused on making pure CaF2 with some attractive and tunable characteristics, such as 

particle size and shape and specific crystallite size. These special attributes are of great 

potential value in fundamental research and functional applications in bioimaging 

techniques using nanoparticulate agents. (P. Sharma et al., 2006) 

 

1.2.2 𝐂𝐚𝐅𝟐 Biomaterials 

 

The broad multidisciplinary field of biomaterials was born more than 60 years ago, 

significantly impacting the improvement of human health, the economy, and many 

industrial and scientific areas. For example, biomaterials make up various medical 

devices used today to develop prostheses within orthopedic, ophthalmological, dental, 

cardiovascular, and reconstructive surgery. In addition, exciting biomaterials are also 

used in other interventions such as bioadhesives, surgical sutures, and controlled drug 

release systems. Millions of lives have been saved, and the quality of life of millions more 

improved with the use of biomedical devices made from biomaterials. Biomaterials have 

seen rapid growth and since the first medical devices developed based on medical and 

scientific principles focused on human use in the late 1940s and early 1950s. The 

development of the field is assured with the growing needs of the population; the standard 

of living is increasing in developing countries and decreasing in underdeveloped 

countries due to the low capacity to deal with previously untreatable medical conditions. 

(Ratner et al., 2013) Clinically relevant biomaterials for the market go through many 

processes such as robust engineering design; in vitro, both in animal and human cell lines 

and safe and quality clinical trials; and the health sector's participation that allows the 

development application and commercialization of products. In particular, five 

remarkable characteristics that help to comprise the science of biomaterials are 

multidisciplinary, multi-biomaterial, clinical need-driven, substantial world market, and 

risk-benefit issues. These particular hallmarks delineate the biomaterials endeavor as a 

unique field of science and engineering. (Ratner et al., 2013) Therefore, we can define a 

biomaterial as any natural or synthetic origin that has been designed to cover a wide range 

of troublesome such as showed in Fig. 2, addressing a variety of new applications where 

engineering and materials science is approached from a broader biological, chemical, and 

physical perspective with particular reference to its interaction with environmental 

systems. For example, some clinically relevant applications to improve biomedical 
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imaging techniques include nanoprobes that provide a straightforward and prompt 

detection of biochemical changes in living systems (Koo et al., 2011) or even 

radiopharmaceuticals to obtain specific and high-quality tumor images.  

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. Applications of Nanoparticles. (Titus et al., 2019) 

 

Many calcium fluoride synthesis methods allow the efficient manufacture of various 

morphologies, such as nanocrystals (Pandurangappa et al., 2010; Qiao et al., 2005; L. 

Wang et al., 2007), colloidal particles (Orera & Alcalá, 1977), nanocubes (Alharbi, 2015; 

Cantelar et al., 2020), nanofilms (J. Zhang et al., 2020) and even nanowires (Mao et al., 

2006). In addition, Kumar and colleagues applied a new affordable and straightforward 

solvothermal route forrare earth-doped fluoride nanocrystals synthesis (Kumar et al., 

2007). On the other hand, very few published articles focus on the synthesis of pure CaF2 

nanoparticles. (Bensalah et al., 2006; Tahvildari et al., 2012)  

 

CaF2 nanoparticles hold a huge attention mainly due to their properties in the optical 

industry when used in special photo-heat-reflective glasses (Stoica et al., 2017) or in glass 

microcrystals composites with high transmittance and long fluorescence lifetime. (D. 

Wang et al., 2014) CaF2 also has an effective atomic number (Z = 16.5), making it 

suitable for radiotherapy due to its comparable value of soft tissues revealing relatively 

high chemical stability. It is also advantageous for its use on a large scale, allowing doped 

to improve their performance. (Michail et al., 2019) CaF2 doping with rare earth 

compounds (III) can be used in dual-type short-wavelength infrared and photoacoustic 
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fluorescence imaging modalities and high-frequency penetration imaging modalities. (X. 

Zhao et al., 2017) (Dong et al., 2011). Furthermore, it is a well-known thermoluminescent 

(TL) material when doped with different compounds. For example, CaF2 doped with 

manganese (Mn) can be used as a dosimeter (Danilkin et al., 2006) by forming color 

centers simply irradiating CaF2 by ionizing radiation since it has a high sensitivity for 

high exposures. (Salah et al., 2015) Rare-earth doped CaF2 compounds can be helpful, 

for example, in nanothermometry along several biological applications (Liu et al., 2021). 

In addition, CaF2 has a great capacity as a lanthanide ion acceptor, being suitable for 

preparing contrast agents in multimodal imaging techniques (Straßer et al., 2017; Zhi et 

al., 2011). The promising application of CaF2 nanoparticles as an antibacterial agent has 

also been reported. (Bala et al., 2017; Kulshrestha et al., 2015)  

 

1.2.3 Biocompatibility and Biodegradability 

 

Biocompatibility 

 

Polymeric nanoparticles from fluorides have attracted much attention in the biomedical 

field as biocompatible and biodegradable compounds, designed as drug carriers or as 

multifunctional devices that can sense and even respond to chemical or physical cellular 

stimuli. (Astegno et al., 2014; Zamponi, 2015) as these can be easily modified, translating 

their use clinically for cancer treatment. Differing from purely organic systems, inorganic 

nanoparticles have been investigated due to their structural, optical, electromagnetic, 

physical, and chemical properties that are highly friendly for use in the medical field. 

(Habraken et al., 2016; Qi et al., 2018) 

 

Nanoscale CaF2 is a material that has attracted attention when it comes to UV lithography, 

promoting agents for bone and dental reconstruction and biocompatible luminescent 

markers. (Feldmann et al., 2006) An essential aspect of calcium compounds is their 

application as biomaterials based on the calcium phosphate system. Thus, its essential 

mineral components on the surface of teeth and bones. Therefore, their similarities in 

natural composition with human teeth and bone systems make them biocompatible 

candidates. (Moon et al., 2005) CaF2 contains no toxic heavy metals and is essential 

mineral components on the surface of tooth and bones. CaF2 formulations are reported as 
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a therapeutic moiety against primary cause of dental caries and periodontal diseases 

showing tremendous potential to combat dental problems with an excellent 

biocompatibility. (Kulshrestha et al., 2015) Dong et al. group found no noticeable toxic 

effect of citrate-capped CaF2: Yb, Tm and citrate-capped CaF2: Yb, Er NPs to HeLa cells 

and mesenchymal stem cells over 18 h incubation confirming the potential use of both 

citrate-capped up-converting nanoparticles (UCNPs) in bio-imaging. (Dong et al., 2011) 

In another study, the group of Balah et al. 2017 investigate the antibacterial activity 

towards prokaryotic bacteria and also cytotoxicity of calcium fluoride nanoparticles 

towards eukaryotic Vero cells. The study concludes that the nanoparticulated CaF2 

isolated using co-precipitation method demonstrate antibacterial activity of CaF2 

nanoparticles against both Gram negative and Gram-positive bacterial strains and 

selective toxicity of CaF2 nanoparticles towards prokaryotic bacteria. (Bala et al., 2017) 

 

Biodegradability 

 

As a result of the interaction of CaF2 with human biological systems, it has been shown 

that the slow dissolution of calcium fluoride tablets in vitro and bioavailability in man 

will not have the effect of local damage to the gastric mucosa as fluoride given as sodium 

fluoride (NaF) solutions may cause. (Afseth et al., 1987) In order to examine the 

dissolution of various preparations of calcium fluoride in inorganic solutions and human 

saliva, Larsen & Ravnholt indicate that calcium fluoride may dissolve quickly in saliva 

unless the dissolution is retarded by a physical barrier like a forming pellicle. In fact, 

compensating calcium fluoride dissolution owing to fluorapatite formation, increase 

fluoride concentrations in saliva of up to around 85 − 95 ppm (Larsen & Ravnholt, 1994) 

 

1.2.4 𝐂𝐚𝐅𝟐 in Dental Engineering  

 

Nanocrystalline CaF2 structures can take different shapes and size distributions due to the 

specific process they have been prepared for different applications. If we focus on CaF2 

in elemental composition, fluoride compounds are used in oral health applications. 

Materials that release calcium, fluoride, or phosphate ions have been shown to 

remineralize tooth structure (Ropp, 2013). CaF2 can act as an efficient source of free 

fluoride ions during the cariogenic challenges. Clinical and laboratory evidence studies 
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suggest that the caries-preventive mode of action of fluoride is mainly topical. (Lee et al., 

2015; Rošin-Grget et al., 2013) To improve dental therapies, a better understanding of the 

mechanisms of action of fluoride would allow to improve and control cavities in a better 

way. Fluoride is a cariostatic agent that depends on the availability of free fluoride in the 

plaque during the cariogenic process, that is, during the dynamic mechanism of 

demineralization and remineralization as a result of added microbial metabolism on the 

tooth surface. For that reason, F− is added to commercial toothpaste tubes to prevent tooth 

decay. The topical application of fluoride strip during one hour has been shown to inhibit 

demineralization of enamel in vitro forming CaF2 and fluoride-containing apatites on the 

enamel surface. (Lee et al., 2015) Therefore, a constant supply with low concentrations 

of fluoride in the biofilm, saliva, and dental interference is the most beneficial and 

recommended to prevent tooth decay.  

 

The current evidence reported in the work of Rošin-Grget et al. 2013 indicates that 

fluoride holds a direct and indirect effect on bacterial cells, although the in vivo 

implications of this mechanism are not fully clarified. (Rošin-Grget et al., 2013) 

Consequently calcium fluoride nanoparticles can be used as resin-based dental 

nanocomposites due to their remineralization and antibacterial capacities. (Pirmoradian 

& Hooshmand, 2018) The preparation of nano − CaF2 is of great interest because can be 

used as an effective anticaries agent in preventive dentistry due to their role as labile 

fluoride reservoirs in caries prophylaxis, demonstrating low concentrations of fluoride 

(0.1 ppm F−) derived from tubes of toothpaste or mouthwashes reveal a profound effect 

on the progression of tooth decay thus enhance the tooth remineralization. (Hannig & 

Hannig, 2012; Limin Sun & Chow, 2008) 

 

1.2.5 Doped 𝐂𝐚𝐅𝟐 

 

It is well established that alkaline earth materials from Ca show extensive preferential 

clustering even at low concentrations for all rare-earth fluoride type dopants. (Den 

Hartog, 1996) Furthermore, rare earth ion-activated phosphors (RE3+) incorporated in the 

CaF2 host lattice possess unique up/down conversion luminescence properties derived 

from their 4f electron configuration state. (Quan et al., 2008; X. Sun & Li, 2003) Within 

the future biological applications of CaF2, the functionalization of CaF2 offers new 
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opportunities in medical diagnosis by developing biological labels with luminescent 

properties. (Y. Li et al., 2016) The doped and undoped CaF2 materials have several 

applications in the optoelectronic, nanotechnology, dosimetry, and even more important 

in bioimaging. (Bailey, 2010) 

 

Recently, among the various types of fluorescent nanoparticles currently used in 

bioimaging, lanthanide-doped UCNPs are attracting considerable attention. CaF2 UCNPs 

have gained recognition for their excellent infrared to visible up-converting fluorescence 

efficiencies. A combination of different factors can explain these characteristics. First, 

the low phonetic energy of CaF2 minimizes the decay probabilities of the multiphoton. 

Second, the presence of load balancing effects in the CaF2 network promotes pair 

formation. An effective reduction in interatomic distance occurs, increasing energy 

transfer rates when doped with lanthanide ions. On the other hand, the stability and 

biocompatibility of CaF2 make it an attractive material for the manufacture of 

nanoparticles. However, despite the promising preliminary results published, some details 

still need to be fine-tuned before using bioimaging with real deep tissue applications. For 

example, excitation efficiency of fluorescence by lanthanides doping, degradation 

associated with particle size, and, more substantial, depth tissue penetration as a function 

of its emission in the spectral region in which it is operated. (Dong et al., 2011) 

 

Fluorescent substances are prepared based on Calcium and Fluoride compounds using 

lanthanide-doped luminescent compounds (Ce, Tb;  Yb, Er;  Yb, Tm) as fluorescent 

agents. Recent studies seek that lanthanide-doped CaF2 compounds improve their up-

conversion fluorescence characteristics, for example, by doping CaF2 with specific 

elements such as Yb3+ / Er3+, monodispersed bright green nanocrystals can be created. 

(G. Wang et al., 2009) Dong et al. 2011 contribute with in vivo deep FLI research of 

remarkable two-photon excited fluorescence efficiency with a tissue penetration depth of 

up to 2 mm using Yb3+ NP ∶  Tm3+, Yb3+. (Dong et al., 2011) In addition, the study by 

Zheng and his collaborators fabricating monodisperses, highly emissive nanoprobes of 

sub − 10 nm CaF2: Ln3+single-core and core/shell particles via a high-temperature co-

precipitation and sodium co-doping route. They demonstrated that using Ln3+, the long-

lasting luminescence and the small size of the nanoparticles led to a low limit of detection 

of 164 pm and 48 pm detecting avidin and tumor marker urokinase-type plasminogen 
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activator receptor in homogeneous and heterogeneous time-resolved fluorescence 

resonance bioassays. (Zheng et al., 2013) 

 

Yin et al. 2014 were the first to report on alkali ion-doped CaF2 UCNPs as a 

multifunctional theranostic platform used in both chemotherapy and dual-modality 

imaging. Interestingly, the results showed us that alkali ion doping could efficiently 

improve the intensity of luminescence, slightly affecting the phase and morphology of 

the resulting products. Efficiency was improved with a new layer of CaF2 grown on the 

surface of the CaF2 core: Yb, Er, and after being transferred to hydrophilic UCNP, these 

water-soluble nanoparticles could be used as contrast agents for luminescence up-

conversion imaging (UCL) in vitro / in vivo and X-ray computed tomography (CT) 

imaging. Finally, their use as nanocarriers for drugs such as Doxorubicin (DOX) in this 

type of UCNPs exhibits a remarkable capacity for killing cells. Posteriorly, Yin and 

colleagues studies the alkali ions doped CaF2 via UCNPs synthesis with enhanced up-

conversion luminescence for in vitro and in vivo imaging, X-ray computed tomography 

imaging even drug carrier properties were successfully achieved. These multifunctional 

UCNPs have evolved as alternative fluorescent labels with great potential for imaging and 

detection assays in both in vitro and in vivo applications in simultaneous imaging 

diagnosis and therapy. (Yin et al., 2014) On the other hand, CaF2, applied as an epitaxial 

base layer in the nanoparticle up-conversion process, remarkably improves luminescence 

intensity and biocompatibility for high contrast and deep bioimaging. (G. Chen et al., 

2012) Besides synthetic forms of calcium fluoride, it has been shown in Schauer's work 

that calcium sulfates are 30 times more sensitive than LiF: Mg, Ti compounds. This 

combination makes them useful dosimeters for biomedical personnel. (Schauer et al., 

2003) 

 

CaF2 can easily be doped with lanthanide ions. CaF2 was used as an attractive host for 

phosphors with interesting up/down-conversion luminescent properties. The radius of 

Ca2+ is quite close to those of lanthanide ions such as Ho3+, Er3+, Tm3+ or Yb3+, which 

makes CaF2 a unique candidate for a luminescent matrix for lanthanide dopants that offers 

enriched luminescence properties for cancer diagnosis and therapy. (Teo et al., 2016) For 

example, the study by Cantarelli et al. shows that Gd3+ magnetic ion-doped CaF2 can be 

used to enhance magnetic resonance imaging. (Cantarelli et al., 2013) Furthermore, the 
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study by Li et al. 2016 shows that dispersion with a Gd3+ concentration of 0.0143 mM 

in the shell region of the particles can generate the detectable quickening of longitudinal 

relaxation showing the potential of this nanomaterial for applications in bioimaging as a 

dual-functional probe. (A.-H. Li et al., 2016) 

 

1.2.5.1 Sonodynamic therapy (SDT) 

 

Sonodynamic therapy (SDT) is a novel and non-invasive strategy to eliminate targeted 

tumors. As an alternative to photodynamic therapy (PDT) that was an established 

therapeutic method, first approved by the FDA for certain kinds of cancer in 1998. This 

technique has several advantages, such as an excellent penetration into the tissue, efficient 

treatment in the patient, and minimal adverse effects. (Lihong Sun et al., 2021) This 

ultrasound-activated tumor sonodynamic therapy (US) has attracted significant attention 

because, in contrast to the light used in PDT, the US has better penetrability in tissue. (T. 

Xu et al., 2020) In addition, since the work of Yumita and Umemura in 1989, some 

organic compounds such as hematoporphyrin have been found that generate reactive 

oxygen species (ROS) under deep tissue penetration treatment conditions using US. 

(Umemura et al., 1990; Yumita et al., 1989, 1990) The ways to generate ROS have not 

yet been fully clarified. However, there are two mechanisms of species generation: first, 

when the sonosensitizer is activated by an adequate intensity using ultrasound waves and 

by interactions with O2. (Umemura et al., 1990) Second, when the liquid medium forms 

microbubbles by cavitation through ultrasound waves induced by the strong shock wave, 

the high pressure (>  8.1 ×  107 Pa) and high temperature (>  10,000 K) 

microenvironment also can kill cancer cells by pyrolysis of H2O generating ROS. 

Additionally, these bubbles burst, releasing energy instantly, triggering biological events 

including DNA fragmentation, cytoskeleton contraction, and chromatin condensation, 

leading to cell death. (Cavalli et al., 2018; Didenko & Suslick, 2002; J. Xu et al., 2011) 

 

On the other hand, hydrophobic molecules have been widely studied as organic 

sonosensitizers, mainly porphyrins, hypericin, curcumins, phthalocyanine, and 

chlorophyll derivatives. However, organic sonosensitizers have limited utility due to their 

low water stability, lack of tumor-targeting capability, rapid blood clearance, low ROS 

generation, and potential phototoxicity that dramatically diminishes the effectiveness of 
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STD. (Osaki et al., 2016; Vargas et al., 2004; H. Zhang et al., 2014) In contrast, 

nanotechnology has given rise to a new field of sonosensitizer design, such as inorganic 

sonosensitizers with stable chemical properties, controllable morphology, and particle 

size, a prolonged circulation time in the blood high tumor targeting efficacy and can 

effectively reduce phototoxicity. (Di et al., 2017; Paris et al., 2018; Qian et al., 2016; 

Xiahui Lin et al., 2019) Surprisingly, it has been shown that some inorganic nanoparticles 

can be transport vehicles for administering organic-type sonosensitizers, efficiently 

overcoming some of the inherent deficiencies of organic-type sonosensitizers. 

 

Following these advances, the action mechanism of SDT has been widely used, and a 

large number of investigations have been reported on the use of multiple inorganic 

sonosensitizers and several biomedical applications both in vitro and in vivo. Different 

ultrasound frequencies have been used for TDS. However, most are in the non-thermal 

ultrasound frequency range (20 kHz − 3 MHz), so during TDS, relatively low-intensity 

ultrasound is typically used in sonotherapy to penetrate deep organs and reach the target 

lesion region without exhibiting a nearby tissue damage effect. (I et al., 2004; Tang et al., 

2015) Typically, high intensity focused ultrasound (HIFU) uses the thermal effect to 

remove the lesion tissues based on the high intensity. On the other hand, SDT generates 

ROS to induce cell death at low intensity. This was demonstrated in the successful clinical 

application of SDT. Three cases of treatment against pathologically metastatic breast 

cancer (Huang et al., 2010; Xiaohuai Wang et al., 2009, 2010) and a case of a patient with 

terminal breast cancer combined with endocrine therapy and immunotherapy. (Inui et al., 

2014) For these cases, it was observed that the HIFU frequencies were in the range of 1 −

3 MHz; for the diagnostic ultrasound, a range of 3 − 30 MHz was obtained, and the 

therapeutic ultrasounds are typically in the range of 20 kHz − 3 MHz. (Serpe et al., 2012; 

Tang et al., 2015) As a result, it can be concluded that ultrasound diagnosis should not 

cause apparent tissue damage, so its intensity should be much lower than that of HIFU 

and PDT, being much more tolerable for the patient. 

 

Nanomedicine has recently provided strong evidence that micro/nanoparticles enhance 

the therapeutic efficacy of various diagnostic and treatment modalities. For example, 

applying micro and nanoscale drug delivery carriers simultaneously improves 

chemotherapeutic outcomes and mitigates drug side effects. (Qian et al., 2016) Therefore, 
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these particles can be used as synergistic agents to enhance the drug's efficacy in 

radiotherapy or ultrasonic hyperthermia. (H. Chen et al., 2014) It is expected that micro 

and nanoparticles can improve the efficiency of TDS based on encapsulation of the 

particles to improve intracellular deliverability, targeted accumulation in deep tissue 

tumor, and preservation and sustained release of sonosensitizer. (Qian et al., 2016) With 

the improvement of nano and biotechnology regarding cancer treatment, it is expected 

that engineered and manufactured micro/nanoparticles will show highly efficient and 

promising properties and characteristics in this diagnostic and therapeutic imaging 

modality. However, there are some critical issues to be resolved before new 

sonosensitizers with therapeutic modalities in bioimaging enter the clinical stage. 

 

1.3 Bioimaging 

 

CaF2 nanoparticles are highly modifiable, making them versatile platforms for numerous 

medical applications, including cancer diagnosis and therapy. The science and 

engineering of biomaterials address therapeutics and specific targeted therapy, giving rise 

to Theranostics. This new concept is based on medical and scientific principles where 

various aspects of patient care are addressed, focusing on the simultaneous treatment and 

diagnosis of pathologies with a high morbidity and mortality rate, such as cancer. (Muñoz 

de Escalona Jiménez, 2016) Within theranostic medicine, inorganic nanoparticles have 

been used as highly functionalizable constituents. In addition, new generations of 

biomaterials allow changing characteristics at the nanoscale in a rapidly evolving field in 

terms of chemical constitution, shape, modifications, and morphology. The term 

theranostics mediated by inorganic nanoparticles have attracted attention due to their vast 

properties. History reveals that tumor imaging and tumor therapy have made great strides 

in using inorganic nanoparticles in the last decade. However, the low biodegradability of 

these particles presents a degree of potential toxicity if it is not adequately controlled, 

limiting its clinical application due to the side effects of the treatment. Therefore, the 

development of novel biodegradable and biocompatible particles is beneficial to avoid 

the excessive deposition of metal ions. In addition, with improved nanoparticles, tumor-

specific imaging and treatment would become easier for the physician and more bearable 

for the patient. (W. Yang et al., 2020) In the clinical application in nuclear medicine, 

theranostics is frequently accomplished using the same molecule labeled with two distinct 

radionuclides, one for imaging and the other for therapy. (Filippi et al., 2020) Therefore, 
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new nanoplatforms that can adequately transport drugs act as efficient antitumor agents 

and are valid as contrast agents in medical imaging modalities are promising with the 

development of new biomaterials. (Fernández-Sáez et al., 2010) 

 

Biological imaging has been widely used in medical science and technology and is a 

rapidly growing field. Although there are many bioimaging tools, the high-resolution 

requirements in the three-dimensional spatial structure of tissues are evident and 

necessary for an accurate diagnosis. Biomedical Imaging receives much attention for its 

contribution in the diagnosis of diseases, as well as for obtaining relevant information on 

pathologies in preclinical stages. Representative imaging modalities combine molecular 

biology and in vivo imaging include US imaging, FLI, CT and magnetic resonance 

imaging (MRI) (Na et al., 2009) These non-invasive imaging techniques using related 

contrast agents have experienced significant improvements such as sensitivity and 

resolution of clinical imaging, allowing to obtain a real-time visualization of cellular 

functions and molecular interactions. Therefore, their integrated capabilities can be used 

for early detection, diagnosis, and imaging-guided therapy of various pathologies.  

 

However, each modality has its intrinsic advantages and limitations, making its selection 

for a clinical case challenging. For example, high-resolution imaging modalities have 

relatively low sensitivity, while those with high sensitivity have relatively low resolution. 

FLI visualizes fluorescent dyes or proteins used as labels for molecular structures or 

processes. (Inoue et al., 2008) FLI is a low-cost, non-invasive optical imaging modality 

widely used in biomedical diagnosis. It enables the acquisition of a wide range of 

experimental observations, including the location and dynamics of gene expression, 

protein expression and site, and molecular interactions in living cells and tissues. 

However, US is the only real-time imaging technique with low cost, greater security, and 

immediate availability through portable devices. Nevertheless, not all types of cancers 

can be detected under this modality alone. On the other hand, CT is a medical imaging 

system that allows early diagnosis of cancers that begin with calcifications. It features 

high spatial resolution with unlimited penetration depth, but the low sensitivity of the 

technique induces poor soft-tissue contrast, and repeat examinations deliver relatively 

high radiation doses. Furthermore, MRI can deliver multiplanar imaging and exceptional 

soft-tissue contrast. However, it lacks sensitivity, has a relatively long processing time, is 

expensive, and is not a real-time imaging technique. Multimodal imaging techniques 
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provide physicians with complementary information, be it anatomical, physiological, 

molecular, or genomic, to monitor the response to applied therapy, obtain an accurate 

diagnosis or even guide the discovery of new drugs. In order to both improve image 

accuracy and overcome the shortcomings of some imaging strategies, the development of 

multifunctional probes for multimodal bioimaging is highly desirable.  

 

1.3.1 Contrast’s agents in Bioimaging 

 

A contrast agent or contrast medium is a substance or combination of substances that are 

introduced into the body by any means to enhance and increase the density or attenuation 

capacity to X-rays in normal and pathological anatomical structures, allowing 

differentiation between the interfaces or densities of the different tissues for diagnostic or 

therapeutic purposes (Lozano-Zalce et al., 2003; Méndez Elizalde et al., 1997). Moreover, 

a contrast medium can evaluate the introduction of a drug through the intravenous, 

subcutaneous, or rectal route into an organism. The ideal contrast medium is defined by 

achieving the highest concentration in tissue with the fewest side effects. (Thomsen & 

Webb, 2014) Contrast agents can be classified according to their chemical characteristics 

such as osmolarity (measured in mOsm / kg), the type of image they generate (positive, 

negative, neutral), the route of administration (oral, rectal, vaginal, intravenous, 

intraarterial, intraarticular, intracanalicular), or according to the imaging technique used. 

(Sartori et al., 2013) 

 

Promising biomaterials, especially CaF2 −based nanoparticles, can also be designed for 

multimodal image-guided therapy. The multifunctional properties of CaF2 can find 

various applications in diagnostic and imaging therapy as functionalizable combined 

contrast agents. For example, CaF2 −based drug delivery systems achieve surprising 

luminescent performance using FLI-guided therapy. (Zhou et al., 2020) For instance, Lin 

and his colleagues prepared Ce3+/ Tb3+ doped hollow CaF2 microspheres that were filled 

with pH-sensitive polyacrylic acid (PAA) within the cavity in order to obtain 

CaF2: Ce3+/ Tb3+ − PAA  hybrid microspheres with a marked green fluorescence. These 

microspheres could be used to easily monitor drug release using the change in intensity 

of the tunable photoluminescence. (C. Zhang et al., 2010) On the other hand, Li's group 

improved the up-conversion emission of Tm3+ by using a lanthanide-based core-layer 
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nanocomposite as a multifunctional contrast agent for obtaining trimodal biological 

images of computed tomography, magnetic resonance, and FLI. The introduction of a 

middle layer of CaF2 was necessary to create a barrier in reducing cross-relaxation and 

surface cooling, enhancing upconversion emission for Tm3+ doping. Therefore, this 

multifunctional citrate modified nanocomposite can be used as a contrast agent for 

trimodal lymphatic biological imaging with CT and UCL weighted magnetic MRI. (Y. Li 

et al., 2016) 

 

1.4 Synthesis of 𝐂𝐚𝐅𝟐 Fine Powder and 𝐍𝐏𝐬 

 

1.4.1    Sonication 

 

The sonication of the particles is carried out to observe the effect of the application of 

ultrasound waves (ultrasound at adjusted intensities and time intervals) to disintegrate the 

larger particles; or of the samples in suspension, to obtain better and smaller particles at 

the nanoscale. 

 

Ultrasonic frequencies (20 − 40 kHz) are usually used producing alternating low and 

high-pressure waves, causing the formation and vigorous collapse of microbubbles. 

Sonication is widely used in polymer nanocomposites to disperse the compounds in the 

liquid medium stably. This process uses ultrasound energy that agitates the nanoparticles 

in the polymer matrix. This process is usually carried out using an ultrasonic bath or 

probe, also known as a sonicator. During the sonication process, showed in Fig. 3, the 

ultrasound waves propagate through a series of compressions in the medium. As a result, 

separate individual nanoparticles are obtained, achieving a high-quality dispersion under 

suitable conditions. (Gou et al., 2012) 
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Fig. 3. Schematic process for reducing the size of emulsion droplets using ultrasonication. 

The same principle applies to nanoparticles. (Cheaburu-Yilmaz et al., 2019) 

 

1.5  Characterization 

 

Materials characterization is also essential to ensure that the prepared particles are at 

nanoscale range. Nanomaterials represent at least one dimension in the range of sub-

nanometer to 10 nm range (Lin et al., 2014) The different physicochemical properties, 

among them, size, shape, composition, and surface properties of nanomaterials, strongly 

affect their activity and performance. They can provide the basis for a better 

understanding of its complex structures. (Kaliva & Vamvakaki, 2020; Titus et al., 2019) 

Precise determination of the properties and characteristics of nanomaterials requires the 

use of reliable and advanced techniques and tools that are sensitive down to the 

dimensions of the nanoscale. The most prevalently used characterization techniques are 

shown in Fig. 4. 
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Fig. 4. Scheme of widely used and effective techniques available to characterize 

nanoparticles. (Titus et al., 2019) 

 

 

1.5.1 Microscopy-Based Nanoparticle Characterization Techniques 

 

1.5.1.1  Scanning Electron Microscopy (𝐒𝐄𝐌) 

 

The surface structure and morphology of CaF2 particles are observed by use of the 

scanning electron microscope. A representation of the SEM technique is shown in Fig. 5. 

This method is used by analysis of the microstructure morphology and chemical 

composition characterizations. (Inkson, 2016) 

 

The primary foundation of the SEM is based on two antecedents, Knoll's experiment, and 

Von Ardenne's idea. First, Knoll (1935) provided the use of cathode rays to scan 

electronic images, only testing the linkage of the material with secondary electron 

emission. In turn, Von Ardenne (1938) developed an improvement using electron-optical 

lenses to focus the beam. Later, Zworykin (1942) developed the first scanning electron 

microscope with the help of three electrostatic lenses and electromagnetic coils between 

the second and third lenses (Michler, 2008) Later continuous improvements were 

included to bring the equipment to commercial production. 
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SEM′s basic structure consists of an electron source, lenses, detectors, and a vacuum 

system. Subsequently, the figure was observed on a screen. The requirements of the 

sample limit the performance of the SEM. It must retain the vacuum and electron 

bombardment, in addition to being electrically conductive. Once the sample is suitable, 

the source consists of an anode and a cathode; it generates a beam of electrons scanning 

the surface. In this part, the electromagnetic lenses help focus the beam to specific points. 

Subsequently, the detectors quantify the secondary and backscattered electrons, digitizing 

them as a black and white signal or image (Schmitt, 2014; Titus et al., 2019) 

 

A considerable number of electrons produce a glowing effect in the image, and their 

magnification is defined as: 

 

Magnification =  width screen / scan length on specimen (Schmitt, 2014) 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5. Schematic representation of 𝐒𝐄𝐌 modality. (Kaliva & Vamvakaki, 2020) 

 

1.5.1.2  Energy Dispersive X-Ray Analysis (𝐄𝐃𝐗) 

 

EDX is sometimes called EDS or EDAX analysis. It is an analytical technique used for the 

elemental analysis or chemical characterization of an area of interest on a specimen. An 

EDX spectrum typically displays peaks corresponding to the energy levels for which the 

most X-rays had been received. This technique provides a complete sample mapping by 

analyzing near-surface elements and estimating the elemental ratio at different positions. 

The EDX technique is used together with SEM, where an electron beam with an energy 
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ranging from 10 − 20 keV radiates the surface of the conductive sample, causing the 

emission of X-rays from the material at specific energy that depends on the elements 

present at the material examined. 

 

The X-ray generation in EDX is generated in a region approximately 2 microns deep, so 

the intensity of the X-rays is low. Thus, despite not being a deep technique in the study 

of surfaces, it allows obtaining an approximation in an image of each sample element. 

However, generally, it takes many hours to acquire a complete spectrum. 

 

Finally, using this technique, the composition or quantity of nanoparticles near and on the 

material’s, surface can be estimated. An advantage of this technique is that they can be 

identified with great precision as long as they contain some heavy metal ions. For 

example, nanoparticles such as silver, gold, and palladium can be easily identified. On 

the other hand, the disadvantage of the technique is that elements with low atomic 

numbers will be difficult to detect by EDX, thus requiring the recording of a more 

significant number of spectra, which translates into a more extended analysis time. (Titus 

et al., 2019) 

 

1.5.1.3  Transmission Electron Microscopy (𝐓𝐄𝐌) 

 

Transmission electron microscopy is an electron microscopy technique used for the 

characterization of materials in nano scale. TEM has benefited in studies of structural and 

electrical characterization, providing a more complex understanding of physical 

structures and their uniformity. (Titus et al., 2019) A representation of the basic 

equipment configuration of TEM technique is shown in Fig. 6. 

 

SEM and TEM, both techniques use the same components, differing in the thinness of the 

sample and in the way it is collected. The process of TEM begins with an electron beam 

produced by the electric potential, which causes the cathode to heat up until it produces a 

current of a stream of electrons with a wavelength hits the sample, producing scattered 

and non-scattered electrons in a high vacuum field since the electrons do not move in the 

atmosphere, subsequently they are closely focused through metal openings and 
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electromagnetic lenses, following the steps of the SEM. (Kaliva & Vamvakaki, 2020; 

Shanks, 2013) 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6. 𝐓𝐄𝐌 basic equipment components. (Titus et al., 2019) 

 

The sample quality plays an imperative role in TEM. Its density and composition also 

impact the transmission shape of the beam. In addition, TEM has high resolution at the 

nano level, when wavelength of an electron is accelerated by an electric field, based on 

the following de Broglie equation, where λ is the wavelength and V is the acceleration 

voltage: 

λ = 1.23/√V nm 

 

TEM′s high spatial resolution makes it capable of being combined with a wide range of 

analytical techniques for qualitative and quantitative chemical analysis, including EDX. 

(Titus et al., 2019) 

 

1.6 X-Ray-Related Characterization Techniques 

 

1.6.1    X-Ray Diffraction (𝐗𝐑𝐃) 

X-ray diffraction is an efficient method to identify the phases present in polycrystalline 

powders with known or unknown compounds. This nondestructive technique provides 
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phase analysis of both organic and inorganic materials. The analysis compares the 

diffraction pattern collected from an unknown sample with the reference diffraction 

patterns of known compounds. The general process for phase identification is qualitative 

and quantitative phase analysis of polycrystalline materials analysis. XRD is a 

fundamental characterization technique in the manufacture of biomaterials. (Sima et al., 

2016) 

 

XRD makes it possible to study the crystalline structure of materials since the wavelengths 

of X-rays ranging between 0.2 and 10 nm are comparable to the interatomic spacing of 

crystalline solids. The characterization technique, depicted in Fig. 7. allows the 

calculation of the average spacing between layers or rows of atoms that are arranged in a 

specific structure. Therefore, through XRD, it is possible to determine the orientation of 

both one and several crystals or grains that make up the particles to be analyzed. It also 

allows the size and shape of small crystalline regions to be measured. This diffraction 

method in which the powder sample is a polycrystalline material contains many tiny and 

randomly oriented crystals with a crystallite size of a few micrometers forming the 

particles. To do this, the condition is fulfilled that for crystallographic planes with an 

interplanar distance d (hkl), they consistently satisfy Bragg's law which states that there 

are a significant fraction of correctly oriented crystals and, therefore, all the observed 

reflections of the experimental form must meet the criterion | 𝐹ℎ𝑘𝑙|  ≠  0. (Lamas et al., 

2017; Salame et al., 2018) 

 

Since each crystalline material has a unique discrete atomic structure, X-ray irradiation 

generates a unique diffraction pattern that exhibits several sharp points, known as Bragg 

diffraction peaks. Diffractor settings should be considered to avoid the occurrence of a 

shift in Bragg peaks when the surface of the sample does not precisely match the 

diffractometer's axis of rotation and / or when the sample has high transparency. In most 

cases, the typical diffraction patterns obtained from powder samples are arranged into 

amorphous crystalline patterns, requiring further processing to remove noise data. The 

monocrystalline-type sample pattern reveals well-defined peaks at specific scattering 

angles, while the amorphous and polycrystalline component shows a maximum intensity 

with a slight variation in degrees (2θ). (Lamas et al., 2017) 
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Fig. 7.  A) Scheme for the simple X-ray diffraction set-up. (Titus et al., 2019) and B) 

Representation of reflections from adjacent planes within the crystal for the deduction of 

Bragg´s law. (Lamas et al., 2017)  

 

Bragg's Law 

 

Bragg's law is used to describe a crystal by diffraction, which relates the wavelength of 

the X-rays to the interatomic spacing (Kaliva & Vamvakaki, 2020; Salame et al., 2018) 

and is expressed as follows: 

 

2d × sin (θ)  =  nλ 

 

where d is the perpendicular distance between pairs of adjacent planes, 

θ is the angle of incidence or Bragg angle, and 

λ, known as the order of reflection between waves scattered by adjacent planes of atoms, 

is the beam's wavelength, and n denotes an integer. 

 

The experimental settings in classical diffractometers use the focusing "Bragg-Brentano 

geometry" where the sample has a flat surface perpendicular to the drawing plane, and 

the divergence of the incident beam is defined by a slit located between the X-ray source 

and the shows. Conversely, the sample must maintain a symmetrical orientation 

concerning the incident and diffracted beams (through a rotation of θ). For this reason, 

the diffracted beams during the θ −  2θ scan converge at the positions of the resolution 

aperture of the detector that receives the signal. There are several configurations for best 

results where a crystal monochromator (e.g., graphite or other single crystals) is placed 

in the path of the beam that is scattered by the crystal lattice to remove unwanted radiation 



 

29 

 

components (such as Kβ radiation and a continuous portion of the emission spectrum) as 

a result of interactions of photons with electrons in the material. (Kaliva & Vamvakaki, 

2020; Lamas et al., 2017) 

 

X-ray generation is possible when electrically charged particles with sufficient energy are 

accelerated towards the anode. This process of generating the X-ray beam takes place in 

a vacuum tube where a filament is heated, then collimated and accelerated by an electric 

potential of 20 to 45 kV, ejecting a beam of electrons directed towards the metallic anode. 

On the other hand, the location of the anode in a high vacuum chamber avoids collisions 

between the incident electrons, air particles, and the emitted X-ray photons. The 

absorption of X-rays in the material studied will depend on the atomic weight of the 

elements present. After completing the reading configuration in 2θ degrees, the detector 

that receives the emitted rays filtered by the monochromator detects the X-rays, and the 

signals are electronically micro-processed. Finally, a spectrograph is produced, altering 

the angle between the source, the sample, and the detector, making it possible to visualize 

the peaks with their respective intensities representing the elements present in the sample 

(Titus et al., 2019) 

 

Crystallite size 

 

XRD can provide additional information on the size of the crystallites that make up the 

sample particles. The broadening of the diffraction peaks is measured using the Debye-

Scherrer equation to calculate the average size of the crystallite: 

 

D =  Kλ/βcos (θ) 

 

where D is the size of the crystal, 

λ is the wavelength of the incident X-ray beam, 

β is the total width at half the maximum intensity of the reflection peak, and 

K is Scherrer's constant. 

 

In general, this compound analysis technique is helpful for crystallites with diameters 

below 100 − 200 nm because peak broadening is negligible for larger particles. Given 
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that it is impossible to characterize individual particles by XRD, the equation discussed 

above determines the average particle size for the crystalline material and not the actual 

particle size. (Salame et al., 2018) In addition, when the particles present a non-uniform 

size distribution, SEM or TEM techniques should be used to correlate the results because 

the Scherrer equation does not consider the deformation and internal defects of the 

particles, which can also lead to the broadening of the peak. Therefore, the particle size 

measured by this technique should not be considered an absolute measure of the crystallite 

size but rather as the lower limit. (Holbrook et al., 2015; Salame et al., 2018) Finally, the 

patterns obtained by XRD allow obtaining information on the elemental relationship of an 

analyzed mixture, the degree of crystallinity, and the deviation of a specific component 

based on its ideal composition and structure. (Titus et al., 2019) 

 

1.6.2 X-Ray Photoelectron Spectroscopy (XPS) 

 

X-ray photoelectron spectroscopy, also called X-ray photoemission spectroscopy, is a 

non-destructive quantitative spectroscopic surface analysis technique that allows 

studying the surface chemistry of particles and materials at the nanoscale as surfaces, 

coatings, and thin films. Therefore, it helps estimate the elemental composition within a 

material and the chemical and electronic state of the atoms that compose it, with an atomic 

sensitivity of 0.1% – 1%. Nevertheless, on the other hand, it also allows identifying 

impurities in the sample. (Barhoum & García-Betancourt, 2018; Ohara et al., 2008) 

 

This technique provides elemental and surface chemical information to estimate the 

oxidation states of all elements (except H and He) present in a sample with average depth 

analysis of approximately 1 to 10 nm. (Holbrook et al., 2015) XPS under an ultra-high 

vacuum uses X-rays to radiate electrons from the central orbitals of elements. A device-

dependent X-ray source, often AlKα or MgKα, interacts with the sample surface to provide 

the kinetic energy measurements and the number of electrons that have escaped from the 

material surface. In addition, an electron energy analyzer allows the kinetic energy and 

the number of photoelectrons emitted from the sample surface to be sensed. (Tougaard, 

2019) A representation of the XPS technique setting is shown in Fig. 8. 
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Fig. 8. Schematic representative setting for a typical 𝐗𝐏𝐒 spectrometer. (Tougaard, 2019) 

 

From kinetic energy, the Binding Energy (BE) of electrons that reflects the oxidation 

state of the surface elements can be determined (Barhoum & García-Betancourt, 2018) 

using the following equation: 

 

Ebinding  =  Ephoton − 𝐸kinetic −  Φ, where 

 

Ebinding is the energy of the emitted electrons, 

Ephoton is the energy of the X-ray photon used, 

𝐸kinetic is the kinetic energy of the emitted electrons, and 

Φ is the work function of the electron energy analyzer 
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Fig. 9 Schematic representation of the A) 𝐗𝐏𝐒 excitation process, B) electron energy levels 

of a F atom and F1s electron photoionization. C) Auger emission relaxation process for the 

F1s electron empty state produced in photoionization. (Tougaard, 2019) 

 

Subsequently, a set of XPS peaks, as shown in Fig. 9. are produced with characteristic 

BE values that correspond to the energy spectrum of photoelectrons that shows the 

electronic structures of atoms. In general, the BE is proportional to the square of the 

atomic number, so the electron numbers reflect the element's proportion at an atomic 

percentage (At%). (Ohara et al., 2008) On the other hand, if small changes (chemical 

shifts) are detected in the position of the XPS peaks in the spectrum, it can be inferred that 

the chemical environment affects the BE that is unique for each element in its electronic 

state. That is why, from the XPS spectrum, the identification of the element and its 

oxidation state can be determined. XPS of a nanomaterial measures the photoelectrons of 

the atoms with average depth analysis of approximately 1 to 10 nm of the sample surface, 

becoming a valuable tool to characterize surfaces and at the same time obtain information 

that cannot be obtained by other types of techniques with a deeper volume of analysis, 

such as the microscopy-based nanoparticle Techniques (SEM, EDX) (Radu et al., 2017) 
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CHAPTER 2. PROBLEM STATEMENT 

 

2.1. Cardiovascular Diseases 

 

Cardiovascular disease is increasingly recognized as one of the leading causes of 

widespread morbidity and the leading cause of mortality in low-income countries. 

However, little is known about whether cardiovascular risk factors are treated and 

diagnosed early. In the last decade of the last century, the world death rate in developing 

countries was 68% from non-communicable diseases, and the world death rate from 

cardiovascular diseases was 63%. (Reddy & Yusuf, 1998) 

 

In our country, to determine the leading cause of total mortality in a rural district of the 

Esmeraldas province in Ecuador, Anselmi and her colleagues evaluated 46% (n =

 4,284 of 8,876) of the adults living in the area. As a result, they found that 36% (n =

 1,542) of the individuals had hypertension, and even more severe, of this group, only 

0.3 (n =  4%) received a controlled treatment. Within this group, 62% (n =  2,650) 

were women and 53% (n =  2,260) were under 40 years of age. The follow-up of deaths 

in this area for 2 to 5 years showed that cardiovascular diseases without a timely diagnosis 

and adequate treatment were the main cause of death in the adult population. Of those 

who died from cardiovascular disease, four out of five had a history of uncontrolled 

hypertension, the leading cause of death. (Anselmi et al., 2003) The Health in the 

Americas+  regional study, 2017 edition of Pan American Health Organization (PAHO) 

based on the calculation of proportional mortality (% total deaths, all ages, both sexes) in 

2014 reported that diseases of the circulatory system caused 23% of deaths at the national 

level, chronic non-communicable diseases are also the main cause of premature mortality 

in Ecuador. These studies are crucial to understanding the current mortality rate scenario 

in our country. We are projected to develop cardiovascular diseases that can be fatal if 

not prevented at an early age, and in an advanced case, diagnosed and treated on time. 

(Pan American Health Organization, 2017) 

 

In addition, the World Health Organization (WHO) mentioned that in the first twenty 

years of this century, the causes of death from non-communicable diseases where 
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cardiovascular diseases, cancer, and diabetes are in the first places has increased from 

four of the ten in the year 2000 to seven of the ten leading causes of death in 2020. These 

estimates are calculated by the WHO Global Health Estimates using data from the best 

available sources from countries and the international community and the World Bank 

classification based on 2020 income. (Global Health Estimates & World Health 

Organization, 2020; OPS & WHO, 2010) Within the studies of the PAHO, they 

determined that among the four leading causes of death in America, cardiovascular 

diseases are leading in the first place. This is reflected as a set of cumulative causes such 

as family history, smoking, poor diet, lack of physical activity, alcohol consumption, 

hypertension, diabetes, obesity, globalization, and urbanization that use cardiovascular 

diseases to be the leading cause of death. In addition, this type of cardiovascular disease 

controls low-income and developing countries to a much greater extent, affecting men 

and women almost equally and reaching 80% of all deaths. On the other hand, the second 

leading cause of death in America is cancer. It is estimated that in 2018 there were 3.7 

million new cases, and it caused 1.3 million deaths. The growth projection for this disease 

by 2030 reaches 32%, which would exceed 5 million new cases. The factors that affect 

this last condition are the aging of the population and the epidemiological transition in 

Latin America and the Caribbean (OPS & WHO, 2010) This information is another 

reminder that the prevention, diagnosis, and treatment of non-communicable diseases 

before-mentioned as cardiovascular diseases demand to be rapidly intensified. For this, 

the availability of services must be guaranteed to prevent, diagnose and treat diseases to 

reduce deaths. 

 

2.2 Justification 

 

2.2.1 Clinical Relevance 

 

According to the latest statement from the American Heart Association, cardiovascular 

diseases have caused 31% of deaths worldwide, of which around 45.1% are attributed to 

coronary artery disease. (“Global, Regional, and National Comparative Risk Assessment 

of 84 Behavioural, Environmental and Occupational, and Metabolic Risks or Clusters of 

Risks for 195 Countries and Territories, 1990-2017: A Systematic Analysis for the Global 

Burden of Disease Study 2017,” 2018) Among the metabolic risk factors contributing to 

the increased risk of mortality from noncommunicable diseases are increased blood 
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pressure, overweight and obesity, hyperglycemia (high concentrations of glucose in the 

blood), and hyperlipidemia (high blood fats). (Global Health Estimates & World Health 

Organization, 2020) Factors such as abnormal blood flow associated with hepatocellular 

carcinomas, renal carcinomas, and breast tumors are of interest in detecting 

cardiovascular diseases using imaging studies that use sound waves to show the 

circulation of blood through the blood vessels. (Goldberg et al., 1994) 

 

Contrast agents used in US could increase the visualization ability of smaller blood vessels 

by improving backscatter in cancerous and normal blood vessels. However, it is known 

that the ability to detect blood movement in small vessels is limited when studying deep 

tissues. On the other hand, if there is an increase in blood reflectivity when combined 

with a contrast agent, this would allow better detection of blood flow in small and deep 

vessels than is now not possible with techniques available in developing countries. 

Experiments designing promising components of an ultrasound contrast agent with 

enhanced properties could help differentiate between cancerous tissue and normal 

vascularity. The demonstration of rapid arterial flow with enhanced contrast can also help 

detect ischemia or occlusion in the case of atherosclerosis when there is an accumulation 

of cholesterol, fat, and other substances on the inside and outside of the walls of the 

arteries (plaque). In this case, the flow becomes rapid and can be detected more easily 

with ultrasound techniques. In cases of narrowing or occlusion, blood flow is reduced and 

can cause problems throughout the body. Atherosclerosis is the preeminent cause of total 

obstruction of large and medium arteries such as the cerebral, carotid, and coronary 

arteries. (Medina-Gamarra et al., 2020) However, the amount of blood with an altered 

intensity of tissue attenuation that passes through the blood obstruction many times may 

not be significant enough to be detected with current equipment. 

 

For this reason, if reflective contrast media are introduced, they could help to delimit the 

site of the specific narrowing. (Goldberg et al., 1994) Ultrasound contrast agents have 

been shown to help visualize clumps of fat and cholesterol in peripheral arteries, even 

before the patient is aware of their risk, and can thus benefit from preventive treatment 

caused by damage collaterals caused by occlusion or severe stenosis. However, the use 

of old artifacts equipped with ultrasound techniques alone is more worrying since it can 

avoid obtaining significant quantitative parameters of the calculated spectrum by not 

including multimodal technologies that are low cost and that can be used in developing 
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countries. The National Center for Cardiovascular Research (CNIC), in its 64th Annual 

Scientific Session of the American College of Cardiology, held in San Diego (USA) in 

2015, concluded that 70% of the healthy population suffers from atherosclerosis or 

hardening of the arteries. In addition, seven out of ten people already have atherosclerosis, 

believing that they are healthy, and the risk is progressive over time. Currently, 

modifications to bioimaging instrumentation allow a much more comprehensive 

screening to be carried out by analyzing various vascular territories. Subsequently, the 

diagnosis and intervention of atherosclerosis in the initial stages would play a 

fundamental role in delaying collateral damage and saving the lives of affected patients. 

The use of nanoparticles for diagnosis and therapy of atherosclerosis can apply to 

sonodynamic therapy (SDT) and ultrasound image-guided therapy in Ecuador. 

 

2.3 Motivation 

 

Nanotechnology is the field of research where science allows observing, manipulating, 

and controlling the design of nanometrically structured materials. The study of 

nanotechnology is applied to developing new and better materials, potentially 

contributing to specific problems in many biomedical fields generating a tremendous 

social and economic impact. For example, biomedicine is applying to one of the sectors 

where nanotechnology is expected to represent a revolution since functionalized 

nanomaterials with improved characteristics could provide powerful tools within 

bioimaging techniques for diagnosing and treating diseases from a molecular level. 

Nanotechnology, therefore, offers excellent opportunities to improve and design new 

materials with clinical application that can be used in in vivo diagnosis and treatment by 

designing new and improved contrast agents. In recent years, CaF2 nanoparticles have 

been the purpose of research for the advancement of biomedical applications, as 

promising imaging probes and novel contrast agents for use as therapeutic targets in 

medical diagnostic studies. Nanoparticles are sterling design platforms that allow us to 

study the different biomolecular pathways within biological systems, diagnose diseases 

and administer therapies. 

 

Based on previous background on the most prominent and most representative 

characteristics, techniques, and applications of inorganic compounds such as CaF2, its 

applications are promising in the Bioimaging area. CaF2 is an exciting and attractive 
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nanomaterial due to its inherent physical, chemical, and morphological properties and its 

referrals for functionalization and performance capabilities in the various modalities of 

medical technology. For CaF2, investigations have been carried out regarding the 

uncontrolled synthesis of fluorinated compounds without studying all their capacities and 

properties that contribute to its structural and chemical stability to be starting materials in 

developing new medical treatment and diagnosis supplements. This work aims to 

introduce the main characteristics of CaF2 nanoparticles through the synthesis and 

characterization of CaF2 NPs and provide the clinical relevance background to future 

functionalization based on the literature on the development of this type of nanoparticles 

that will allow the main bioimaging techniques used to diagnose and treat patients in the 

future. That leads to the derivation of functionalized CaF2 with promising 

physicochemical properties. The challenge of this type of inorganic nanoparticles 

continues to be the clinical application to corroborate their efficacy, so it is necessary to 

address questions in future research such as biocompatibility, toxicity, targeting ability, 

and long-term in vivo and in vitro stability of functionalized NPs. Undoubtedly, 

bioengineering new multifunctional and biocompatible NPs will be of special attention 

in the successful development of nanomedicine. 
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2.4 Objectives 

 

2.4.1 General Objective 

 

Synthesis of  CaF2 nanoparticles with remarkable physicochemical properties to be used 

as a starting point in designing functional platforms in Bioimaging such as ultrasound and 

X-ray activated tumor sonodynamic therapy. 

 

2.4.2 Specific Objectives 

 

● Synthesis of pure CaF2 nanoparticles within the range for bioimaging 

applications. 

 

● Characterization of CaF2 using techniques based on microscopy and related to X-

rays to study its physicochemical characteristics. 

 

● Present the most remarkable properties of CaF2 as a base material for a starting 

point in developing novel products in bioimaging. 
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CHAPTER 3. METHODOLOGY 

 

3.1 Synthesis of 𝐂𝐚𝐅𝟐 Fine Powder and NPs 

 

Nanobiotechnology enables the desired production and modification of nanoparticles 

through novel and efficient methods; therefore, new types of NPs are continually being 

produced. CaF2 NPs have a high surface area to volume ratio and different 

physicochemical characteristics; therefore, several methods are used to synthesize them. 

This work used the method of Chingo et al. (2019) to synthesize PTFE nanoparticles. (C. 

Chingo Aimacaña & Dahoumane, 2019; C. M. Chingo Aimacaña et al., 2021) 

 

3.1.1 Production of 𝐂𝐚𝐅𝟐 Fine Powder 

 

The CaF2 present in industrial mixtures has a high chemical resistance due inherent 

composition and due to the media, temperature preparation conditions. This characteristic 

makes it almost impossible to dissolve them in any organic solvent and even inorganic 

solvents.  

 

Since there is a similarity between CaF2 and PTFE as they are fluorinated compounds, 

the dissolution efficiency with acetone (CH₃CH₃), ethanol (C2H5OH), isopropyl alcohol 

(C3H8O), sulfuric acid (H2SO4), nitric acid (HNO3), hydrochloric acid (HCl), and 

hydrofluoric acid (HF) were tested in CaF2. Excellent results were obtained only with 

CH₃CH₃ for dissolution and HF for purification. 48% HF was used as the final solvent, 

and the literature supports that fluorinated and perfluorinated compounds show slight 

permeability to this compound. Furthermore, the studies by Ian (1998) and Hong (2006) 

highlight that using a concentrated HF solution to prepare a colloidal suspension of 

fluoride coatings demonstrate exceptional performance. (C. Chingo Aimacaña & 

Dahoumane, 2019; Hong & Kawano, 2006; Ian, 1988) 

 

To synthesize CaF2 nanoparticles, the solubility and reaction of two TFE −based sealants 

(ACE® 45281 Pipe Thread Compound and ACE® 40969 Pipe Thread Compound) were 

first evaluated at room temperature and pressure. The composition of the two sealants is 
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detailed in Table 2 and Table 3. For this purpose, tubes of TFE −based sealants were 

purchased to extract the CaF2 powder. Outstanding results were obtained by using the 

sealant ACE® 45281 Pipe Thread Compound. Then, the synthesized particles were 

elaborated based on experiments by taking special care of the product's composition to 

obtain CaF2 powder, as seen in the technical sheet below. 

 

Table 2. Composition/Information on Ingredients  

of 𝐀𝐂𝐄® Pipe Thread Compound – S/N: 45281. 

 

𝐂𝐡𝐞𝐦𝐢𝐜𝐚𝐥 𝐍𝐚𝐦𝐞 𝐂𝐀𝐒 𝐧𝐮𝐦𝐛𝐞𝐫 𝐑𝐚𝐭𝐢𝐨 % 

Calcium Carbonate 1317 − 65 − 3 50 − 70 

Oxidized Soy Bean Oil 68152 − 81 − 8 10 − 30 

2 − Butoxyethanol 111 − 76 − 2 3 − 7 

Polyfluoroethylene 9002 − 84 − 0 3 − 7  

Alkyl Quaternary 

Ammonium Bentonite 

68953 − 58 − 2 

 

1 − 5 

Titanium Dioxide 13463 − 67 − 7 1 − 5 

Crystalline Silica 

(Quartz) 

14808 − 60 − 7 < 1.3 

 

 

Table 3. Composition/Information on Ingredients  

of 𝐀𝐂𝐄® Pipe Thread Compound – S/N: 40969. * Material is bound  

within the matrix of the product and does not provide any inhalation hazards. 

 

𝐂𝐡𝐞𝐦𝐢𝐜𝐚𝐥 𝐍𝐚𝐦𝐞 𝐂𝐀𝐒 𝐧𝐮𝐦𝐛𝐞𝐫 𝐑𝐚𝐭𝐢𝐨 % 

Calcium Carbonate 1317 − 65 − 3 50 − 70 

Distillates (Petroleum) 

Hydrotreated Middle 

64742 − 46 − 7 10 − 30 

Linseed Oil 8001 − 26 − 1 5 − 10 

Crystalline Silica 

(Quartz) 

14808 − 60 − 7 ∗ < 1.4 
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Materials 

 

1. ACE® Pipe Thread Compound – S/N: 45281 provided by Ferrisariato 

Supermarkets (Quito - Ecuador). 

 

2. Hydrofluoric acid (HF), 48%, Reagent (ACS), provided by Novachem (Quito - 

Ecuador) to GFS Chemicals Authorized Distributor (United States). 

 

3. Acetone (CH₃CH₃), Reagent provided by Fisher Chemicals. 

 

4. Etanol (C2H5OH), 70%, Reagent provided by Fisher Chemicals. 

 

Protocol 

 

First, in a 50 ml Falcon tube, 30 mL of  CH₃CH₃ were added with a plastic Pasteur pipette 

and 6 − 7 g of ACE® Pipe Thread Compound - S / N: 45281. 

 

The process was carried out inside the fume hood due to the toxicity and volatility of HF. 

After mixing with acetone, the Falcon tube was covered with the cap and plastic wrap 

and placed in the Vortex (by Heathrow Scientific) at 2,000 revolutions per minute 

(RPM) for 10 min. Due to this vigorous stirring, a semi-yellow suspension was formed, 

possibly oxidized soybean oil, 2-butoxyethanol, alkyl quaternary bentonite, or titanium 

dioxide compounds that underwent a process of condensation and decomposition 

following the effect of acetone. The compound was left in the solvent for 24 hours. 

 

Subsequently, the tube with mixed solvent was centrifuged to separate CaF2 from 

impurities using a Thermo Scientific ™ Sorvall ™ Legend ™ XTR brand centrifuge at 

10,000 RPM for 15 min. After this vigorous separation, a white pellet and a yellowish-

gray supernatant were obtained. Then the supernatant was removed, trying not to mix the 

sample, leaving the white sediment on the tube walls. Then, 30 mL of  70% etanol were 

added, and the stirring process was repeated in the Vortex, and subsequently, it was 

centrifuged for 15 min at 10,000 RPM. This washing process was repeated three times 
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where once more, a less intense yellow supernatant formed and was carefully transferred 

using a plastic pipette. 

 

Then, very carefully, the white pellet (CaF2) was transferred to another clean Falcon tube 

to avoid contamination of the remaining compounds that may be adhered to the plastic 

tube, and 30 ml of HF was added, allowing it to stand for 48 hours in continuous stirring 

at temperature 21 °C. Again, the sample was vortexed for 15 min and then centrifuged to 

separate CaF2 from the remaining impurities at 10,000 RPM for 15 min. After this 

vigorous separation, a white pellet and a light gray supernatant were obtained. Then the 

supernatant was eliminated, trying not to mix the sample, leaving the white sediment on 

the tube walls, and adding 30 mL of 70% alcohol. The stirring process was repeated in 

the Vortex, and subsequently, a centrifugation process was carried out for 15 min at 

10,000 RPM, which was repeated three times. 

 

Finally, when obtaining a transparent liquid composition with pure white sediments, the 

obtained substance was CaF2. This substance was centrifuged with the same conditions 

mentioned before to avoid additional contamination, and then the pellet was transferred 

to a new Falcon tube. Finally, after the final wash and transfer, the settled CaF2 was dried 

exclusively in a Boevo®  Drying Oven at 80 °C for 48 hours. The instruments used during 

this process and the particulate CaF2 are shown in Figure 10. 
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Fig. 10. Description of the 𝐂𝐚𝐅𝟐 Fine powder synthesis process. Created with 

BioRender.com 

 

3.1.2 Production of 𝐂𝐚𝐅𝟐 𝐍𝐏𝐬 

 

Once the fine CaF2 powder was synthesized, the nanoparticles are produced employing 

sonication. This process is carried out by dispersing the fine powder in ethanol to obtain 

a homogeneous composition of CaF2 nanoparticles that will then be studied 

microscopically. 

 

Materials 

 

1. Ethanol Absolute (C₂H₆O), Reagent CAS 64-17-5 for analysis provided by 

EMSURE® ACS, ISO, Reag. Ph Eur. 

 

2. TWEEN®  80, Reagent, provided by Fisher Chemicals. 

 

3. Previously produced CaF2 Fine-powder. 
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Protocol 

 

It is planned to reduce the size of the CaF2 particles previously obtained and then analyze 

the aliquots extracted by SEM/EDX and TEM, following the subsequent procedure. First, 

disperse 0.3 g of the CaF2 powder previously obtained in 30 mL of ethanol and then 

subject it to the action of an ultrasonic cleaner for 1 hour at room temperature (≈ 23 °C). 

With the sedimentation of a fraction of the CaF2 particles, a whitish suspension is created. 

Transfer to a new 50 ml falcon tube. After that, mix the liquid suspension in the falcon 

tube with 1% (v / v) of Tween® 80 (300 μl of Tween in the tube with approximately 

30 ml of the suspension). Perform this mixture in an appropriate beaker or the same 

falcon tube where the sample will be sonicated. Then, sonicate the tube with the mixture 

using an DAIGGER Ultrasonic Processor GE505 at 70% amplitude, shown in Fig. 11, 

with a pulse setting of 55 seconds on and 5 seconds off, during each one-minute cycle for 

30 minutes. Next, introduce the tube or container where the sonication will be carried out 

in an ice bath or ice water during the whole process. In the sonication process, three 

aliquots of 3 − 4 ml will be extracted in Eppendorf tubes previously labeled with the 

extraction times: one within 10 minutes of starting sonication, and the second at 30 

minutes after the end of the sonication. Then, centrifuge the samples at 8000 RPM for 20 

minutes. A pellet will form at the end of each tube. The semitransparent suspension will 

remain, then, carefully and quickly extract each suspension into other new tubes without 

affecting the original position of each centrifuged tube to avoid unnecessarily obtaining 

the mixture of the pellet with the suspension. Discard the other tubes and label the new 

ones correctly, according to the extraction times. Finally, the three samples were 

sonicated at different times, and the control was produced before the sonication. Analyze 

the four samples using TEM to determine the shape, distribution, and size of these 

colloidally stable CaF2 NPs. The complete scheme of the sonication process is shown in 

Fig. 12. 
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Fig. 11. DAIGGER GE505 Ultrasonic processor from CENCINAT – ESPE.  

 

 

 

Fig. 12. Description of the 𝐂𝐚𝐅𝟐𝐍𝐏𝐬 synthesis process. Created with BioRender.com 
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3.2 Characterization of 𝐂𝐚𝐅𝟐 Fine-powder and 𝐍𝐏𝐬 

 

3.2.1  X-Ray Diffraction of 𝐂𝐚𝐅𝟐 Fine-powder 

 

Measurement Conditions 

 

The obtained CaF2 powder was analyzed by Powder X-ray diffraction (XRD) with a 

Rigaku, Miniflex-600 powder diffractometer and employing the D/tex Ultra2 detector in 

1D scan mode. This instrument was operated with voltage and current settings on 40 kV 

and 15 mA respectively, in a sealed tube Cu Kα radiation source (1,540600 Å). 

Additionally for collecting data, XRD diagrams were recorded in a θ/2θ configuration in 

the scan-axis, with a scan speed of 20.0 °/min scan velocity in a range 5 − 90° in 2θ 

being the step size 0.02°. Finally, it was used a Soller slit 1.25° receive and incident 

scattering, and high-length, receiving and incident slit 10.0 mm, 8.0 mm, and 13.0 mm, 

respectively. Data analysis was performed using the Origin® software (Version 2019b). 

XRD measurements were carried out in the School of Chemical Sciences and Enginering 

- Yachay Tech laboratory. 

 

3.2.2 X-Ray Photoelectron Spectroscopy of 𝐂𝐚𝐅𝟐 Fine-powder 

 

Measurement Conditions 

 

CaF2 powder XPS spectra was performed on a PHI VersaProbe III from Physical 

Electronics, using monochromatized Al Kα X-rays source (1486.6 eV) equipped with a 

180 hemispherical electron energy analyzer. The survey energy bandpass and the High 

resolution bandpass was acquired at 255kV and 55kV, resolution of 1 and 0.1 eV, 

respectively with a spot size diameter of 10 μm. Data analysis was performed using the 

Origin® software (Version 2019b). XPS measurements were carried out in the School of 

Engineering Sciences and Nanotechnology - Yachay Tech laboratory. XPS equipment is 

shown in Fig. 13. 

  

XPS was used to secure and determine the successful removal of the presence of titanium 

in the form of titanium dioxide TiO2 in the CaF2 host network. In the previous section, 
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the effect of HF on the sample was studied using XRD for 24 hours and 48 hours. Thus, 

carrying out a simple comparative analysis where the reduction of pollutant peaks was 

observed until they completely disappeared, and as a result, HF has a significant effect on 

the elimination of impurities and the additional fluorination that gives rise to the 

formation of CaF2. Therefore, for the analysis of XPS in comparison with the control 

CaF2 sample without any treatment and the treatment samples with 24 and 48 hours, 

respectively, are presented in the Results section. The elimination of titanium dioxide 

remnants in the sample is observed, resulting in only the representative peaks of Ca and 

F in a 1: 2 ratio. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 13. 𝐗𝐏𝐒 equipment from School of Engineering Sciences and Nanotechnology - 

Yachay Tech laboratory. 

 

 

3.2.3 Scanning Electron Microscopy of 𝐂𝐚𝐅𝟐 𝐍𝐏𝐬 

 

Measurement Conditions 

 

Samples were placed in 1 cm diameter Aluminum Stubs of the SEM TESCAN MIRA 3, 

Czech Republic. In addition to a Schottky field emission gun. Subsequently, the analysis 

collected the images at an accelerating voltage of 15.0 eV with a magnification of 16.7 kx 

and a working distance between the detector lens and the sample of 12.93 mm. The view 
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field used by the team was 41.5 μm. In addition, an additional BSE detector emits 

backscattered electrons to generate compensation. Data analysis was performed using 

ImageJ (Version 1.8.0_172) software. SEM measurements were carried out in the Center 

for Nanoscience and Nanotechnology (CENCINAT)- ESPE. SEM machine is presented 

in Fig. 14. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 14. 𝐒𝐄𝐌 machine from CENCINAT – ESPE. 

 

3.2.4 Energy Dispersive X-Ray Spectrometry of 𝐂𝐚𝐅𝟐 𝐍𝐏𝐬 

 

Measurement Conditions 

 

The SEM sample fixation setup was used in the EDX analysis, but the chemical surface 

analysis was run in a special chamber. Finally, the Detector (Bruker X-Flash 6 | 30, 

Germany) with a 123 eV resolution at Mn Kα was used. Subsequently, the analysis fixed 

on the captured images 10 points with the highest material concentration to collect ten 

spectra of the X-ray irradiation produced on the sample surface. Data analysis was 

performed using MS Excel (Version Office 2016) software. EDX measurements were 

carried out in the Center for Nanoscience and Nanotechnology (CENCINAT) - ESPE. 
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3.2.5 Transmission Electron Microscopy of 𝐂𝐚𝐅𝟐 𝐍𝐏𝐬 

 

Measurement Conditions 

 

Transmission Electron Microscopy (TEM) observations were made in the FEI brand 

microscope model Tecnai G20 Spirit Twin equipped with an Eagle 4k HR camera. The 

operating voltage was 80 kV. For the fixation of the samples, approximately 5 μl of the 

resuspended sample were used, which were placed in grids for TEM on a 300 Mesh 

Formvar / Carbon grid. Data analysis was performed using ImageJ (Version 1.8.0_172) 

software. TEM measurements were carried out in the Center for Nanoscience and 

Nanotechnology (CENCINAT) – ESPE, shown in Fig. 15. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 15. 𝐓𝐄𝐌 machine from CENCINAT – ESPE. 
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CHAPTER 4. RESULTS & DISCUSSION 

 

4.1 Production of 𝐂𝐚𝐅𝟐 Samples 

 

This section contains information about the synthesis of CaF2 NPs. The synthesis details 

the production of CaF2 fine powder and, using this fine powder, the preparation of a stable 

colloidal solution of CaF2 NPs.  

 

Due to its composition, CaF2 has a much longer useful life than most materials when used 

in a fluorine environment. In addition, it is well known for possessing high 

biocompatibility. In order to synthesize NPs, various tests were performed by using 

several types of CaF2 sources and solvents. CaF2 sealants were combined with ethanol, 

nitric acid, chloride acid, and hydrofluoric acid. The solubility of the CaF2 sealant brand 

used was assessed at room temperature and pressure. HF (48) % was employed as the 

solvent as it was reported in the literature that other similar components as perfluorinated 

compounds show a slight permeability to this compound. A TFE –  CaF2 sealant was 

purchased to extract CaF2 powder. Good results were obtained by using the sealant ACE® 

45281 Pipe Thread Compound based on experiments by taking special care of the 

product's composition used to obtain CaF2 powder and subsequent stable colloidal 

nanoparticles. 

 

4.2 Microscopy-Based Nanoparticle Characterization 

 

The synthesized nanoparticles were characterized by (SEM) to evaluate its morphology; 

Energy-dispersive X-ray spectroscopy (EDX) to evaluate its elemental composition, and 

Transmission electron microscopy (TEM) to evaluate colloidal suspension and its 

particle size and particle size distribution.  
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4.2.1 Scanning Electron Microscopy of 𝐂𝐚𝐅𝟐 𝐍𝐏𝐬 

 

 

 

 

 

 

 

 

 

 

Fig. 16. 𝐒𝐄𝐌 micrographs at 𝟐 𝛍𝐦 scale showing the A) 𝐂𝐚𝐅𝟐 sample treated 24 h with 𝐇𝐅 

and B) 𝐂𝐚𝐅𝟐  sample treated 48 h with 𝐇𝐅. 

 

Scanning electron microscopy (SEM) was performed on the two primary samples, 

showed in Fig. 16, one CaF2 treated with HF for 24 h and the other CaF2 treated with HF 

for 48 h. The micrograms reveal for sample A (left for 24 h in HF) the evidence of the 

presence of agglomerated particles and mainly distributed on the surface of large particles 

with a spherical morphology. On the other hand, for sample B (right for 48 h in HF), it is 

observed that the particles are less distributed and in less quantity on the surface of large 

particles. The first particles prepared have a regularly uniform size and shape, and the 

second has a smaller size and less obvious relative distribution than the first. 

 

4.2.2 Energy Dispersive X-Ray Analysis of 𝐂𝐚𝐅𝟐 𝐍𝐏𝐬 

 

For the Energy Dispersive spectrum using X-rays, two samples were placed under 

observation. The first was the CaF2 sample treated with HF for 24 h and the second the 

CaF2 sample treated with HF for 48 h to corroborate the elemental composition of the 

samples together with XPS.  

 

The abscissa is now of interest for the EDX spectrum in Fig. 17 and 18, which indicates 

the ionization energy, and the ordinate shows the counts. The theory mentions that the 

higher the count of a particular item, the greater its presence at that point or area of 

interest. Therefore, it is possible to display the quantity of each component in various 

B) 

𝟏 𝛍𝐦 

𝐀) 

𝟏 𝛍𝐦 

𝐁) 
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counts or weight percentages. To analyze these spectra, the average of the 10 scans for 

each sample was taken into account. Since this technique takes time, the count of elements 

often goes unnoticed. The equipment was centered, like SEM, to do surface electron 

irradiation. So, we can observe in this sample of CaF2 treated with HF for 24 h that the 

remnant of Titanium is still present, although to a lesser extent. 

 

Additionally, in Fig 17, CaF2 treated with HF for 24 hours deficient concentrations of 

Mg, Na, Al and Ti are also detected as impurities. On the other hand, Calcium and Fluorine 

are present but in a 1: 2 concentration, so it can be inferred that HF is also involved in the 

fluorination of CaF2 in the sample being treated. Removing these elements, the presence 

of C and O can be observed to a low degree due to the adhesion of the sample to the 

measurement mesh of the equipment and environmental contamination with oxygenated 

species. 

 

 

 

Fig. 17. 𝐄𝐃𝐗 spectra from treated 𝐂𝐚𝐅𝟐 sample using 𝐇𝐅 during 24 h with relative 

elemental percentage composition. 

 

In Fig. 18 CaF2 treated with HF for 48 hours, we can see a better distribution of elements 

and defined peaks. It is now observed whether the elimination of Ti and a new element 

appear, which is Na in addition to the impurities Mg and Al, which, since it is not detected 

in any of the other techniques, can be deduced that it is a contamination of the equipment 

or caused by remaining particles in the air and that is settled on the surface of CaF2 after 

the extended analysis time. The 1: 2 ratio for CaF2 is conclusively observed. Finally, 

 % 

𝐂𝐚 42.92 

𝐅 39.03 

𝐂 9.91 

𝐎 5.40 

𝐓𝐢 3.31 

𝐀𝐥 0.79 

𝐍𝐚 0.61 

𝐌𝐠 0.52 
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given that the EDX cannot detect concentrations below 0.01% by weight, it is shown to 

be an exact technique to determine the sample composition of CaF2 powders superficially 

and partially. In this case, as the Calcium concentration is approximately one-third of the 

total and the Fluorine constitutes the remaining two parts, it is consistently verified that 

the HF treatment works correctly and the unwanted contaminant has been removed. 

 

 

 

 

 

Fig. 18. 𝐄𝐃𝐗 spectra from treated 𝐂𝐚𝐅𝟐 sample using 𝐇𝐅 during 48 h with relative 

elemental percentage composition. 

 

4.2.3 Transmission Electron Microscopy of 𝐂𝐚𝐅𝟐 𝐍𝐏𝐬 

 

The morphology and diameters of the CaF2 nanoparticles are shown in Fig. 19. TEM 

image. The size of the particles was measured in the ImageJ program. Statistical 

evaluation of about 124 particles for sample A (left CaF2 NPs sonicated 10 min) gives a 

mean diameter of 56 nm ± 19,10 nm. Clearly and successfully observed that the second 

prepared particles, denoted as sample B (right CaF2 NPs sonicated 30 min), show a mean 

diameter of 36 nm ± 14,14 nm with a very uniform size and shape. As a result, the 

histograms calculated by Gaussian fitting using the OriginPro 2019b software for both 

samples of CaF2 nanoparticles are presented.  

 

 

 

 

 % 

𝐅 49.10 

𝐂𝐚 37.22 

𝐂 8.45 

𝐎 3.92 

𝐍𝐚 0.70 

𝐀𝐥 0.64 

𝐌𝐠 0.58 
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Fig. 19. Micrographs of Particle Size Distribution of 𝐂𝐚𝐅𝟐 scaled at 𝟓𝟎𝟎 𝐧𝐦. A) sample 

sonicated 10 minutes and B) 30 minutes. 

 

 

 

 

 

 

 

 

 

 

 

Figure 20. (A) Particle Size Distribution of 𝐂𝐚𝐅𝟐 sample sonicated 10 minutes and (B) 30 

minutes, calculated from TEM images analysis using ImageJ Software. 

 

From the results obtained, it can be inferred that the distribution follows a usual trend 

towards the sides of the Gaussian bell. Fig. 20. Shows the histogram distribution and trend 

of the synthesized which suggests that the Sonication process at specific conditions such 

as time and intensity significantly reduced the size of the CaF2 nanoparticles, giving them 

a better distribution and spherical-like conformation formed during the ultrasound 

ablation process. This resulted in a very suitable and recommended smaller particle size 

for biomedical applications and the preparation of dopants in contrast solutions. 

Furthermore, this result allows us to obtain the bases for a future more in-depth 

investigation of the functionalization properties of CaF2 NPs.  

 

𝐁) 

 
𝐀) 

 

𝟓𝟎𝟎 𝐧𝐦 

 

𝐀) 

 

𝟓𝟎𝟎 𝐧𝐦 

 

𝐁) 

 

𝐀) 

 

𝐁) 
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4.3 X-Ray-Related Characterization Techniques  

 

The synthesized nanoparticles were characterized by X-ray diffraction (XRD) to evaluate 

its crystalline phases and crystallite size and X-ray photoelectron spectroscopy (XPS) to 

evaluate its topographic surface at atomic percent ratio and elemental composition 

transition state. 

 

4.2.4 X-Ray Diffraction of 𝐂𝐚𝐅𝟐 Fine-powder 

 

The X-ray diffraction data of the powder samples were collected from dry samples that 

were previously crushed to obtain a more delicate powder using a ceramic mortar for fine 

powders and subsequently loaded into silica/metal glass capillaries with an area / inner 

diameter of 1.17 mm, an area/outer diameter of 1, 5 mm, and a height of 40 mm. All 

measurements were carried out at controlled room temperature and the measurement time 

per sample was 10 − 12 min. Subsequently, the data were corrected under specific 

parameters such as normalization, baseline, attenuation, smoothing, noise adjustment, 

peak detection, and background using OriginPro and MS Excel. Below Fig. 21 and Fig 

22 are displayed for a better recognition, the three samples obtained to analyze the effect 

of cleaning impurities using HF are represented during a particular time where CaF2 are 

treated during 24 and 48 hours in HF. 

 

 

  

 

 

 

 

 

 

 

 

Fig. 21. 1D Stack of 𝐂𝐚𝐅𝟐 samples. 𝐂𝐚𝐅𝟐 Control sample (red line) without any treatment. 

𝐂𝐚𝐅𝟐 sample (green line) was treated for 24 h in 𝐇𝐅 and 𝐂𝐚𝐅𝟐 sample (blue line) was 

treated for 48 h in 𝐇𝐅 with assigned referenced peaks. 
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Fig. 22. 2D Stack of 𝐂𝐚𝐅𝟐 samples. 𝐂𝐚𝐅𝟐 Control sample without any treatment. 

𝐂𝐚𝐅𝟐 green sample treated for 24 h in 𝐇𝐅 and 𝐂𝐚𝐅𝟐 blue sample treated for 48 h in 𝐇𝐅. 

 

In Fig. 23. The initial control sample mix is denoted as Control (red line) without any 

treatment. CaF2 sample (green line) was treated for 24 h in HF, and CaF2 sample (blue 

line) was treated for 48 h in HF to monitor the removal of impurities and contaminants. 

According to the order specified starting from the first, second, and third samples, 

diffraction profiles suggest that each sample is composed of almost identical components.  

 

In the analysis of the crystalline phases, the presence of crystalline compounds can be 

inferred as impurities. These crystalline compounds indeed come from the composition 

of the ACE®  paste used as precursor material specified in Tables 2 and 4. Calcium 

carbonate, oxidized soybean oil, 2-butoxyethanol, polyfluoroethylene, alkyl quaternary 

are presented here as ingredients. According to the molecular interactions to which they 

were exposed, titanium dioxide, crystalline silica, and quartz could form various 

materials, including silicon, aluminum, or titanium, at specific conditions and 

temperatures that are not the object of analysis in this work. The diagram of the crystalline 

phase of titanium dioxide and silicon that can be correlated through a quick search in the 

X-ray Diffraction Standards shows their similarity in the first and second samples. 

(Cullity, 1956; Morris et al., 1985) Based on this composition analysis and referenced 

crystalline phase diagrams, it was possible to identify that the crystalline compounds 
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containing titanium and silicon are impurities that should not be present in the final 

sample. The essential information of the sample denoted as Control is additional 

information that facilitates this identification and approval of the treatment carried out on 

the samples to remove impurities. As can be seen, there are some intensity differences 

between the prepared samples and the crystallographic reference standard. Qualitatively, 

some conclusions can be drawn from the samples with 24 h of treatment and 48 h of a 

treatment since the intensity of the highest intensity peaks is proportional to the amount 

of substance present in the CaF2 fine powder sample. The main phase of each sample is 

calcium fluoride. The sample with 48 h of treatment based on the inspection and 

correlation with the analysis software can throw guesses about the amount of 

CaF2 present than in the sample with 24 h of treatment. The calculation further evidences 

this through the software, where a lower proportion is reflected due to the peak intensity. 

The untreated control sample, as expected, it is observed that it may contain crystalline 

compounds that form a more significant amount of materials than the other two samples 

and therefore does not show specific reference peaks for CaF2.  

 

Finally, additional quantitative information was previously obtained on the final sample 

with complete treatment using HF. In the previous section, the analysis of the data 

acquired based on EDX made it possible to correlate the intensity of the area with a 

concentration in a 1: 2 ratio for CaF2. In addition, the effective treatment that HF can 

produce for 48 hours has been confirmed through XRD; from now on, only the data from 

the final CaF2 sample treated 48 h in HF will be used. 
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Fig. 23. 𝐗𝐑𝐃 pattern of the Sample with complete treatment in 𝐇𝐅 for 48 h and 𝐂𝐚𝐅𝟐 

Reference (Morris et al., 1985) 

 

X-ray diffraction technique characterizes synthesized materials by crystallinity and 

reference crystalline phases. X-ray diffraction pattern of CaF2 samples was prepared and 

analyzed at a specific solvent ratio to produce the best results. The XRD results indicate 

that the products are of CaF2 in a complete crystalline cubic structure. All the diffraction 

peaks indexed to a pure CaF2 cubic phase (space group 225: Fm3m) agree with the 

standard values for cubic CaF2 [JCPDS card number 87 − 0971, JCPDS No. 35 − 0816, 

and JCPDS No. 77  2096]. The displayed peaks in Fig. 24 correspond to (h k l) values 

of (1 1 1), (2 2 0), (3 1 1), (4 0 0), (3 3 1) and (4 2 2). This result verified those 

reported in several investigations. (Omolfajr et al., 2011; Pandurangappa et al., 2010; 

Straßer et al., 2017; Tahvildari et al., 2012) 

 

By mixing both solvents and following the treatment with HF, it is clear that there is a 

significant broadening in the XRD peaks, revealing a small crystallite size of the prepared 

samples. The obtained nanocrystalline CaF2 size was estimated using the Debye-Scherrer 

formula and found around 8 − 10 nm through OriginPro 2019b software algorithm 

calculations. This result is in agreement with that obtained by TEM/SEM results. A lot 

and few small extra diffracted peaks can be seen in Control and Pretreated Sample, 

respectively in Fig. 23. The control samples are prepared with solvent only to visualize 

the effectiveness of the treatment corroborates the success. The pretreated sample 
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subjected to a 24 h in HF acid, and the wholly treated sample subjected to a 48 h in HF 

acid, showing the final impurities cleaning process. On the other hand, the most 

prominent one is at around 28,26°, which might be due to forming a small part of the 

Ca (OH)2 phase. This peak identifies the (1 0 1) Ca (OH)2 phase plane. Its intensity is 

decreased by reducing the amount of water and adding solvents same acetone, and 

following the strict 48 hour treatment in HF evidence the intensity reduction. Moreover, 

literature reported that by annealing this sample at different temperatures from 200 to 

500 °C for one hour, the XRD pattern for the CaF2 heated sample retained the original 

peaks for CaF2 only if that was required. (Alharbi, 2015) To this end, all the peaks show 

a relationship and agreement with the above, thus deducing the purity of the compound 

and the effective elimination of impurities. 

 

This shows remarkable results and necessary to mention that the sample prepared using 

acetone as a solvent only contains a considerable amount of another phase or water 

content, which may have adhered to the sample tube or may have been retained in the 

alcohol washes. Additionally, the treatments with hydrofluoric acid for 24 hours confirm 

that the pollutants and impurities removal process was not adequate in the time to which 

the base sample was exposed. Therefore, it is confirmed that the treatment and synthesis 

of pure CaF2 through the use of solvents at specific concentrations and combinations for 

at least 48 hours were able to remove the Titanium and impurities from the final powder 

sample.  

 

4.3.1.1 Crystallite Size 

 

The XRD CaF2 pattern was analyzed to determine the interplanar spaces, the percentage 

of crystallinity size shown in Table 4 was calculated deconvoluting the background. The 

crystallite size was calculated using OriginPro 2019b and MS Excel Softwares resulting 

in an approximate value of 10 nm for reflection (1 1 1) and 8 nm for reflection (2 2 0) 

according to the Scherrer equation. This value is aligned to the particle diameter observed 

in the different microscopic images and the presence of non-agglomerated particles with 

good stability in an aqueous medium. (Feldmann et al., 2006) 
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Table 4. Crystallite size calculations from measured and processed 𝐗𝐑𝐃 data in OriginPro 

2019b Software. 

 

 

 

 

 

 

 

 

4.3.1.2 Interplanar Spacing 

 

CaF2 crystals appear to have a face-centered cubic lattice structure, space group: 𝐹𝑚 −

3𝑚 (2 2 5), and a lattice parameter of a = 5.4355 Å, in which Ca2+ ions are present at 

all corners, and the center of each cube face and the fluoride ions occupy all the tetrahedral 

sites. The spacing d or interplanar spacing can be understood as the distance between 

planes of atoms that give rise to specific diffraction peaks. Thus, each peak in a 

diffractogram is the result of a corresponding d-spacing. Due to the repetitive nature of 

the same crystal, these planes are separated by constant distances of the CaF2 unit cubic 

cell, which helps determine the planes orientations in their crystalline conformation. 

Using OriginPro and the Standard X-Ray Diffraction Reference, it was possible to 

determine the position of CaF2 peaks and their interplanar distances. (Morris et al., 1985) 

 

Interplanar distances were calculated by reordering the Bragg's Law with the help of the 

standard reference information of the crystal geometry for cubic centered lattice and the 

2θ angles at which peaks of CaF2 are observed. In the CaF2 geometry, it is crucial to 

consider that the CaF2 conformations are arranged in a face cubic centered lattice; 

therefore, the axial lengths are equal. (Cullity, 1956) Miller indexes of CaF2 were 

compared with the literature to determine the accurate planes for each intense peak, as 

shown in Table 5. Additionally, Table 6 shows the obtained results applying Bragg's 

equation, a mean concerning the constant lattice is verified, giving a value of 5.4591 Å. 

This final value was compared with 5.46305 Å, extracted from the X-ray Diffraction 

Standard elaborated by the National Bureau of Standards (Morris et al., 1985), (Lozano-

Zalce et al., 2003) and allows us to calculate a relative error of 0.39%. This result 

𝐏𝐞𝐚𝐤 𝐏𝐨𝐬𝐢𝐭𝐢𝐨𝐧 𝟐𝛉 (°) 𝐅𝐖𝐇𝐌 𝛃 (°) 𝐃 (𝐧𝐦) 𝐀𝐯𝐞𝐫𝐚𝐠𝐞 𝐃 (𝐧𝐦) 

28.3 0.81428 10.51 

8.58 

47.02 1.04646 8.65 

55.76 1.1494 8.17 

68.69 1.19471 8.41 

75.94 1.2589 8.36 

87.43 1.55871 7.36 
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provides information about the integrity of the data obtained, pleasantly adhering to the 

reference standards. 

 

Table 5. D-spacing calculations from measured XRD data in OriginPro 2019b Software 

and referenced 𝐗𝐑𝐃 literature data. (Morris et al., 1985) 

 

𝐌𝐞𝐚𝐬𝐮𝐫𝐞𝐝  

𝐃 − 𝐒𝐩𝐚𝐜𝐢𝐧𝐠 (Å) 

𝐑𝐞𝐟𝐞𝐫𝐞𝐧𝐜𝐞  

𝐃 − 𝐒𝐩𝐚𝐜𝐢𝐧𝐠 (Å) 

𝟐𝛉 𝐝𝐡𝐤𝐥 = 𝛌/(𝟐𝐬𝐢𝐧𝛉) 𝐝𝐡𝐤𝐥 = 𝛌/(𝟐𝐬𝐢𝐧𝛉) 

28.3 3.1510 3.155 

47.02 1.9310 1.9316 

55.76 1.6473 1.6471 

68.69 1.3654 1.3656 

75.94 1.2520 1.2533 

87.43 1.1146 1.1152 

 

 

Table 6. Description of the corresponded peaks observed in the 𝐂𝐚𝐅𝟐 pattern with their 

Miller indexes (h k l), interplanar space (d/spacing), position (2θ), lattice constant 

and percentage of error of the calculations performed. 

 

𝐌𝐢𝐥𝐥𝐞𝐫 𝐈𝐧𝐝𝐢𝐜𝐞𝐬 𝐁𝐫𝐚𝐠𝐠′𝐬 𝐀𝐧𝐠𝐥𝐞 𝐃 − 𝐒𝐩𝐚𝐜𝐢𝐧𝐠 (Å) 𝐋𝐚𝐭𝐭𝐢𝐜𝐞 𝐂𝐨𝐧𝐬𝐭𝐚𝐧𝐭 (Å) 𝐌𝐞𝐚𝐬𝐮𝐫𝐞𝐝 

𝐀𝐯𝐞𝐫𝐚𝐠𝐞 (Å) 

𝐑𝐞𝐟𝐞𝐫𝐞𝐧𝐜𝐞 

𝐀𝐯𝐞𝐫𝐚𝐠𝐞 (Å) 
% 𝐄𝐫𝐫𝐨𝐫 

𝐡 𝐤 𝐥 𝟐𝛉 𝐝𝐡𝐤𝐥 = 𝛌/(𝟐𝐬𝐢𝐧𝛉) 𝐝𝐡𝐤𝐥 = √𝐡𝟐 + 𝐤𝟐 + 𝐥𝟐 

1 1 1 28.31 3.15 5.45 

5.45 5.46 0.39 

2 2 0 47.02 1.93 5.46 

3 1 1 55.77 1.64 5.46 

4 0 0 68.74 1.36 5.45 

3 3 1 75.95 1.25 5.45 

4 2 2 87.48 1.11 5.45 

 

  

4.3.1.3 Crystallinity Index 

 

Different preparation methods have significant effects on the phases and crystal structures 

of calcium-based biomaterials. For example, CaF2 nanostructured biomaterials with low 

crystallinity are generally prepared by a co-precipitation method at room temperature 

under mild conditions. In order to improve crystallinity and control the structures that 
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make up CaF2 nanoparticles, hydrothermal/solvothermal methods are used, as well as 

microwave and sonochemical assisted synthesis. In this work, a favorable result is 

presented when applying the previously detailed synthesis method. The results of the 

crystallinity index calculated from the polycrystalline and amorphous phases are 

presented in Table 7, revealing that the degree of structural order of the CaF2 crystallites 

is arranged regularly and periodically, forming stable dispersed particles. The degree of 

crystallinity obtained in this investigation (87%) will significantly influence other 

properties studied in a later investigation. 

 

Table 7. Description of the corresponded area calculated from 𝐅𝐖𝐇𝐌 values of the 

assigned peaks observed in the 𝐂𝐚𝐅𝟐 pattern using OriginPro 2019b. 

 

𝟐𝛉 
𝐓𝐨𝐭𝐚𝐥 𝐀𝐫𝐞𝐚 𝐨𝐟 𝐭𝐡𝐞  

𝐂𝐫𝐲𝐬𝐭𝐚𝐥𝐥𝐢𝐧𝐞 𝐏𝐞𝐚𝐤𝐬 

𝐓𝐨𝐭𝐚𝐥 𝐀𝐫𝐞𝐚 𝐨𝐟 𝐂𝐫𝐲𝐬𝐭𝐚𝐥𝐥𝐢𝐧𝐞  

𝐚𝐧𝐝 𝐀𝐦𝐨𝐫𝐩𝐡𝐨𝐮𝐬 𝐏𝐞𝐚𝐤𝐬 

𝐂𝐫𝐲𝐬𝐭𝐚𝐥𝐥𝐢𝐧𝐢𝐭𝐲  

𝐈𝐧𝐝𝐞𝐱 𝐢𝐧 % 

28.31 47,684.92 

139,908.83 86.84 

47.02 44,775.77 

55.77 13,105.30 

68.74 4,649.83 

75.95 3,597.97 

87.48 7,681.45 

 

 

The resulting patterns shown in this section were consistent with the cubic structure of 

CaF2 showing two high-intensity peaks attributed to planes (1 1 1) and (2 2 0), which 

were in good agreement with the XRD results in Fig. 24 and with reference patterns. It 

can also be confirmed that there was an effective and complete elimination of Titanium 

since the TiO2 pattern, which is not present in the final sample, tends to appear intense 

because TiO2 diffracts the X-rays efficiently. Additionally, qualitative interpretation of 

diffraction patterns involves identification of crystalline species from the array of 

diffraction maxima obtained from a sample. For the most reliable and accurate estimation, 

the use of x-ray diffraction analysis in conjunction with other species-specific chemical 

methods is developed in this study.  

 

 



 

63 

 

4.3.2 X-Ray Photoelectron Spectroscopy of 𝐂𝐚𝐅𝟐 Fine-powder 

 

XPS is a method oriented to detect elements in the surface region of samples, using 

qualitative surface analysis to identify all elements of interest as possible. Then, 

quantitative surface analysis of relative amounts of the elements gives us the information 

of the electronic states of the elements. Finally, peak deconvolution allows for analysis 

(qualitatively and quantitatively) of functional surface groups or the oxidation states, and 

previous XPS equipment labeling was helpful to identify the final species.  

 

It is known that elements with higher atomic numbers define the atom's electronic 

configuration and allow the ordering of the different chemical elements. Elements with 

higher atomic numbers show a couple of peaks due to the number of electrons present in 

the element that define its number of electrons in its electronic state. For this reason, the 

high-resolution spectrum of Ca is seen with two representative peaks corresponding to 

Ca 2p3/2 and Ca 2p1/2. The components in the spectra obtained by XPS present 

background or noise, element peaks representing the chemical composition of the sample, 

and Auger peak or series produced by relaxation phenomena of the bombardment of 

electrons to a valence shell that irradiated a specific electron. Through the X-ray 

spectroscopy technique and the configuration and data treatment by the Versaprobe 

machine, a quantitative surface analysis was performed based on the survey scan of the 

final CaF2 sample. In this analysis, relative values that are the matter of interest are taken. 

In this research, CaF2was analyzed utilizing an elemental or atomic ratio of [Ca]: [F]  =

 1: 2. The results are given in atom percent (At −  %) in Table 8. In addition, the study 

of the surface through the spectroscopic technique allowed the creation of the 

deconvolution of Peaks and calculated the specific BE using OriginPro 2019b and MS 

Excel. The chemistry of the element's neighborhood controls the electron density, and 

possible chemical shifts were analyzed depending on functional groups, degree of 

oxidation, and chemistry nature. In this analysis no significant shift at BE of interest could 

be observed because the separation of component peaks of the final CaF2 elements is 

apparent. 

 

 

 



 

64 

 

Table 8. Description of the corresponded atomic ratio for each element calculated from 

High Resolution survey scan of the 𝐂𝐚𝐅𝟐 Final sample and obtained from the 𝐗𝐏𝐒 analysis. 

 

 

 

 

 

In the synthesis of fluoride nanoparticles, few publications have mentioned them in the 

synthesis in non-aqueous systems (Heer et al., 2004). It is known that water is used only 

as a solvent in at least one stage of the synthesis described in the works mentioned above. 

However, water use limits the obtained fluoride range due to their sensitivity to 

interaction with this medium. (Labéguerie et al., 2006) Some lanthanide fluoride 

compounds can be synthesized in the presence of water. However, if the solvent contains 

impurities, or no care is taken during heat treatment. In that case, some F anions can be 

replaced by hydroxide groups. The effect can even be more impressive when interacting 

with oxygen leading to the synthesis of oxyfluorides or even oxides. High-throughput 

synthesis of calcium fluoride nanoparticles is needed; many precautions must be taken to 

limit their presence of oxygen rate in the fluoride crystal structure since OH groups 

deteriorate the luminescence qualities of fluorinated compounds.  

 

4.3.2.1 𝐂𝐚𝐅𝟐 XPS survey scan 

 

As shown in Fig. 25, the pure CaF2 pattern was analyzed separately, where the 

characteristic peak at ~686 eV is assigned to the BE of F1s. The peak at ~440 eV is 

attributed to the BE of the Ca2s and at ~349 eV the twin Ca2p. Moreover, the peak at 

~286 eV is seen due to the presence of C1s, and finally, the peak at ~534 eV due to O1s 

species. Additionally, the appearance of a series of Auger peaks characteristic of F1s is 

observed at ~ 832 –  877 eV range. 

 

 

 

 

 

 

Element in Sample Fluorine Calcium Carbon Oxygen 

Atomic Ratio (%) 57.9 27.4 9.7 5.0 
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Fig. 24. Survey scan spectra of the final 𝐂𝐚𝐅𝟐sample treated 48 h in 𝐇𝐅. The prominent 

peaks of 𝐅𝟏𝐬 and 𝐂𝐚𝟐𝐩 are highlighted in the yellow-bordered rectangles. 

 

The high-resolution spectra of compounds F1s, Ca2p, C1s, and O1s have been presented 

in subsequent Fig 26-29. These spectra allow the peaks of the BE regions of the prepared 

sample to be analyzed. It is known that elements with higher atomic numbers define the 

atom's electronic configuration and allow the ordering of the different chemical elements. 

Elements with higher atomic numbers show a couple of peaks due to the number of 

electrons present in the element that define its number of electrons in its electronic state. 

For this reason, the high-resolution spectrum of Ca is seen with two representative peaks 

corresponding to Ca 2p3/2 and Ca 2p1/2. 

 

4.3.2.2 High Resolution 𝐅𝟏𝐬 Spectra 

  

The deconvolution of the most intense peak of the survey scan, F1s peak shown in Fig. 

26, gives rise to two minor peaks corresponding to the CaF2 and C − F bonds. The 

physicochemical nature of the compound confirms the presence of atomic F ions forming 

bonds in different chemical environments due to their high electronic affinity. (Hamwi et 

al., 1996; House & House, 2015; Molaiyan & Witter, 2019) Additionally, since Fluorine 

is known as the most electronegative element in the periodic table, the presence of the CF 

group could be due to uncontrollable reactions between Fluorine excited with 

hydrocarbons during analysis. (Budyanto et al., 2015) 
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The high concentration of Fluorine in the CaF2sample is further confirmed by observing 

the F KLL Auger series (832 eV, 858 eV, and 832 eV) as a secondary emission process. 

Its discussion is beyond the scope of this work, but thanks to the XPS machine's potential, 

it is necessary to distinguish these peaks. shapes of the F1 peaks are generally symmetric, 

but it can be appreciated that the contribution of the C − F bond may slightly influence 

the shape of the peak. Although Fluorine tends to induce significant chemical changes in 

other elements within a given class of fluorine compounds (metallic fluoride or organic 

Fluorine), the changes in the F1 peak are negligible. (Thermo Fisher Scientific, 2018; 

Thermo Scientific, 2016) 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 25. High Resolution Spectra of the F1s peak. 

 

4.3.2.3 High Resolution 𝐎𝟏𝐬 Spectra 

 

The proper preparation of CaF2 nanoparticles requires excellent care since impurities such 

as OH−(1.35 Å) possibly acts as quenching centers due to the similarity of the ionic radius 

of the F −ion (1.31 Å). (Bezerra & Valerio, 2016; Hamwi et al., 1996; Molaiyan & 

Witter, 2019) To synthesize these particles, all the conditions were taken into account to 

avoid contamination by other species. However, fluoride compounds are susceptible to 

oxygen and water, so they are always present in the environment. 
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It is well established that water molecules come into contact with particle surfaces. 

Despite the lattice mismatch of the surface plane (1 1 1) of CaF2, which due to its 

electronegativity, does not allow layers of water to adhere, minimal amounts of H2O can 

become adsorbed. Ca2+ vacancies, promoted by milling situations under an oxygen 

atmosphere, introduce negative surface hydroxyl groups and positively charged hydrogen 

as point defects. From the high-resolution measurements of XPS showed in Fig. 27 for 

O1s, three peaks were identified by deconvolution that are related to ionic oxygen (O2−), 

hydroxide (OH), and carbon-bound oxygen (C − O). (Budyanto et al., 2015; Cardellach 

et al., 2011; Molaiyan & Witter, 2019) 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 26. High Resolution Spectra of the 𝐎𝟏𝐬 peak. 

 

4.3.2.4 High Resolution 𝐂𝐚𝟐𝐩 Spectra 

 

The high-resolution spectrum of Ca2p, shown in Fig. 28, is represented as a doublet due 

to the spin-orbit split typical for the Ca (II) oxidation state in inorganic calcium 

compounds. [hou2011] The allocation for both Ca 2p1/2 and Ca 2p3/2 present two 

contributions centered on 348.27 eV and 349.26 eV for Ca 2p3/2  and on 352.01 eV and 

353.17 eV, for Ca 2p1/2. In addition, the difference in BE between the two peaks of each 

must be 3 − 4 eV. (Moulder et al., 1992) Analyzing this value for each contribution 

𝐎𝟐− 
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doublet, a BE difference of approximately 3.8 eV is obtained between each pair of peaks, 

which is consistent with the literature. 

 

The Ca2p peaks in the XPS survey scan are precise and symmetrical; still, in high 

resolution, they are built by interactions at the molecular level. Those mainly represent 

the formation of CaF2 and, to a lesser extent, Ca − O and Ca − OH. Therefore, the peaks 

exhibit a slight chemical change compared to the CaF2 spectrum of approximately 1 eV 

due to two critical aspects. First, the addition of HF contributes both H and F ions and 

triggers exogenous reactions to purify the treated sample. Furthermore, this chemical 

reaction between HF and the CaF2  solution gives rise to high BE and additional 

contributions that are typically associated with the presence of Ca − O and Ca − OH 

bonds. (Bennewitz et al., 1994; Christie et al., 1983) 

 

The values of the Binding Energies presented for the contributions of Ca − O and Ca −

OH are not referenced by studies on the adherence of these compounds on the Ca surface 

under specific conditions. Regarding the appearance of these bonds and contributions to 

the double peaks of Ca2p, it is documented that, when considering nanometric surfaces 

with a relatively small crystalline lattice mismatch, it appears that the adsorbed H2O is 

arranged with an unfavorable distribution of H bonds. That translates into a non-wetting 

layer that can cause the appearance of this type of bond. These materials show that the 

nucleating efficiency in nano or microparticles is due to other unavoidable parameters 

such as the XPS equipment charge compensation, density and nature of certain unwanted 

defects (steps, cracks, vacancies) that may correspond both to the disarray of the sample 

in the characterization and environmental contamination. (Breuer & Wilkening, 2018; 

Cardellach et al., 2011; Christie et al., 1983; Mark, 2020) 

 

Finally, the FWHM of the deconvolution of the two peaks of the CaF2 bond contribution 

is 1.71 and 1.7 for Ca 2p3/2 and Ca 2p1/2, respectively. At the same time, the FWHM 

value obtained by deconvolution of the two peaks of the contribution of Ca − O and Ca −

OH bonds is 1.63 and 1.65 for Ca 2p3/2 and Ca 2p1/2 in the same way. In comparison, 

the FWHM value among the first spectra that construct the CaF2 bond is 1. Besides, the 

Ca − O and Ca − OH bonds range is 1.1, concluding that the calculated values are 

corroborated in the literature.  
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Fig. 27. High Resolution Spectra of the 𝐂𝐚𝟐𝐩 peak. 

 

4.3.2.5 High Resolution 𝐂𝟏𝐬 Spectra 

 

The high-resolution spectrum of C1s related to Fig 29, is referenced to corroborate the 

data, given the presence in the sample studied. The presence of C is related to the adhesion 

of the C to the fixing tape to secure the powder samples within the XPS chamber. 

[Bezerra2016] The spectrum provides the contributions of four relevant peaks that are 

known to originate both a background source and interaction with the elements present 

in the sample and are applied to reference the formation of CaF2, thus identifying the 

contributions of C − C / C − H (eV), C − O (eV), C − F2 (eV) and O =  CO (eV). 

(Budyanto et al., 2015; Cardellach et al., 2011; Molaiyan & Witter, 2019) 
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Fig. 28. High Resolution Spectra of the 𝐂𝟏𝐬 peak. 

 

4.3.2.6 Binding Energy  

 

Finally, the minimal shifts found in the BEs may be due to the charge compensation 

functionality that the XPS team has to stabilize and control the charge within a few 

electron volts of the neutral state. This mechanism is activated when the surface of the 

compound is to be analyzed as electrically insulating. Therefore, the emission of electrons 

causes an unwanted positive charge to accumulate on the sample surface, seriously 

affecting the XPS spectrum. Therefore, charge balancing neutralizes the charge on the 

surface by emitting electrons from an external source to balance the decompensation. 

(Thermo Fisher Scientific, 2018; Thermo Scientific, 2016) Table 9 shows the 

correspondent and referenced BE of the assigned peaks of the CaF2 survey scan and 

deconvoluted spectras. 
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Table 9. Binding Energy of the Assigned peaks in the high-resolution analysis for 𝐎𝟏𝐬, 

𝐂𝟏𝐬, 𝐅𝟏𝐬, and 𝐂𝐚𝟐𝐩 of the final 𝐂𝐚𝐅𝟐  sample by process of fitting using OriginPro 2019b. 

 

𝐏𝐞𝐚𝐤 𝐁𝐨𝐧𝐝 𝐌𝐞𝐚𝐬𝐮𝐫𝐞𝐝 𝐁𝐄 (𝐞𝐕) 𝐑𝐞𝐟𝐞𝐫𝐞𝐧𝐜𝐞𝐝 𝐁𝐄 (𝐞𝐕) 𝐁𝐢𝐛𝐥𝐢𝐨𝐠𝐫𝐚𝐩𝐡𝐲 

𝐎𝟏𝐬 

 

O2− 
532 531.80 (Molaiyan & Witter, 

2019) 
C − O 533.30 533.30 

OH− 535.10 534.40 

(Budyanto et al., 2015; 

Cardellach et al., 2011; 

Molaiyan & Witter, 

2019; Moulder et al., 

1992) 

KLL 
977 978 (Moulder et al., 1992) 

𝐂𝟏𝐬 

 

C − C/C − H 285.44 284.60 
(Budyanto et al., 2015; 

Hamwi et al., 1996) 

C − O 286.06 286.10 
(Budyanto et al., 2015) 

O = C − O 287.34 289.20 

C − F2 290.08 291 
(Budyanto et al., 2015; 

Moulder et al., 1992) 

𝐅𝟏𝐬 

Ca − F2 685 684.80 − 685 

(Bezerra & Valerio, 

2016; Budyanto et al., 

2015; Moulder et al., 

1992) 

C − F 686.90 687.60 

(Hamwi et al., 1996; 

Molaiyan & Witter, 

2019) 

KL1L1 877 877 

(Moulder et al., 1992) 
KL1L23 859 858 

KL23L23 
833 832 

𝐂𝐚𝟐𝐩 

Ca − F2 −  Ca2p3/2 
348.27 374.40 − 348.10 (Moulder et al., 1992) 

Ca − F2 − Ca2p1/2 352.01 351 
(Bennewitz et al., 1994; 

Christie et al., 1983) 

Ca − O/Ca − OH 

Ca2p3/2 
349.26 346.60 − 346.70 ∗ 

(Bennewitz et al., 1994; 

Breuer & Wilkening, 

2018; Cardellach et al., 

2011; Christie et al., 

1983; Mark, 2020) 

Ca − O/Ca − OH 

Ca2p1/2 
353.17 346.60 − 346.70 ∗ 
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CHAPTER 5. CONCLUSION 

 

5.1 Conclusion 

 

The micrographs by SEM analysis allowed to carry out a visual inspection and generate 

detailed images that were helpful for the correlation with the results of the other 

techniques performed. The empirical analysis observes the distribution and shape of the 

particles at 500 nm, being possible to appreciate their spherical conformation. It was also 

concluded that using the 48 h HF treatment method, the size of the particles was relatively 

reduced, and the distribution on the surface of the particulate material was lower than 

using the 24 h HF treatment method. 

 

The EDX analysis was of great interest because its data yielded important information on 

the related percentages that make up the same and the visualization of unwanted 

components that can be added to the material's surface with the passage of analysis time. 

In addition, it was confirmed that the Titanium was successfully removed from the sample 

treated with HF for 48 hours, giving rise to a ratio of 1: 2 for Ca: F. 

 

XRD to analyze the crystalline phases of CaF2, an exhaustive analysis was carried out that 

allows seeing in effect the pure CaF2 sample with sharp and centered peaks and relative 

intensities vary under the literature regarding the face-centered cubic structural 

conformation. In addition, the analysis of the samples allowed us to see that the peaks are 

consistent and represent CaF2; no other crystalline phases were observed. Furthermore, 

the crystallite size is in the excellent range of approximately 10 nm, with a degree of 

crystallinity of 86% being largely well structured. This will allow it to be used in the 

biomedical industry due to its good size. 

 

The small chemical changes detected in the position of the XPS peaks in the spectrum 

allow us to infer that the chemical environment and prolonged exposure to X-rays affect 

the binding energy of the elements in their electronic state. That is why, from the high-

resolution deconvolved spectra of the elements present in the CaF2 sample and the 

sensitivity of the equipment (At %), it was possible to determine valuable information 
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that was not possible to obtain using the other techniques studied in this work. In addition, 

the XPS technique is powerful for inorganic samples and presents extensive study 

opportunities. Finally, XPS allowed us to determine the type, chemical state, and elements 

present in the pure CaF2 sample and corroborate contaminants' elimination. 

 

The review of state of the art in terms of the characteristics, properties, advances, 

applications, and future clinical developments presented as a basis in this study are of 

great value to the Ecuadorian scientific community.  

 

Finally, the successful and well-documented physicochemical characterization is 

satisfactorily concluded with exciting results that will serve as a reference for future work 

on the field of CaF2 NPs. In the same way, it is expected that these present data will be 

used as a basis in the resolution of current problems as an efficient and stable means to 

create a new contrast medium for improved imaging modalities based on highly 

functionalizable, biocompatible, and biodegradable nanoparticles. 

 

 

5.2 Outlook 

 

It is expected that research will continue on the more exciting properties of CaF2, both in 

its nanoparticulate state and as a fine powder. However, first, it is necessary to study the 

surface chemistry in more detail since a contrast agent must be pharmacologically inert, 

chemically stable, and preferably non-ionic. It must also be soluble in water and have the 

same osmolarity as blood. Furthermore, it must not be toxic, nor must it be degraded or 

metabolized, and it must be eliminated as soon as possible. All these features can support 

the development of new applications using CaF2 NPs. 

 

Biocompatibility studies and tests with animal models and human cells can be of great 

value in supporting work on the subject of fluorinated compounds. However, more 

research is required on the subject as not all CaF2 experimental trials have been carried 

out under specific conditions that further reveal the benefits of using these particles in 

medical and technological applications. 
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The various applications for CaF2 compounds can be immense. The most important is the 

formulation as a contrast medium with improved luminescent properties as a contrast 

agent in sonodynamic therapy, ultrasound, and X-rays. On the other hand, a new approach 

can be found in applying ultrasound to have precise control of particles. that coat a drug. 

When these encapsulated compounds reach the right place, through the stimulation of 

ultrasonic waves, interactions or stimuli can be created with the surrounding elements 

that cover them and thus release the therapeutic content. 

 

Finally, the inorganic nanoparticles obtained have an optimal size for biomedical 

applications. The results are pleasantly valid, and I look forward to performing other types 

of analysis related to thermoluminescence and doping. 

 

Unfortunately, there are few studies on the subject in Ecuador, and there are still many 

problems to be solved. However, it is possible to develop new solutions to real problems 

if all the characteristics and applications of CaF2 nanoparticles are discovered. 
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