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PREFACE 

 

Bones and teeth are vital components of both humans and animals, and they can be harmed by cracks 

and fractures. To remain healthy, these parts must be fixed. Hydroxyapatite (HAp) in particular is an effective 

aid in the repair of these damaged areas. Because HAp is a bioactive, osteoinductivity, and osteoconductive 

implanting substance, using it to repair bones and teeth will almost certainly give favorable results (for 

example, its accelerated effects on bone growth) for the treatment. It is so important that the production of 

HAp must be done at lower costs. In addition, in comparison with the standard HAp, HAp samples have to 

be created with enhanced properties. In this situation, before experimental methods are performed, theoretical 

comments might yield some relevant conclusions. 
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ABSTRACT 

Dummy 

Theoretical Modeling and Experimental Characterization of Erbium-Based 

Hydroxyapatites Doped with Different Elements and Quantum Chemical 

Study of Some Basic Organic Compounds     
 

Lana Omar AHMED 

 

Doctoral Thesis 
 

FIRAT UNIVERSITY 
Graduate School of Natural and Applied Sciences 

Department of Physics 

      

June 2023,   Page:  iv  + 102 
 

In this thesis, different hydroxyapatites based on erbium are theoretically and experimentally 

characterized, and certain basic organic compounds are subjected to quantum chemical analysis. This is the 

first theoretical and experimental analysis of co-doped hydroxyapatite (HAp) structures including yttrium 

(Y), cerium (Ce), praseodymium (Pr), and erbium (Er). By altering the concentration of Y, Ce, and Pr 

amounts of 0.13, 0.26, 0.39, 0.52, 0.65, and 0.78 at.%, while Er was maintained fixed at 0.39 at.%, the 

materials were created utilizing a wet chemical process. The produced samples underwent spectroscopic, 

thermal, and in vitro biocompatibility testing. The energy bandgap, density of states, and linear absorption 

coefficient were calculated theoretically. The research was done on the impacts of Y, Ce, and Pr concentration 

on thermal, morphological, and structural factors. The creation of the HAp structure in the samples was 

verified by Raman and Infrared (FTIR) spectroscopies. Theoretical studies showed that except for the sample 

containing 0.39 at.% of the dopant, which showed a drop in the bandgap, increasing the quantity of Y 

increased density from 3.1724 g cm-3 to 3.1824 g cm-3 and lowered bandgap energy from 4.196 eV to 4.156 

eV. In addition by adding Ce atoms at various amounts, the density increased from 3.1745 to 3.1950 g cm-3 

and the bandgap energy decreased gradually from 4.1591 eV to 4.1053 eV, except for 0.26Ce-0.39Er-HAp 

and 0.52Ce-0.39Er-HAp, where the energy bandgap raised. Also, the theoretical results demonstrated an 

increase in the density from 3.154 to 3.179 g cm-3, as well as steady decreases in the bandgap from 4.1739 

to 4.0618 eV by adding Pr atoms. The values of linear absorption appeared reduced with an increase in photon 

energy. The cell viability was affected by the co-dopant content, and this value was found higher than 83% 

for all the samples.   

Quantum mechanical methods were used to examine the corrosion-inhibiting properties of 10 

molecules (Benzene (C1), Phenol (C2), Toluene (C3), Benzoic acid (C4), Acetophenone (C5), 

Chlorobenzene (C6), Bromobenzene (C7), Benzaldehyde (C8), Naphthalene (C9), and Anthracene (C10). 

The results demonstrated that the behavior of organic-based corrosion inhibitors is connected to the 

performance of good corrosion inhibitors. 

 

Keywords: Hydroxyapatite, bandgap, X-ray diffraction, spectroscopic analysis, cell viability, DFT, 

corrosion inhibitors 
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ÖZET 

dummy 

 Farklı Elementlerle Katkılanmış Erbiyum Esaslı Hidroksiapatitlerin Teorik 

Modellenmesi ve Deneysel Karakterizasyonu ve Bazı Temel Organik 

Bileşiklerin Kuantum Kimyasal Çalışması   
 

Lana Omar AHMED 

 

Doktora Tezi 
 

FIRAT ÜNİVERSİTESİ 
Fen Bilimleri Enstitüsü 

Fizik Anabilim Dalı 

      

Haziran 2023,   Sayfa:  iv  + 102 
 

 

Bu tezde, erbiyum bazlı farklı hidroksiapatitlerin teorik ve deneysel olarak karakterize edilmesi ve 

bazı temel organik bileşiklerin kuantum kimyasal analizlerine tabi tutulması amaçlanmaktadır. Bu, itriyum 

(Y), seryum (Ce), praseodim (Pr) ve erbiyum (Er) dahil olmak üzere ortak katkılı hidroksiapatit (HAp) 

yapılarının ilk teorik ve deneysel analizidir. Y, Ce ve Pr konsantrasyonlarının 0.13, 0.26, 0.39, 0.52, 0.65 ve 

0.78 at.%'lik konsantrasyonlarının pratik olarak her 10 kalsiyum atomunda değiştirilmesiyle, Er ise 0.39 

at.%'de sabit tutulurken, malzemeler oluşturuldu ıslak bir kimyasal işlem kullanarak. Üretilen numuneler 

spektroskopik, termal ve in vitro biyouyumluluk testlerine tabi tutuldu. Enerji bant aralığı, durum yoğunluğu 

ve lineer absorpsiyon katsayısı teorik olarak hesaplandı. Y, Ce ve Pr konsantrasyonunun termal, morfolojik 

ve yapısal faktörler üzerindeki etkileri üzerine araştırmalar yapılmıştır. Numunelerde HAp yapısının 

oluşturulması, Raman ve Kızılötesi (FTIR) spektroskopileri ile doğrulanmıştır. Teorik çalışmalar, bant 

aralığında düşüş gösteren %0.39 at.% katkı maddesi içeren numune dışında, Y miktarını artırmanın 

yoğunluğu 3.1724 g cm-3'ten 3.1824 g cm-3'e yükselttiğini ve bant aralığını düşürdüğünü göstermiştir. enerji 

4.196 eV'den 4.156 eV'ye. Ayrıca çeşitli miktarlarda Ce atomları eklenerek yoğunluk 3,1745'ten 3,1950 gcm-

3'e yükselmiş ve bant aralığı enerjisi 0,26Ce-0,39Er-HAp ve 0,52Ce-0,39Er- hariç kademeli olarak 4,1591 

eV'den 4,1053 eV'a düşmüştür. HAp, enerji bant aralığının yükseldiği yer. Ayrıca teorik sonuçlar, Pr 

atomlarının eklenmesiyle yoğunluğun 3,154'ten 3,179 gcm-3'e yükseldiğini ve bant aralığında 4,1739'dan 

4,0618 eV'ye sürekli düşüşler gösterdi. Doğrusal absorpsiyon değerleri ortaya çıktıfoton enerjisindeki artışla 

azaldı. Hücre canlılığı ko-dopant içeriğinden etkilenmiş ve bu değer tüm örnekler için %83'ün üzerinde 

bulunmuştur. 

10 molekülün (Benzen (C1), Fenol (C2), Toluen (C3), Benzoik asit (C4), Asetofenon (C5), 

Klorobenzen (C6), Bromobenzen (C7) korozyon önleyici özelliklerini incelemek için kuantum mekanik 

yöntemler kullanılmıştır. , Benzaldehit (C8), Naftalin (C9) ve Antrasen (C10) Sonuçlar, organik bazlı 

korozyon inhibitörlerinin davranışının, iyi korozyon inhibitörlerinin performansıyla bağlantılı olduğunu 

göstermiştir. 

 

Anahtar Kelimeler: Hidroksiapatit, bant aralığı, X-ışını kırınımı, spektroskopik analiz, hücre canlılığı, 

DFT, korozyon inhibitörleri 
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u : Anisotropic energy density 

V : Volume of the unit cell 

wt.% : Weight percent 

XC% : Crystallinity percentage calculated from general equation 

XCL% : Crystallinity percentage calculated from Landi equation 

α, β, γ :  Angles 

ΔE : Energy difference 

ΔN : Electron transmit fraction 

θ : Diffraction angle  

λ :  Wavelength 

σ :  Lattice stress 
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Abbreviations 

AD : Anno Domini (in the year of the lord) 

BC : Before Christ 

DFT : Density functional theory 

DOS :  Density of states 

DTA :  Differential thermal analysis 

EDX :  Energy dispersive X-ray 

FTIR :  Fourier transform infrared 

FWHM : Full width at half maximum 

HAp : Hydroxyapatite 

HOMO : Higher Occupied Molecular Orbital 

IB : Index of bioactivity 

SEM :  Scanning electron microscopy 

TGA : Thermogravimetric analysis 

XRD :  X-ray diffraction 

α-TCP :  Alpha tricalcium phosphate 

β-TCP :  Beta tricalcium phosphate 

LUMO : Lower Unoccupied Molecular Orbital 

 



 

 

1. INTRODUCTION 

Since the beginning of human existence on this planet, people have been striving to improve 

their quality of life and obtain their needs. Science would be the only aspect that improves and 

simplifies human life. Furthermore, one of the most essential areas of research is material science. 

In material science, researchers have investigated the relationships between the structures, 

characteristics, preparation processes, and application functions, which is an interdisciplinary field 

concerned with recognizing and applying the properties of materials. It consists of various types of 

materials, with biomaterials being one of the most important and useful types [1]. 

Biomaterials are natural or synthetic materials that are used to replace damaged tissue or 

organs when they interact with a biological system. The origins of biomaterials can be traced back 

to gold and ivory. Egyptians and Romans used these materials before the twentieth century. 

Biomaterials differ from other materials in that they are biocompatible with the human biological 

system. As a result, it's a fascinating material in the medical field, and it's used in a variety of 

medical application fields [2, 3]. Synthetic biomaterials have been used in place of natural 

biomaterials for the past fifty years, and the field has grown rapidly. They are used in medical 

devices because they improve performance and reproducibility. As a result of this progress, 

biomaterials are being used more frequently. Whenever and wherever, devices including hip joints, 

heart valves, and bone implants have saved or made life better for a huge number of people [4, 5]. 

The application of biomaterials is expanding every day because of human illnesses and accidents. 

Furthermore, as the population grows, more patients require orthopedic surgery [6]. These 

investigations already relate to the use of biomaterials for bone regeneration, cardiovascular fixing, 

and recovery [7, 8]. Metal, polymer, composite, and ceramic biomaterials with variable degrees of 

bioactivity have been divided into separate groups based on their chemical, structural, and 

biological features [9]. For load-bearing applications such as the replacement of joints, screws, and 

bone plates, metallic materials are typically used. Polymer biomaterials have been commonly used 

in non-load-bearing clinical applications including facial prosthesis, cardiovascular prosthesis, 

drug delivery, and cartilage. Enhanced polymers were used as fillers, anti-adhesion materials, and 

coatings and were available in a variety of forms (film, liquid, and gel). Composite materials, on 

the other hand, are a relatively new class of biomaterials that can be natural, synthetic, or a 

combination of both, and were extensively used in orthopedic surgery [10, 11].  

Ceramic biomaterials are another kind and are amazingly biocompatible, brittle, and 

corrosion-resistant. They can be used in the replacement of bone and bone regeneration due to their 

brittleness. In addition to the load-bearing applications, they are poor resistance, which is why they 

mainly use tissue implants as a covering on solid surfaces. Bioceramic products exhibit the 

excellent properties necessary in orthopedics and have a strong focus on biomedical applications 
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[10]. Hydroxyapatite (HAp) is one of the most significant ceramics because it is nearly identical to 

the inorganic component of bones and teeth. It also has some essentially vital characteristics. Due 

to its excellent biocompatibility, thermal stability, high bioactivity, and nontoxicity, it has found 

widespread use in the biomedical field. Because of its poor mechanical properties, hydroxyapatite's 

use in orthopedics is restricted. Moreover, hydroxyapatite can replace its ions with a variety of 

foreign ions, optimizing biocompatibility, mechanical properties, and microstructure [12, 13]. Sol-

gel, hydrothermal, mechanochemical, combustion, spray pyrolysis, and wet chemical techniques 

have all been constructed to synthesize HAp nanostructures. Besides, the hydroxyapatite properties 

can be altered or controlled by the synthesis methods [14]. The wet chemical procedure was 

introduced to synthesize HAp nanoparticles with the lowest and most homogeneous impurity and 

is widely used by researchers due to their low cost, clarity, and low-temperature response [15]. 

Rare earth elements are nowadays one of the most widely used materials in biotechnology. Erbium 

(Er) is a rare element of the globe and is found in ribbons and kidneys. Additionally, (Er) can be 

added as a dopant to help enhance the biological properties of hydroxyapatite [16]. Erbium is also 

essential for doping into another material, for increased luminescence and biocompatibility, as the 

emission of erbium is good and biocompatible. This element is therefore used in optical engineering 

and the process of bone healing [17]. 

In this thesis, erbium (Er)-based hydroxyapatite (HAp) samples doped with different 

elements will be modeled by using the density functional theory (DFT) calculations and the as-

modeled systems will also be produced experimentally using the wet chemical route. The 

theoretical parameters such as the bandgap and density of states (DOS) will be estimated. The 

experimental characterization of the samples will be done using X-ray diffraction (XRD), Fourier 

transforms infrared (FTIR) spectroscopy, thermogravimetric analysis (TGA), differential thermal 

analysis (DTA), and scanning electron microscopy (SEM). The effects of the selected different 

elements on the as-investigated properties will be determined both theoretically and experimentally 

and reported. It is thought that there will be contributed to the literature after obtaining all the results 

related to this thesis. 

 

 

 



 

 

2. A SHORT HISTORY OF BIOMATERIALS 

 The term "biomaterial" was developed in the mid-twentieth century, although biomaterials 

have been around for much longer [18]. The background of biomaterials reveals a constant increase 

in interest in utilizing foreign materials to treat and restore the human body, and the capacity to 

utilize increasingly complex substances for these reasons. The first use of biomaterials for medical 

reasons goes back to 3000 BC in Egypt with the use of linen sutures, as well as from AD 600 with 

the use of seashells for prosthetic teeth [18].  

The 18th and 19th centuries showed significant advances in biomaterials. Researchers started 

to notice that a material's biocompatibility plays a significant influence on its effectiveness when 

used in a biological system. Doctors Lapuyade and Sicre from Toulouse introduced the first metal 

wire method for bone fracture repair in 1775. H. S. Levert's study of metal implants (gold, silver, 

lead, and platinum) and bone fixation plates in dogs from the mid to late 1800s focused on the 

biocompatibility of metal implants. Adolf Fick invented the first effective glass contact lens in 

1888, while Leonardo da Vinci sketched the concept much earlier, in 1508 [19]. 

Other significant milestones in the invention and development of biomaterials occurred from 

the second half of the 19th century to the first half of the 20th century [5]. 

2.1 Types of Biomaterials 

Metallic materials, polymers, ceramics, composites, and natural materials are the major 

categories of materials utilized in the manufacture of bio-implants and bio-devices [20]. 

2.1.1 Metals 

Resistance, strength, toughness, and fracture are all excellent mechanical properties of 

metallic biomaterials. Figure 2.1 showed an important type of metallic material utilized in many 

medical applications, including load-bearing implants such as hip and knee prostheses, as well as 

it showed the tools such as pins, screws, and plates. But, due to the corrosive properties of certain 

metals in the human body, their usage would be limited. As a result, the corrosion and wear 

resistance of metals employed in the body must be adequate. Therefore, alloys (metals consisting 

of two or more elements) are employed for metallic implants. Stainless steel, Co-Cr Mo, and Ti 

alloys are the three types of metallic biomaterials [21, 22]. 
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Figure 2.1. Metals used in biomedical devices. Plates, pins, orthodontists, rods, and hip replacements are 

all made from metal [23]. 

 This applies to any sort of hard tissue in our organs. Despite metallic biomaterials offering 

unique mechanical characteristics, they have significant drawbacks in that they readily corrode after 

implantation in the body and have toxicity, which may affect the living organs where they are fixed. 

When choosing metals and alloys, the host system's surrounding environment must be considered 

[24]. 

2.1.2 Biopolymers 

In the mid-twentieth century, a breakthrough in polymer findings led to a wide range of 

polymers being used for medical purposes [25]. Polymers are observed in both synthetic and natural 

forms and are composed of groups of joined atoms that come together to create molecules with a 

high molecular weight. As shown in Figure 2.2, synthetic polymer materials such as (polyethylene, 

polypropylene, and poly (methyl methacrylate): PMMA.) are widely used as medical materials due 

to their unique properties such as biodegradability, biocompatibility, lightweight, flexibility, 



5 

reasonable cost, and non-corrosive, and ease of manufacturing to generate different forms [26]. 

Due to their lower strength than metals, only a few polymers have been used for bone implants 

[27]. 

 

 

 

Figure 2.2. Polymeric biomaterial uses in various biological fields [28]. 

2.1.3 Bioceramics 

Bioceramics are synthetic materials that are refractory polycrystalline compounds used in 

the human musculoskeletal system to repair and replace damaged or diseased tissue [29]. 

Before 1925, pure metals were commonly used in surgical implant materials. The metallic alloys 

were first employed in surgical implants, such as Vitallium, in 1930. L.L. Hench discovered new 

materials in 1969, including glass and ceramics that could bond with the bone. L.L. Hench has 

begun testing bioceramic implants for soldiers who were injured in the Vietnam War; however, 

some of the implants have been rejected by the body. As a result, Hench examined biocompatible 

materials. As a consequence, he discovered bioglass and his interest in bioceramics grew fast as 

result of his discovery [30, 31]. For many years, bioceramics have been extensively employed for 

medical uses due to highly desirable properties such as chemical stability, biocompatibility, and 

non-toxicity. Because of their hardness and brittleness, bioceramics are only suitable for some load-

bearing applications in medicine. They also have high compressive strength and wear resistance, 

and as a result of these qualities, they have been approved in dental repairs and certain specific 
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orthopedic applications as a portion of a synthetic joint. Bone defect repair, alveolar bridge 

maintenance, augmentation, hip joint implant, and ear implant are some of the medical applications 

for bioceramics. Because of their biocompatibility and the ability to restore, they have also been 

employed in drug delivery systems. The use of bioceramics in healthcare applications has saved or 

improved the lives of millions of people [32, 33].  

Bioceramics have important functions such as having a low friction coefficient for 

lubrication joint surfaces, being able to be put on the surfaces of the heart muscle to avoid blood 

coagulation, and acting as a stimulating substance for bone development [34] 

2.1.3.1 Types of Bioceramics 

Bioceramics are divided into three categories based on their structural function and 

characteristics (inert bioceramics, bioactive bioceramics, and biodegradable bioceramics) 

2.1.3.1.1 Inert Bioceramics 

Bioinert ceramics are materials that, due to their chemical stability, do not react with the host 

tissue when implanted in a living system. Alumina (Al2O3) and Zirconia (ZrO2) are the two most 

common forms. Compared to Cobalt-Chrome alloy or Stainless Steel, they have more interesting 

mechanical properties, greater bending and compressive strength, and higher biocompatibility. 

Alumina was first used for artificial bone and joint implants in the 1980s due to its desired qualities 

[35]. Alumina ceramics have a hexagonal crystal structure that gives the highest chemical stability 

when implanted in the human body (i.e. crystallographic stability).  On the other hand, Zirconia 

exhibits three crystallographic phases: cubic, monoclinic, and tetragonal. Mechanical stress, 

temperature fluctuation, and moisture are all factors that cause a phase change. The phase change 

sometimes can cause self-damage to the ceramic [36].  

2.1.3.1.2 Bioactive Ceramics 

Bioactive ceramics are materials that form a direct bond with the host tissue after being 

implanted into a live system. The bioactive materials are mostly made of ceramics, glass, or glass-

ceramics, and they contain calcium (Ca) and silicon (Si) ions, as well as calcium phosphates (CaP) 

like HAp. Larry Hench, 50 years ago, was the first to investigate the use of glass in the body for 

bone repair. The interfacial bond between the host tissue and the implanted materials is tolerated 

by forming a bioactive carbonate-hydroxyl layer that is identical to the inorganic composition phase 

of bone [37, 38]. In comparison to other glass and glass-ceramics used in medical applications, the 

glass-ceramic has improved mechanical characteristics such as bending strength, young modulus, 

and fracture toughness. This enables glass-ceramics to be employed in certain load-bearing 
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compression sectors in bone orthopedics. Adopted to increase bioactive ceramic usage were mostly 

focused on two areas. In the beginning, construct (organic-inorganic) composites for use in tissue 

regeneration and coatings on the surface of metallic surfaces for applications requiring high 

mechanical characteristics. Next, make a porous substance with a proper bioactive reaction that can 

be enhanced by adding biological molecules or inorganic therapeutic ions used in hard tissue 

engineering [39]. In terms of their index of bioactivity, the material bioactivity rate may be divided 

into two types (IB). The first category includes materials with an IB value of more than 8, like 

(glass-ceramic and bioactive glass), which actively react with tissues, causing intrinsic healing and 

regeneration as well as bonding to hard and soft tissue. The second one has an IB value of more 

than 0 but less than 8, and these materials are just osteoconductive, such as (HAp and TCP) [40]. 

2.1.3.1.3 Biodegradable Ceramics 

Biodegradable ceramics are ceramics that break down chemically in the bodily fluid after 

being implanted in the body. In addition, as compared to bioinert ceramics, the biodegradable 

ceramics' interface with bone is not as stable. Tricalcium phosphate (TCP), hydroxyapatite (HAp), 

octacalcium phosphate (OCP), and calcium phosphate salts (Caps) are examples of biodegradable 

ceramics. Calcium phosphate degradation is influenced by the medium's pH and the material's 

solubility. It differs for each structure in the following order: HAp << β-TCP< α-TCP. The 

degradation degree of calcium phosphates increases when surface area increases, crystal grain size 

decreases, crystallinity decreases, and grain size decreases. Calcium phosphates have been 

deployed in medical applications like periodontal treatment, alveolar ridge development, and 

maxillofacial surgery for nearly 30 years. At human body temperature, only two-member calcium 

phosphates are stable: dicalcium phosphate DCP at pH less than 4.2 and hydroxyapatite HAp at pH 

equal to or higher than 4.2. Because of the stoichiometry Ca/P ratio, certain molecules in calcium 

orthophosphate can be employed in medicinal applications. Calcium phosphates with a Ca/P ratio 

of less than one cannot be utilized for medical purposes. Due to their acidity, they cause an increase 

in solubility. Furthermore, the Ca/P ratio has a direct impact on the mechanical properties and 

solubility rate of calcium phosphate [29, 31, 41, 42]. 

Hydroxyapatite and Tricalcium phosphate are the two calcium orthophosphates that have the 

greatest compromises in medicinal applications. The solubility of Hydroxyapatite is equal to that 

of biological apatites, but when compared to HAp, the solubility of TCP is very fast. That seems to 

be, HAp has the highest chemical stability in the human aqueous media. Calcium phosphate 

ceramics have been utilized in bone and dental treatment for nearly two decades since calcium 

phosphate is the primary mineral component in these organs. Calcium phosphate is used in a variety 

of hard tissue prostheses, including middle ear surgery, spine surgery, head reconstructive surgery, 

and filling abnormalities [41, 43, 44]. Calcium phosphate compounds have a variety of behaviors 
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depending on where they are implanted in the living process. For example, hydroxyapatite HAp 

may take a century to dissolve from an implantation fracture, but CSD (calcium sulfate dihydrate) 

could disappear entirely in a few weeks. The implantation of biodegradable ceramics in the boney 

substitutes has three distinguishing characteristics. The solubility of this ceramic in the body is the 

first characteristic. The use of ceramic to separate it from the body is a second element connected 

with rapidity. The affinity to change into a new chemical via a dissolution precipitation process is 

the third characteristic. Sintering temperatures for calcium phosphate ceramics range from 1000 to 

1500 degrees Celsius and the material is subsequently compacted to get the desired form. One of 

the most common applications of calcium phosphate ceramics is in porous structures. As a result 

of the porous structure, bone development can occur in the pores of the implanted calcium 

phosphate, which can result in an interface between the implanted ceramic and the bone. Finally, it 

provides the prosthesis with excellent mechanical stability. The porous structure serves as a scaffold 

for bone growth [41, 45, 46]. 

2.1.4 Composites 

The composite is made up of two (or more) materials; at least one of them is solid and comes 

from metal, ceramic, or polymer. In comparison to conventional materials, the goal of the 

composite material is to get a compound with better stiffness, strength, and toughness, as well as 

excellent resistance to creep, corrosion, wear, and fatigue. It would also obtain a set of specialized 

properties including electrical, thermal, and optical with a suitable range of components [47]. 

Unfortunately, mixed materials are difficult to deal with and are rather costly. The matrix, which is 

a continuous phase, is armored with a reinforcement (that is a secondary phase), which is also 

generally the discontinuous phase, in the composite material. Composite materials have grown in 

popularity over time, and they are now used in a variety of sectors around the world. As a result, 

various composite biomaterials have been developed and evaluated for a variety of medicinal 

purposes [48]. 

2.1.5 Natural Biomaterials 

Natural materials primarily consist of natural polymers including collagen and 

glycosaminoglycans, which are employed in clinical uses. Collagen is a fibrous protein that links 

and supports various tissues in the body, including skin, bone, tendons, muscles, and cartilage. This 

is the most abundant protein found in the body of a mammal, such as humans. The most prevalent 

heteropolysaccharide in the body is a glycosaminoglycan. Glycosaminoglycans are present mostly 

on cell surfaces or in the extracellular matrix (ECM). These materials demonstrated certain benefits, 
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including their resemblance to macromolecular compounds and easy of detection by the biological 

environment, as well as their non-toxicity and biodegradability [49]. 

2.2 Biocompatibility 

A biomaterial is a material that could be injected into human tissues without causing any 

harm. Biocompatibility is a term used to describe biomaterials. It is described as a material's 

capacity to exist in the human body and its compatibility [20]. Biomaterials should not be 

mutagenic, allergic, carcinogenic, or toxic. Moreover, toxic substances may cause membrane 

damage and injury, which may influence the cell's metabolic process. Consequently, cell 

breakdown and death may occur as a result of these occurrences [50, 51]. As a result, while 

choosing metallic materials for the implant, corrosion should be considered, as the human body's 

living system is an exceedingly corrosive medium for metallic materials. Because the human 

biological system contains a variety of ions, the breakdown of oxygen and hydroxyl during 

chemical reactions causes the metal to corrode. The substance formed during the corrosion process 

reacts with live tissue, causing implant failure and putting the patient's health at risk [52]. 

Additionally, certain biomaterials have a biocompatibility characteristic, whereas others would not. 

As a result, for some purposes, such as coating, two or more biomaterials will have been utilized 

simultaneously [53]. Biocompatibility refers to the ability of a biomaterial employed in medicine 

to be safe and functioning within living tissues. Due to their circumstances and the processes 

employed to transfer the biomaterial to the recipient, biocompatibility varies from one recipient to 

another [54]. As a result, any material used in medical applications must first be examined to see if 

it is biocompatible with the human biological system or not [32].  



 

 

3. CALCIUM ORTHOPHOSPHATES: BASIC INFORMATION 

The chemical similarity of calcium orthophosphates to the mineral component of mammal 

bones and teeth is the primary motivating factor behind their application as bone replacement 

materials [57-60]. As a consequence, additionally, by being non-toxic, they are biocompatible, not 

detected as foreign substances in the host, as well as, most significantly, display both bioactive 

properties [34] and combine with live tissue through the same mechanisms that are involved in the 

remodeling of healthy bone. This results in a tight physicochemical connection between the 

implants and the bones, which is known as osteointegration [61]. More specifically, calcium 

orthophosphates are osteoconductive (capable of providing a scaffold or template for new bone 

production) and promote osteoblast adhesion and proliferation [62, 63].  Nonetheless, one of the 

biggest drawbacks of using calcium orthophosphates as load-bearing bioceramics is their 

mechanical characteristics, which are brittle and have low fatigue resistance [31, 64, 65]. Because 

porosity of more than 100 m is considered a necessity for appropriate vascularization and bone cell 

colonization, the poor mechanical behavior is much more apparent for extremely porous 

bioceramics and scaffolds [66-68]. Calcium orthophosphates are thus primarily used as fillers and 

coatings in the biomedical field, making them unsuitable for the healing of major osseous 

deformities [59, 60].  

3.1 Hydroxyapatite: A Basic Introduction 

One of the most important components of bioceramics is hydroxyapatite (HAp) [69]. 

Hydroxyapatites (HAP) are a naturally occurring mineral type of calcium apatite that accounts for 

approximately 50% of the weight of the bone and has good osteoconductive and osteointegration 

capabilities [70-72]. As well as tooth enamel has approximately (97 wt%) hydroxyapatites [73]. In 

addition, many kinds of cancer cells in the body are prevented by HAp molecules [69].  

The name "apatite" refers to a group of compounds (not just calcium phosphates) that have 

a general formula of M10(XO4)6Z2, in which M2+ is a cation, XO4
3- is an anion, and Z- is an anion. 

HAp's molecular chemical formula is Ca10(PO4)6(OH)2, wherein M, X, and Z stand for calcium 

(Ca2+), phosphorus (P5+), and hydroxyl radical (OH-), correspondingly. As a result, the weights of 

Ca, P, and OH, respectively, composed 39%, 18.5%, and 3.38% of the total [74]. 

Carbonate-apatite is a major component of bone minerals, and it is also a major component 

of hard tissue in some circumstances, such as tooth structure [75]. Because of its bioactivity and 

osteoconductive qualities in vivo, hydroxyapatite (HAp) is one of the most often used apatites as 

bioceramic in medicine and dentistry [76-78]. The chemical similarity of HAp to the inorganic 

material of bone and teeth makes it a better bioceramic or biomaterial than other bioceramics like 
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Bioglass or A-W glass-ceramic. Hydroxyapatite is a naturally occurring inorganic component 

present in human hard tissues like teeth and bone. These materials are mainly employed for human 

body implants. Eggshells, coral, fish bones, chicken bones, and other materials can be used to 

produce natural hydroxyapatite [79]. Because of its hemostatic property and bone repair function, 

hydroxyapatite has recently attracted interest [80, 81].  

The most significant calcium phosphate in the human body is hydroxyapatite, with a Ca/P 

composition of 1.67 [82]. HAp has a single phase and hexagonal system unit cell structure, with 

a=b≠c, α=β=90°, and γ=60°. The system corresponds to the P63/m spacing group, with estimated 

lattice parameters of a=b=0.9418 nm and c=0.6884 nm and volume of unit cell V=0.5288 nm3. 

In addition, as illustrated in Figure 3.1, HAp is composed of Ca2+, PO4
3-, and OH- groups that are 

arranged in a certain orientation [74]. 

 

 

 

Figure 3.1. Hydroxyapatite Ca10(PO4)6(OH)2 molecular structure [74]. 

Ca (I) and Ca (II) are the two calcium sites of the HAp unit cell, as displayed in Figure 3.1. 

The first site Ca (I) is surrounded by nine oxygen atoms in the position of four calcium atoms per 

unit cell inside the parallel column to the c- axis. The other Ca (II) site has six calcium atoms per 

unit cell and is known as an anion channel [74]. 

 One of the rare earth elements is erbium (Er). The bone has the largest concentration of 

erbium, whereas the liver has the lowest concentration. It has excellent biocompatibility and can 

improve hydroxyapatite's biological characteristics. It has been found that Er affects bone repair. 

Er is non-toxic, bioactive, and biocompatible, making it more attractive for medicinal uses [16, 83]. 
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3.1.1 Synthesis Methods of HAp 

Various procedures have been used effectively to prepare purified HAp powders. The two 

primary methods for producing HAp powders are wet and dry procedures. Precipitation, hydrolysis, 

sol-gel, hydrothermal, emulsion, and sonochemical processes can all be used to synthesize aqueous 

solutions of Ca and P ions in wet chemical techniques. There are two types of dry methods: solid-

state reactions and mechanochemical procedures. Classical dry techniques offer the advantage of 

creating highly crystalline HAp from very cheap source materials. The downsides are either the 

high particle size in solid-state synthesis or the poor phase purity of HAp with in mechanochemical 

approach. According to the literature on synthesizing HAp, progress in producing HAp utilizing 

dry techniques, particularly solid-state methods, has been limited in recent years [84]. Chaudhari 

et al. synthesized the HAp using the following reaction [85]: 

10 𝐶𝑎𝑂 + 𝐾2𝐻𝑃𝑂4 + 4𝐻2𝑂 → 𝐶𝑎10(𝑃𝑂4)6(𝑂𝐻)2 + 12𝐾𝑂𝐻                                           (3.1) 

Khoo et al. extracted natural HAp from bovine femurs using calcination at various 

temperatures. The composition, crystallinity, and crystallite size of the extracted natural HAp were 

found to be affected by particle size and calcination temperature [86].  

HAp could be synthesized with coral [87], seashells [88], eggs [89-91], and bodily fluids[92]. 

For the production of hydroxyapatite from eggshells, many procedures have been identified. The 

hydrothermal process is one of them. The process of producing HAp from eggshells has been 

widely published [93]. This process of producing HAp from eggshells in a phosphate solution at 

high temperatures is a significant approach for producing useful biological materials [89]. This 

approach uses Ca(OH)2 and CaHPO4.2H2O for starting ingredients to make fine hydroxyapatite 

single crystals using a hydrothermal process. The main benefit of the hydrothermal approach is that 

HAp produced in this way has higher crystallinity and homogeneity. This methodology is simple 

and provides all of the HAp properties, but it is difficult and time-consuming [89]. 

The microwave irradiation process, as shown in Figure 3.2, needs a chelating agent, such as 

ethylenediamine tetraacetic acid (EDTA) [94]. This is an indirect method in which the first step in 

the synthesis of HAp is the creation of calcium precursor from eggshells. Preparation of HAp 

improves sinterability and stability at high temperatures, as well as stoichiometry, morphology, and 

osteoblast cell adhesion [95]. Microwave-assisted biomimetic production, according to Türk et al., 

could be a potential method for producing HAp powders in less time [96].  

HAp is also produced using a high-energy mechanochemical activation technique. Attrition 

milling and ball milling are the two procedures involved [97]. The starting powders receive enough 

hydroxyl groups from the mechanochemical process to generate a single phase of hydroxyapatite. 

This method is straightforward and suggested for the mass production of high-crystalline 

hydroxyapatite [98]. 
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Figure 3.2. Egg shell hydroxyapatite nanostructure prepared by microwave irradiation 

 Nanohydroxyapatite can be produced from egg shell using a simple sol-gel precipitation 

process. The powders are polycrystalline and range in size from 5 to 90 nanometers. The nano-Hap 

synthesized was shown to be pure [99] and have better bioactivity compared to 

hydroxyapatite coarser crystals [100]. Bernard et al. described synthesizing HAp via neutralizing 

a suspension of lime Ca(OH)2 with an orthophosphoric acid solution at low temperatures. It's a 

straightforward and non-polluting procedure [101]. 

6𝐻3𝑃𝑂4 + 10𝐶𝑎(𝑂𝐻)2 → 𝐶𝑎10(𝑃𝑂4)6(𝑂𝐻)2 + 18𝐻2𝑂                                                    3.2) 

Guo et al. used the reverse microemulsion process to produce nano-sized HAp particles with 

varied hydrophile-lipophile balances (HLB). In comparison to the standard precipitation approach, 

microemulsion-prepared HAp particles had a lower particle size and a higher degree of particle 

agglomeration [102].  

Biomimetic preparation is fundamentally dependent on biologic systems that process and 

store specific information at the molecular level [103-105]. In the last few decades, the production 

of synthetic bone has advanced as a result of the extension of this principle [106]. A biomimetic 

technique was used to produce hydroxyapatite (HAp)-gelatin (GEL) nano composites [107]. 

3.1.1.1 Wet Chemical Method 

The wet chemical technique is employed to synthesize hydroxyapatite. This process is 

significantly faster than the conventional process. Due to their high surface area, simplicity, easy 
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availability, relative simplicity of driving, and use of low-cost raw materials, this process is 

significantly faster than conventional techniques. Wet chemical precipitation is one of the most 

popular processes, and it can be regarded as one of the most prevalent methods. Wet procedures 

have been used the most often to synthesize HAp samples with a nano-scale structure and consistent 

morphology [84]. İnce et al used a wet chemical method to produce Ni/Mg co-doped HAps and 

investigated their structural characteristics. They showed that using a wet chemical process, it is 

simple to make co-doping nanocrystalline HAp from basic materials. Furthermore, they discovered 

that the adding of Ni resulted in a significant reduction in crystallite size, lattice parameters, and 

crystallinity. The transition from the HAp to the β-TCP phase was noted. Because of the difference 

in ionic radius between Mg and Ca (0.065 nm) and (0.099 nm), correspondingly, phase 

transformation of HAp to -TCP occurs [108]. 

3.1.2 Lanthanide-Doped into Hydroxyapatite 

Some rare earth elements or lanthanides, including Gd3+, Y3+, Pr3+, La3+, Nd3+, and Ce3+, are 

being supplemented to HAp to improve its biological characteristics and improve bone 

regeneration, according to a recent study [124]. The rare earth elements are a group of 17 metals 

that range from lanthanum to lutetium. Lanthanides are divided into two categories: light and heavy 

[125]. Because of their unique optical, magnetic, and catalytic properties, these elements can be 

employed in a variety of nanomedical applications, including treatment, imaging, and diagnostics 

[126]. In comparison to non-doped composites, HAp synthesized handled with lanthanide showed 

improved biological features such as biocompatibility, cell adhesion, and proliferation [127].  

Among them, Ce3+ is inexpensive and has been shown to improve the biological properties 

(e.g., antibacterial activity, cell viability, and biodegradability) of pure HAp [12, 128-130]. Ce-

containing ceramics have been used in medical applications including Alzheimer's disease, dental 

fillings, drug delivery, catheters, burn wound healing, and cancer therapy due to their exceptional 

properties [131].   As well as Erbium (Er3+) is found in the human body, with a large concentration 

in the ribs and a lower amount in the kidneys and liver [132]. Er-doped HAps can be employed in 

biophotonic applications, according to researchers [133]. Furthermore, due to its light emission 

spectra and high biocompatibility, a good dopant for the HAp structure has been suggested Er. [17]. 

Yttrium (Y3+) is one of the lanthanide group elements and is applied to improve the mechanical 

strength of ceramics [134-136]. Y-doped calcium oxyhydroxyapatite [Ca10-xYx(PO4)6(OH)2-xOx] 

has been investigated for use as a humidity sensor due to its greater hydrophilic nature [137]. 

Furthermore, as compared to pure HAp, Y-doped HAp exhibits higher electrical conductivity [137]. 

Also, Y-doped HAp is a great candidate for orthopedic implants because it has good electrical 

conductivity and hydrophilicity [135, 137-140]. Moreover, Y-doped HAp has a high level of 

stability in a variety of environments [138, 139, 141] and when compared to pure HAp, it enhances 
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osteoblast adhesion [142]. Similarly, praseodymium (Pr) is useful in a variety of industries and 

medical disciplines due to certain special properties [143]. Praseodymium and other lanthanide ions 

exhibit biological features that are most similar to the Ca2+ ion in terms of ionic radius [144]. Their 

coordinate range and binding behavior are two further aspects of these similarities that are not 

restricted to their ionic radii. Additionally, they have a higher charge, a high affinity for the Ca2+ 

sites on biological molecules, and a greater attraction for water molecules [145]. According to 

recent investigations, the human body contains lanthanide elements, which may be detected in the 

liver, spleen, lung, and bone [146]. 

3.1.3 Properties of Hydroxyapatite 

Hydroxyapatite is a calcium phosphate with form and composition identical to human hard 

tissues [147] which has a hexagonal structure [148, 149] and a 1.67 stoichiometric Ca/P ratio, which 

is the same as bone apatite [148, 150, 151]. As compared to other calcium phosphates, one of the 

most essential properties of hydroxyapatite has been its stability. Regarding physiological 

parameters such as temperature, pH, and body fluid composition, hydroxyapatite is the best stable 

calcium phosphate compound thermodynamically [148]. 

The advancement of nanotechnology has had a significant influence on materials science. 

Nanomaterials have got a lot of interest recently for adsorption, catalysis, and optical uses, 

especially as biomaterials are included [152]. Because of its similarity in size, crystallography, and 

chemical composition to human hard tissue, nano-hydroxyapatite is receiving interest as a 

biomaterial used in prosthetic applications. The component of this material is found in bone and 

tooth enamel. 

Furthermore, HAp possesses the following properties: biocompatibility, osteoconductivity, 

bioactivity, non-toxicity, and non-inflammatory characteristics [152].  

3.1.4 Some Applications of Hydroxyapatite 

Currently, hydroxyapatite is developing in popularity as a dental and orthopedic implant 

product [153, 154]. Because of critical biological features including such lack of immuno-reaction 

as well as the absence of postoperative morphological change or volume decrease, HAp composites 

are used in clinical orthopedics for spacing or filling bone defects, according to Oonishi. High-

density polyethylene wear particles are avoided with HAp implants bonded with cement. HAp is 

also utilized as a coating on metals for cement less stability and in femoral plugs in hip replacement 

surgery. Porous metal interfaces are employed for quick and powerful cement less fixing; HAp 

coating of porous metal enhances outcomes [155].  
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Improved osteointegration, osteoblast adhesion, and calcium mineral deposition on the 

interface of scaffolds using HAp polymeric composites promoted new bone tissue growth [156]. 

To stimulate mineralization in bone repair, HAp-enhanced surface characteristics can be employed 

to promote cell responsiveness and proliferation. HAp has been employed in a variety of biomedical 

sectors; including bone cement matrices, controlled medication release, tooth paste additives, and 

dental implants [157]. 

Palazzo et al revealed that the characteristics of HAp nanocrystals could be modified to 

create HAp/biomolecule conjugates customized for certain treatment purposes [158]. Nano HAP 

was used for both bioimaging and medicinal purposes [159].  

 



 

 

4. GAUSSIAN09 PROGRAM 

Chemists, chemical engineers, biochemists, physicists, as well as other scientists all use the 

Gaussian software applications. It employs basic quantum mechanics equations to estimate 

energies, molecular structures, and spectroscopic data such as NMR, IR, UV, and others, as well 

as much more advanced computations. Gaussian 70 was first produced in 1970 by John Pople with 

his research team at Carnegie-Mellon University. Gaussian09 is the most recent version in the 

Gaussian collection of applications, and it has been regularly upgraded since then. Gaussian09 has 

useful capabilities and improvements that will allow researchers to simulate molecular systems of 

increasing size more accurately and under a wider range of real-world situations. Some of these 

characteristics include the ability to simulate reactions of very large systems, analyze excited states 

in the gas phase and also in solution, forecast more spectra, new and improved methodologies and 

algorithms, ease-of-use characteristics, and performance enhancements. Gaussian09 provides a 

number with very reliable energy techniques for estimating thermochemical values, 

Photochemistry as well as other Excited State Operations, and Solvent Effects for optimizing 

structures and guessing most molecular features [160]. 

4.1 Gaussian Methods 

The theoretical method is a series of approximations that are used to model a system. These 

approximations were linked with a computation method and used to atomic orbitals described by 

the basis set (see section 4.2), to calculate molecular orbitals as well as energy. Semiempirical, ab 

initio, density functional, and molecular mechanics techniques are the four primary types of 

methods. The choice of a theoretical model is determined by the size of the system and the level of 

approximation [161]. 

4.1.1 Ab Initio Method 

This kind of computing is dependent only on theoretical ideas and does not make use of any 

experimental results. The various methods share the same fundamental idea but are different in the 

mathematical assumptions they employ. Despite the truth that the computations are extremely time-

consuming, they are the most common types of models. The essential ab initio concept is the 

Hartree Fock (HF) [161]. 

The Hartree–Fock (HF) technique is an approximation approach for determining the wave 

function and energy of a quantum many-body system in a stationary state within computational 

physics and chemistry. The Hartree–Fock technique is also known as the self-consistent field 

approach (SCF) in earlier publications. Hartree needed the final field calculated from the charge 
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distribution to be "self-consistent" with the expected initial field when deriving what is now known 

as the Hartree equation as an approximate solution to the Schrödinger equation. As a consequence, 

self-consistency is a condition for the method [162].  

The Hartree–Fock technique is most commonly used to solve the Schrödinger equation for 

atoms, molecules, nanostructures, and solids, but it has additionally been widely used in nuclear 

physics. Because calculations in atomic structure theory could involve a spectrum with multiple 

excited energy levels, the Hartree–Fock approach for atoms implies that the wave function is a 

single configuration state function including quantum numbers and that the energy level would be 

not always the ground state [163]. 

4.1.2 Semiempirical Method 

Throughout the calculation, semiempirical approaches employ a set number of empirical 

data. For illustration bond lengths of a certain kind, have a constant value regardless of the system 

(For instance, a C=C bond, would always be considered equal to 134 pm). This significantly 

reduces processing time but it is not quite reliable. Semiempirical techniques are typically applied 

for very large systems since they can manage massive quantities of calculation.  

4.1.3 Density Functional Theory (DFT) 

DFT methods have become increasingly popular since the results achieved are equivalent to 

those obtained with ab initio techniques while requiring significantly less central processing unit 

(CPU) time. DFT differs from approaches that are relying on HF computations in that the electron 

density, rather than a wave function, is employed to calculate the energy. B3LYP (the most 

prevalent DFT model), PW91 Gradient-corrected technique, and VWN are examples of DFT 

methods [161]. 

The electronic structure of atoms, molecules, and solids is calculated using density functional 

theory (DFT), a quantum-mechanical (QM) approach employed in chemistry and physics. Since 

the 1970s, it has proven particularly popular in computational solid-state physics. But, it has been 

not till the 1990s that advancements to the approach found it acceptable for quantum-chemical 

deployments, leading to a surge of application areas. When compared to electron-correlated wave 

function-based approaches which include Miller–Plesset perturbation theory or coupled cluster, 

DFT's actual strength is its favorable price/performance ratio. As a result, bigger (and usually very 

significant) molecular systems could be investigated with adequate precision, extending the 

predictive potential inherent within the electronic structure concept. As a consequence, DFT is 

currently perhaps the most extensively utilized approach for determining electronic structure. The 
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Nobel Prize in physics and chemistry was awarded to Walter Kohn in 1998 for his discovery of 

density-functional theory [164].  

Most electronic structure computations use the Born–Oppenheimer approximation. By 

considering that the electronic and nuclear movements could be separated, it considerably 

simplifies the Schrödinger equation. Although this hypothesis is true in the majority of 

circumstances, adjustments beyond the adiabatic (Born–Oppenheimer) level are occasionally 

necessary. Eberhard Gross and Nikitas Gidopoulas investigated DFT over the Born–Oppenheimer 

assumption and introduced a non-adiabatic solution for the electronic equation in a novel context 

that self-consistently connects the electronic and nuclear wave functions [165].  

The creation of new and more precise density functionals is a developing topic of study. It is 

noted that certain functionals are considerably better suited to specific applications than others, 

although attempts are being made to build more general-purpose functionals. Truhlar's group at the 

University of Minnesota is one of the groups working on functionals with broad applicability. New 

functionalities, of usual, must be checked for application and correctness. The most popular method 

for this is to compare the results generated by these functionals to match the most accurate study 

results. The Minnesota group determined that DFT accuracy has improved significantly over the 

previous few decades; however, there are still certain issues, such as multi-reference systems [166]. 

4.1.4 Molecular Mechanics (MM) 

Atoms are modeled as spheres, whereas bonds are modeled as springs in MM approaches. 

An algebraic equation, rather than a wave function or electron density, would be employed to 

calculate the energy in this method. The constants in the formula are extracted through experimental 

results or other computations and kept in a data library. These computations are very basic and we 

don't need to use complex programs like G09. We may perform our computation directly in 

Avogadro [161]. 

4.2 Basis Sets 

The basis set is simply the limited collection of atomic-like functions in that the molecular 

orbital is produced by the linear combination of atomic orbitals (LCAO). The basis set can be 

Slater-type orbitals (STOs) [167] or Gaussian-type orbitals (GTOs) [168]. In chemistry, wave 

functions are known as "atomic orbitals" or "molecular orbitals." They are also known as 

"stationary states" or "energy eigenstates." As a result, molecular modeling depends on them [169, 

170]. 

AOs (atomic orbitals) were described using Slater-Type Orbitals (STOs) and Gaussian-Type 

Orbitals (GTOs). GTOs have a benefit over STOs in that they are significantly easier to calculate 
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while STOs characterize the shape of AOs more precisely than GTOs. Computing many GTOs and 

merging them to define an orbital is faster compared with computing an STO. As a result, 

configurations of GTOs are commonly employed to define STOs, which in turn characterize AOs.  

The Gaussian Program's most basic and typical base is Slater-Type-Orbitals, which are 

simulated using 3 Gaussian functions apiece (STO-3G). In general, when n is smaller than three, the 

computations provide unsatisfactory results, STO-3G is referred to as the minimum basis set. For 

very small molecules or atoms, minimum basis sets can be used [171]. On a function-to-function 

comparison, STOs provide precise solutions for hydrogenlike atoms and outperform Gaussian 

functions for multi-electron situations. 

The 3-21G basis set is the most widely utilized for geometry optimization [172, 173]. For 

the core orbitals, this technique employs three Gaussians and a two-to-one split for the valence 

functions. To enhance a basis set, d orbitals for all heavy (non-hydrogen) atoms are usually added. 

The d orbitals are included in the polarization basis sets, which are denoted by the sign "*". The 6-

31G** basis set is a further evolution, whereby each hydrogen in the 6-31G* basis set is given a 

set of p orbitals [174].  

To represent the wave function, John A. Pople advanced the construction of ab initio 

approaches employing Slater-type basis sets or Gaussian orbitals. He developed models by 

combining methodologies and basis sets, and then compared the experimental findings of the study 

[174]. Atomic orbitals of the Gaussian type have been widely utilized to determine atomic and 

molecule wave functions. They were engaged in the development of the Gaussian programs, which 

are now one of the most widely used computational chemistry packages [175].  

The exchange functional and correlation functions are used in fundamental density functional 

theory (DFT) techniques. The functionals BP86, B3LYP, and BPW91 are used in the majority of 

recent DFT investigations. The method and the basis set together identify the chemical model as 

Gaussian, indicating a degree of theory. If no additional keywords are specified, the HF method will 

assume to be the default. Most methods additionally need a basis set; if no basis set keyword is 

given, STO-3G is used automatically. STO-3G, 3-21G, 6-21G, and 6-31G are some instances of 

basis sets. The standard * or ** sign can also be used to obtain single first-polarization functions. 

6-31G*, also referred to as 6-31G(d), is 6-31G with extra d polarization functions on non-hydrogen 

atoms, whereas 6-31G**, also defined as 6-31G(d, p), is 6-31G* with p polarization functions on 

hydrogen atoms [176]. Some basis sets provide the + and ++ diffuse functions. 6-31+G consists of 

6-31G plus diffuse s and p characteristics for non-hydrogen atoms, whereas 6-31++G includes 

diffuse functions for hydrogen atoms. cc (correlations-consistent basis) and pV (polarized valence 

basis) were presented by Thom Dunning as optimized basis sets with correlated wave functions 

[177]. The presence of a large basis set does not usually imply that the model will correlate with 

the experimental results [178, 179].  
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It's hard to identify the best methodology for scientific computations because there are so 

many different basis sets and optimization approaches. The basis set used in chemical computations 

could have a significant effect on the accuracy of the findings, especially when using correlated ab 

initio approaches [180]. The selection might be informed by knowledge of the newest 

advancements in the field's design, development, and optimization. Basis sets, for instance, have 

been used in the simulation and optimization of ultrasonic non-destructive testing. They play a 

critical role in structural materials including fiber composites and columnar-grained stainless steels 

[181].  

4.3 Energy Band Gap 

The energy difference between the top of the valence band and the bottom of the conduction 

band is referred to as the "band gap." Figure 4.1 depicted the energy band gap, which allows 

electrons to move from one band to another. The band gap energy is the minimal amount of energy 

required for an electron to jump from a valence band to a conduction band [182].  

HOMO and LUMO are molecular orbitals in chemistry. The abbreviations represent the 

highest occupied molecular orbital and the lowest unoccupied molecular orbital, accordingly [183]. 

The HOMO–LUMO gap refers to the energy differential between HOMO and LUMO. HOMO and 

LUMO can also refer to as the frontier orbitals. The valence band is the HOMO level, while the 

conduction band is the LUMO level. The difference in HOMO and LUMO energies can be used to 

compute the energy band gap [184].   

 

 

 

Figure 4.1. Illustration of energy band gap [185]  
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4.4 Uses of Gaussian 09 Software 

Gaussian software, which is widely used in chemistry, chemical engineering, biochemistry, 

physical chemistry, and other chemistry-related fields, is currently the most frequently used 

international quantum chemistry calculation program. Molecular energy and structure, transition 

state energy and structure, chemical bond and reaction energy, molecular orbital, dipole moment, 

and multipole moment, atomic charge and potential, infrared and Raman spectroscopy, NMR, 

polarizability, and superiority can all be studied using Gaussian software. Chemical conversion 

rate, thermodynamic characteristics, potential energy surface scanning, reaction path, and other 

topics are being researched by using Gaussian programs. It can simulate the ground state or excited 

state, as well as the gas phase or solution system. Currently, the maximum is 09 Gaussian. 

GaussView is a Gaussian-supporting program that was created specifically for this purpose. It is a 

graphical user interface that corresponds to it. It is primarily used to observe molecules, set and 

submit Gaussian calculation assignments, and display the results of Gaussian calculations. It helps 

researchers in understanding the microscopic world on an atomic and molecular level, as well as 

improve abstraction and spatial imagination [186]. 

4.5 Corrosion Inhibiting 

Metals are protected against corrosion by corrosion inhibitors. Inhibitors are chemicals in 

a corrosive medium that delay or stop metal corrosion [187-191]. Corrosion processes are 

responsible for a large number of deaths, particularly in the manufacturing industry. The only way 

to deal with it is to discourage it, as is evident. Corrosion inhibitors are one of the most well-known 

and successful strategies in the industry for avoiding or reducing metal surface damage or oxidation 

[192-194].  

 Because of their outstanding anti-corrosive properties, inhibitors have long been utilized in 

industry. However, many of them came as a result of side effects, resulting in environmental 

damage. Therefore, scientists began to search for ecologically acceptable compounds, such as 

organic inhibitors [195-202]. As a result, organic coatings have long been recognized as a low-cost 

technique for preventing metal corrosion [203]. The majority of organic inhibitors work by 

adsorbing onto metal surfaces [204]. Organic inhibitor molecules can adsorb onto corroding metals 

either physically or chemically [205]. 

 The performance of the inhibitor can be investigated experimentally and/or theoretically 

by computational chemistry. Weight loss, linear polarization, potentiodynamic polarization, 

electrochemical impedance spectroscopy (EIS), UV visible spectroscopy, scanning electron 

microscope (SEM), X-ray spectroscopy (EDX) [206], and cyclic voltammetry [207] are commonly 

used to perform observations of corrosion inhibition efficiency and to check the inhibition 
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mechanism. On the other hand, depending only on experimental approaches is costly, time-

consuming, and hazardous to the environment [208]. For this reason, many researchers have been 

working in computational chemistry [187, 209-212]. 

 Quantum chemical calculations are used to identify the structural characteristics of organic 

corrosion inhibitors that are associated with corrosion inhibition properties [209]. Density 

functional theory (DFT) is a quantum chemistry approach for measuring the electronic properties 

of molecules [213, 214] and analyzing inhibitor/surface connections in corrosion inhibition 

research. Different electronic characteristics derived from quantum chemistry techniques are 

employed for calculations of corrosion inhibition capabilities as well as to support experimental 

measurements [215-217]. 

 



 

5. MATERIAL AND METHODS 

The experimental technique is outlined in detail in this section. The characterization 

technique is then explained, along with the instruments and experimental conditions that were 

employed. 

5.1 Synthesis and characterization 

Three groups of Er-based HAp samples with a constant amount of Er (0.39 at.%) co-doped 

with Ce or Pr or Y at various amounts of (0.13, 0.26, 0.39, 0.52, 0.65 and 0.78 at.%) were 

successfully prepared using wet chemical synthesis. For each synthesis, distilled water was used as 

a solvent for the as-used chemicals of calcium nitrate tetrahydrate (Ca(NO3)2·4H2O, Carlo-Erba), 

erbium nitrate pentahydrate (Er(NO3)3·5H2O, Sigma-Aldrich), cerium (III) nitrate hexahydrate 

(Ce(NO3)3·6H2O Sigma-Aldrich), praseodymium (III) nitrate hexahydrate (Pr(NO3)3·6H2O, Alfa-

Aesar), yttrium (III) nitrate hexahydrate (Y(NO3)3·6H2O, Sigma–Aldrich) and di-ammonium 

hydrogen phosphate ((NH4)2HPO4). A flask was used to prepare a 100 mL solution of either 

Ca(NO3)2•4H2O, Ce(NO3)3•6H2O, Pr(NO3)3•6H2O, or Y(NO3)3•6H2O, which was then transferred 

to a beaker. A separate 100 mL solution of (NH4)2HPO4 was prepared and added slowly, drop by 

drop, to the first solution, resulting in the formation of a cloudy solution. The quantities of the 

mentioned chemicals and the names of each sample are provided in Table 5.1, Table 5.2, and Table 

5.3. The pH of this solution was adjusted to 10.0 by adding an ammonia solution (Sigma-Aldrich), 

followed by mixing the final solution at 65 ºC for 75 minutes. The resulting mixture was then dried 

in an oven at 120 ºC for 22 hours to obtain dry powders. These powders were subsequently calcined 

in an electric furnace at 900 ºC for 2.5 hours. 

To obtain XRD data, a Rigaku Rad B-DMAX II diffractometer was utilized with Cu-K 

radiation at a wavelength of 0.15406 nm. FTIR data in the wavenumber range of 400 cm-1 to 4000 

cm-1 were obtained using a PerkinElmer Spectrum and the KBr method. Raman spectra were 

acquired using Renishaw's inVia confocal microscope and a 532 nm diode laser. The morphology 

of the samples was studied using a Leo Evo-40xVP scanning electron microscope (SEM). DTA 

(differential thermal analysis) and TGA (thermogravimetric analysis) were performed using 

Shimadzu DTA 50 and TGA 50 instruments, respectively, from room temperature to 900 °C, with 

a heating rate of 10 °C per minute. 
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Table 5.1. The moles of the as-used chemicals in the synthesis for Ce/Er co-doped HAp samples 

 

Sample 

Ca(NO3)2·4H2O 

(mmol) 

Er(NO3)3·5H2O 

(mmol) 

Ce(NO3)3·6H2O 

(mmol) 

(NH4)2HPO4 

(mmol) 

0.13Ce-0.39Er-HAp 49.740 

0.195 

0.065 

30.000 

0.26Ce-0.39Er-HAp 49.675 0.130 

0.39Ce-0.39Er-HAp 49.610 0.195 

0.52Ce-0.39Er-HAp 49.545 0.260 

0.65Ce-0.39Er-HAp 49.480 0.325 

0.78Ce-0.39Er-HAp 49.415 0.390 

Table 5.2. The moles of the as-used chemicals in the synthesis for Pr/Er co-doped HAp samples 

 

Sample 

Ca(NO3)2·4H2O 

(mmol) 

Er(NO3)3·5H2O 

(mmol) 

Pr(NO3)3·6H2O 

(mmol) 

(NH4)2HPO4 

(mmol) 

0.13Pr-0.39Er-HAp 49.740 

0.195 

0.065 

30.000 

0.26Pr-0.39Er-HAp 49.675 0.130 

0.39Pr-0.39Er-HAp 49.610 0.195 

0.52Pr-0.39Er-HAp 49.545 0.260 

0.65Pr-0.39Er-HAp 49.480 0.325 

0.78Pr-0.39Er-HAp 49.415 0.390 

Table 5.3. The moles of the as-used chemicals in the synthesis for Y/Er co-doped HAp samples 

 

Sample 

Ca(NO3)2·4H2O 

(mmol) 

Er(NO3)3·5H2O 

(mmol) 

Y(NO3)3·6H2O 

(mmol) 

(NH4)2HPO4 

(mmol) 

0.13Y-0.39Er-HAp 49.740 

0.195 

0.065 

30.000 

0.26Y-0.39Er-HAp 49.675 0.130 

0.39Y-0.39Er-HAp 49.610 0.195 

0.52Y-0.39Er-HAp 49.545 0.260 

0.65Y-0.39Er-HAp 49.480 0.325 

0.78Y-0.39Er-HAp 49.415 0.390 

5.2 In vitro biocompatibility assay of Y, Ce, Pr /Er-HAp samples 

The ceramic powders were individually weighed at a mass of 0.1 g each and placed in sterile 

tubes with a capacity of 2 mL under sterile conditions. Following that, 1 mL of DMEM (Dulbecco's 

Modified Eagle Medium) was added to the materials, and they were placed in an incubator for 72 
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hours. L929 cells (Mouse Fibroblast) were cultured in a flask at 37 degrees Celsius with 5% CO2 

using high glucose DMEM medium, which consists of 10% FBS and 1% Penicillin-Streptomycin. 

The 96-well plate was filled with 10,000 L929 cells, allowing them to adhere and spread in the 

CO2 incubator overnight. After 24 hours, the medium in the well plate was removed and discarded, 

and instead, the wells were filled with filtered media that had been in contact with the compounds 

for 72 hours. 

 

The cells were then cultured in the medium containing the materials for 24 hours in the 

incubator. MTT dye was diluted in PBS (phosphate buffer, pH 7.4) to a concentration of 5 mg/mL. 

After 24 hours, the soaking medium in the well plate was removed and discarded. Instead, each 

well was filled with 90 liters of DMEM. MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide) was added, and the plate was incubated. After incubation, the 

medium containing MTT in the well plate was removed and discarded. Each well was then treated 

with 100 mL of DMSO. The well plates were immediately evaluated at a wavelength of 540 nm 

after the addition of DMSO.  

5.3 Computational Methodology  

Chem. Bio Draw Ultra 14.0 was used to draw the structure of the molecules (Benzene (C1), 

Phenol (C2), Toluene (C3), Benzoic acid (C4), Acetophenone (C5), Chlorobenzene (C6), 

Bromobenzene (C7), Benzaldehyde (C8), Naphthalene (C9), and Anthracene (C10)) (Figure 5.1). 

All computations were performed using the Gaussian 09 packages. With Gaussian 09 program 

allows users to do many computations [218-224]. The ten molecules firs have been optimized. The 

DFT method is used to precisely determine the electronic characteristics of the structures by taking 

into consideration the electron density and producing the appropriate data over this electron density. 

B3LYP is well-liked for a variety of reasons. It was one of the first DFT approaches to outperform 

Hartree-Fock. B3LYP is often quicker than most Post-Hartree-FockHartree-Fock methods, and the 

results are usually similar. For a DFT approach, it is also rather robust. It is not as highly specified 

as other hybrid functionals on a more basic level [225]. Furthermore, the Gaussian 09W software's 

hybrid function B3LYP, which is compatible with the workstation's capability, and 6-31G (d,p) 

[226] as the basis set were employed.  

The total energy, the energy of the maximum occupied molecular orbital (EHOMO), the energy 

of the lowest unoccupied molecular orbital (ELUMO), energy difference ∆E, dipole moment (µ), 

ionization energy, electron affinity, chemical hardness (ɳ), softness (σ), nucleophilicity (ε) index, 

electrophilicity (ω) index, chemical potential (Pi), and electronegativity (χ) have all been 

calculated. The transmitted electron fraction (ΔN) between the copper surface and the molecules 

has been computed. 
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Figure 5.1. The structure of the molecules by Chem. Bio Draw Ultra 14.0 

 



 

 

6. RESULTS AND DISCUSSION 

6.1 Effects of Yttrium Doping on Erbium-Based Hydroxyapatites 

6.1.1 Experimental Results of Er/Y co-doped HAps   

Using the aforementioned approaches, the produced samples were comprehensively characterized 

for the investigation of morphological, structural, thermal stability, and biocompatibility. The following is 

a description of the measurements, analysis, and discussion of the results. 

6.1.1.1 XRD Analysis of Er/Y co-doped HAps 

The XRD data of the produced samples are shown in Figure 6.1. The samples' examined data were 

compared to the standard for pure HAp (JCPDS no: 09-0432). The XRD plots showed that for all of the 

samples, HAp only behaved as a single phase without the development of any potential secondary phases. 

Er2O3 and/or Y2O3-related phases are not found, most likely as a result of the low overall REE (Rare Earth 

Elements) content (1.17at.%). Additionally, the samples' XRD data following the addition of Y showed 

minor changes in intensity. Peak intensity varies as a result of ionic doping's effects on the material's 

structure, as has already been seen and described [227]. The crystallite sizes (DS)  were determined using 

the Scherrer relation found in Equation (6.1) [228].  





 cos

 9.0
SD                                                                                                                                       (6.1) 
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Figure 6.1. XRD patterns of the Er-based HAp samples doped with Y at various amounts 

Additionally, the Williamson-Hall (DWH) plot was utilized to assess strain using Equation (6.2) [229]. 
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


 sin4
 9.0

 cos 
WHD

                                                                                                                  (6.2)

 where β refers to the full width at half maximum,  is the incoming X-ray source wavelength,  

is the diffraction angle, and ε is a lattice strain. The comparison values of the βcos  versus 4sin for 

all synthesized samples are shown in Figure 6.2a. The DWH and ε values can be expressed by using the 

relationship ε=σ/E, where E and σ denote Young's modulus and stress, respectively [230]. 

EDWH




sin49.0
cos                                                                                                                (6.3) 
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Figure 6.2. (a) The βcosθ vs. 4 sinθ, (b) βcosθ vs. 4 sinθ E−1, and (c) βcosθ vs. 25/2 sinθ E−1/2 plots of the Er-based 

HAps doped with Y 

The slope of the βcosθ versus 4sinθ E−1 in Figure 6.2b could be used to get the σ values for all samples. 

Using the following relation, the E values were calculated [231]. The h,k, and l are miller indices. 
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Equation (6.2) can be modified by substituting (2u/E)1/2 for ε to obtain the anisotropic energy density (u), 

2/1
2
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
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E

u

DWH




                                                                                                              (6.5) 

The u values can obtain from the slope of the βcosθ versus 25/2 sinθ E−1/2 in Figure 6.2c. The a, c, and 

V (unit cell volume) values are [232]. 
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caV 2866.0                                                                                                                                                 (6.7) 

where d is the inter-planar distance. The crystallinity percentage (XC%) was computed using Equation (6.8) 

via the intensity of the pit (V112/300) between (112) and (300) reflections and the intensity (I300) of (300) 

reflection [233]. 

1001%
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
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I

V
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Table 6.1 is a list of the theoretical and experimental parameters for a, c, and V. These findings show that 

the presence of the Y atom has an impact on these characteristics. Table 6.2 lists the experimentally 

established values for anisotropic energy density (u), crystallite sizes (DS and DWH), lattice strain (ε), stress 

(σ), and percent crystallinity (Xc%). Adding Y seems to alter the crystallinity, as evidenced by the samples' 

values of Xc%, which ranged from 87.4 to 83.7%. Given that Y3+ has a large ionic radius (0.1011  
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nm) [234], Ca2+, which has an ionic radius of 0.099 nm [228], is anticipated to be replaced by Er3+, which 

has a lower ionic radius (0.088 nm) [235], probable that the crystallite size will change. The evolution of 

lattice strain could be connected to the observed variations in crystallite size [236]. In addition, the 

distribution of ions Y3+, Er3+, and Ca2+ in the lattice exhibits a charge imbalance. The distribution of Ca in 

the matrix has been changed by the placement of Y and Er atoms to the host sites, which influenced the 

crystallite size. The doping appeared to change DS and DWH values which pointed to causing negative and 

positive lattice strain ε in the samples. The unit cell is under compressive stress for negative lattice strain, 

whereas it exhibits tensile stress in case of positive lattice strain [237]. The doping caused changes in stress 

(σ) and anisotropic energy density (u). Due to their proportionality with strain, tensile and compressive 

stresses give positive and negative values. Except for the 0.39Y-0.39Er-HAp and 0.52Y-0.39Er-HAp 

samples, whose u values are less than the published value of 12 kJ m-3, the entire samples exhibited higher 

u values in comparison to this published value [238]. 

Table 6.1. Lattice parameter and unit cell volume: theoretical and experimental values of the HAps doped with Y 

                                   Theoretical Experimental 

Samples a (nm) c (nm) V (nm)3 a (nm) c (nm) V (nm)3 

0.13Y-0.39Er-HAp 0.93269 0.67899 0.51151 0.94069 0.68215 0.52275 

0.26Y-0.39Er-HAp 0.93165 0.67970 0.51091 0.94029 0.68632 0.52549 

0.39Y-0.39Er-HAp 0.93208 0.67932 0.51109 0.94131 0.68234 0.52358 

0.52Y-0.39Er-HAp 0.93261 0.67893 0.51138 0.93852 0.68569 0.52304 

0.65Y-0.39Er-HAp 0.93108 0.68013 0.51060 0.93727 0.68499 0.52111 

0.78Y-0.39Er-HAp 0.93166 0.67947 0.51074 0.93663 0.68414 0.51976 

Table 6.2. Calculation parameters of the HAps doped with Y. 

Samples XC% DS (nm) DWH (nm) ×10-4  (MPa) u (kJ m-3) 

0.13Y-0.39Er-HAp 87.40 35.55 25.58 -11.500 -84.653 542.219 

0.26Y-0.39Er-HAp 83.66 37.20 42.40 3.904 35.514 57.124 

0.39Ce-0.39Er-HAp 86.40 31.71 24.98 -8.790 120.487 9.391 

0.52Y-0.39Er-HAp 87.29 36.67 35.01 -1.370 35.238 1.162 

0.65Y-0.39Er-HAp 86.90 32.01 24.32 -10.500 -40.061 247.890 

0.78Y-0.39Er-HAp 84.34 29.25 19.78 -17.500 114.546 66.597 
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6.1.1.2 FTIR and Raman Spectroscopy Results of Er/Y co-doped HAps 

Figure 6.3 displays the FTIR spectra of all the samples, which reveal the presence of phosphate and 

hydroxyl bands. The bands in wavenumber regions of 471 cm-1 (symmetric bending, υ2), 563 cm-1 

(asymmetric bending, υ4), 597 cm-1 (asymmetric bending, υ4), 961 cm-1 (symmetric stretching, υ1), and 1020 

cm-1 (asymmetric stretching, υ3) were found to have the phosphate group's vibration modes [239, 240]. The 

bands at 631 cm-1 and 3570 cm-1 are connected to the hydroxyl group's vibrational mode [241, 242]. All of 

the bands that were found in the FTIR spectra for each sample supported the existence of the HAp structure 

[243]. 

 

 

 

Figure 6.3. FTIR results of the HAps doped with Y 

Figure 6.4 displays the Raman spectra of the compounds. At 426 cm-1 and 585 cm-1, respectively, the 

phosphate group's symmetric and asymmetric O-P-O bending modes were observed. At 965 cm-1 and 1086 

cm-1, respectively, the symmetric and asymmetric P-O stretching modes were found. The band associated 

with the stretching mode of the hydroxyl group was seen at 3590 cm-1. 
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Figure 6.4. Raman spectrum of the HAps doped with Y 

6.1.1.3 Morphological Analysis of Er/Y co-doped HAps 

Figure 6.5 shows scanning electron microscope (SEM) images and energy-dispersive X-ray (EDX) 

spectra of as-produced co-doped HAps. The analysis of the morphology of the samples pointed to the 

presence of sphere-shaped nanoparticles stacked one on top of the other. The findings from the EDX 

analysis provide evidence in favor of incorporating both co-dopants within the structure of HAp. 

Additionally, the influence of these co-dopants is limited in the HAp structure, and this may be due to the 

deposition of these dopants on the sample surface. Table 6.3 gives a detailed comparison between 

experimental and theoretical values of the stoichiometric ratios of Ca/P and (Ca+Er+Y)/P. Both sets of 

outcomes closely correspond with each other. The disparities between the theoretical and experimental 

values for all samples, at both molar ratios, are below 1%. 
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Figure 6.5. SEM images and EDX analysis report of the HAps doped with Y 

Table 6.3. Theoretical and experimental values of the Ca/P and (Ca+Er+Y)/P ratios of the HAps doped with Y. 

Samples 
Ca/P 

(Theo.) 
Ca/P (Exp.) (Ca+Er+Y)/P (Theo.) (Ca+Er+Y)/P (Exp.) 

0.13Y-0.39Er-HAp 1. 6580 1.6517 1. 6667 1. 6654 

0.26Y-0.39Er-HAp 1.6558 1.6547 1.6667 1.6682 

0.39Y-0.39Er-HAp 1.6537 1. 6510 1.6667 1. 6716 

0.52Y-0.39Er-HAp 1.6515 1.6408 1.6667 1.6607 

0.65Y-0.39Er-HAp 1.6493 1.6450 1.6667 1.6673 

0.78Y-0.39Er-HAp 1. 6472 1.6331 1.6667 1.6535 



37 

 

6.1.1.4   Differential Thermal Analysis (DTA) and Thermogravimetric Analysis (TGA) of Er/Y co-

doped HAps 

Figures 6.6 and 6.7 display the as-prepared HAp samples coupled with Er and Y in DTA and TGA 

thermograms. In Figure 6.6's DTA thermograms, there were no peaks connected to the breakdown of the 

HAp structure. As a consequence, according to findings from Ali et al. [112], all of the samples were 

determined to be thermally stable between ambient temperature and 900 °C. According to the study, Er-

doped HAps' thermal stability could be improved and controlled by Y concentration. 

 

 

 

Figure 6.6. DTA thermograms of the HAps doped with Y. 
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Figure 6.7. TGA thermograms of the HAps doped with Y 

The TGA data in Figure 6.7 demonstrate no mass loss in as-prepared samples from room temperature 

to 900 °C. Additionally, the total mass losses for the following compounds were 0.16, 0.30, 0.58, 0.43, 

0.43, and 0.73% for 0.13Y-0.39Er-HAp, 0.26Y-0.39Er-HAp, 0.39Y-0.39Er-HAp, 0.52Y-0.39Er-HAp, and 

0.65Y-0.39Er-HAp, respectively. These losses are connected to the loss of lattice water and adsorbed water 

in the samples, which occur at temperatures between 200 °C and 400 °C, respectively [244, 245]. At 

temperatures over 400 °C, dehydroxylation of the HAp samples causes the remaining mass losses for all 

samples [242]. In the conducted study, these mass losses were more clearly discovered at temperatures 

above 600 °C, and they are consistent with earlier findings [246]. Dehydroxylation is shown by a reduction 

in the intensity of the band 3570 cm-1 in Figure 6.3. As a consequence, the mass losses attributed to the 

dihydroxylation process in the TGA data are supported by the FTIR results. Figure 6.8 displays the 

fluctuation in temperature that is based on the specific heat capacity (Cp). One of a substance's most notable 

thermodynamic properties is its specific heat capacity, whose value is influenced by the Y concentration 

and rising temperature, as shown in Figure 6.8. Compared to the Er-HAp sample, all of the Y-doped samples 

show much higher Cp values. 
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Figure 6.8. Heat capacity as a function of temperature plot of HAps doped with Y. 

6.1.1.5 In Vitro Biocompatibility Results of Er/Y co-doped HAps 

Mus musculus mouse fibroblast cells (L-929) were used to examine the biocompatibility of the 

indirect method formulations. Thermo Fisher Scientific provided the commercially available L929 Mouse 

Fibroblast cells utilized in this biocompatibility investigation. The samples exposed to the L-929 cells are 

depicted in Figure 6.9 and Figure 6.10, respectively, together with the results of the cell viability tests and 

optical microscope photographs. The standard deviations of the cell viability percentages were determined 

to be 100.00 ± 6.62, 110.49 ± 3.34, 110.91 ± 2.10, 110.40 ± 5.90, 110.50 ± 2.65, 111.29 ± 5.89, and 110.97 

± 4.50 for the control, 0.13Y-0.39Er/HAp, 0.26Y-0.39Er/HAp, 0.39Y-0.39Er/HAp, 0.52Y-0.39Er/HAp, 

0.65Y-0.39Er/HAp, and 0.78Y-0.39Er/HAp, respectively. For in vitro biocompatibility data, statistical 

analysis was done. Between the control and treatment groups, changes were found that were statistically 

significant (p 0.05). The results showed very high cell viability values in Y/Er-HAp samples, ranging from 

110.10 to 111.29%. Cell viability could be seen in more than 80% of the samples, which suggested that 

they were more biocompatible than the control. Therefore, it could be said that all samples are 

biocompatible. Figure 6.9 shows how the standard deviation changes depending on the proportion of Y/Er-
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HAp samples. The 0.39Y-0.39Er-HAp sample has a greater standard deviation than the other samples, 

which might be attributed to the doping components' microstructure. At its lowest point for the 0.26Y-

0.39Er-HAp, the deviation decreases as the proportion of Y changes. 

 

 

Figure 6.9. Cell viability level of L-929 cell exposed Y/Er-HAp samples. * Statistically significant (p < 0.05) in 

between control and treatment groups. 
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Figure 6.10. Optic microscope images for all the samples exposed to the L-929 cells of the HAps doped with Y 

6.1.2 Theoretical Results of Er/Y co-doped HAps 

6.1.2.1 Bandgap Structure and Density of States (DOS) Calculations of Er/Y co-doped HAps 

Band structure and state density calculations for the materials were published previously [231]. For 

the interest of detail and organization, this section provides insight into some of the presented information. 

The equation below could be employed to estimate the electron density [247]: 
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𝐷𝑂𝑆(𝐸) = ∑ 𝑔(𝐸 − ɛ𝑖)                                                                                                                               (6.8) 

In this computation, which takes into account each energy state, the number of states is multiplied 

by the probability that an electron will occupy each state. Here, the values for g, E, and εi stand for the 

Gaussian with a fixed FWHM, the total energy, and the energy of the ith molecular orbital, respectively. 

On the interaction of atoms inside a molecular structure, band structure, and DOS measurements are based. 

In a solid molecule, the quantity of divisions depends on the distance between two or more atoms at the 

atomic level. As energy levels divide more widely as a result of spin-orbit interactions and relativistic 

processes, band structure and DOS in the structure could be changed [232]. In Figure 6.11- Figure 6.12- 

Figure 6.13- Figure 6.14- Figure 6.15- and Figure 6.16, the calculated DOS and band structure are 

displayed. The Origin Lab software was used for all computations together with a DFT formalism. All 

samples' observed bandgaps performed (G-H) interval measurements. The surfaces of the valence and 

conduction bands appear to be almost flat in Figure 6.11- Figure 6.12- Figure 6.13- Figure 6.14- Figure 

6.15- and Figure 6.16. Bandgap energies were determined to be 4.196 eV, 4.174 eV, 4.179 eV, 4.159 eV, 

4.159 eV, and 4.156 eV for the following compounds respectively: 0.13Y-0.39Er/HAp, 0.26Y-0.39Er/HAp, 

0.39Y-0.39Er/HAp, 0.52Y-0.39Er/HAp, 0.65Y0.39Er/HAp, and 0.78Y-0.39Er.  Erbium (Er) has the 

electronic structure [Xe] 4f126s2, and Yttrium has the configuration [Kr] 4d15s2. The inner shell electrons in 

the Xenon configuration make up the Er atom's additional electrons besides 4f126s2. Because it is smaller 

and nearer to restriction, the 4f level divides more than the 6s orbital. While the s orbitals have a minimal 

role in the electronic structure, the DOS associated by 4f states showed contributions to the bands. Except 

for 0.39Y-0.39Er/HAp, where the energy bandgap was raised, the molecule's energy bandgap was 

considerably reduced by the addition of Y atoms at various concentrations, from 4.196 eV to 4.156 eV, as 

was previously observed. Because doping alters the electronic states along symmetry lines, this may affect 

the bandgap value. The reduction in bandgap energy may also be connected to these changes [232]. This 

arrangement reduces the energy gap in the result when combined with yttrium (Y) as well as other elements 

in the HAp molecule because of its higher energy. 
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Figure 6.11. a) Band structure and b) density of states for 0.13Y0.39Er/HAp. 

 

Figure 6.12. a) Band structure and b) density of states for 0.26Y0.39Er/HAp. 
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Figure 6.13. a) Band structure and b) density of states for 0.39Y0.39Er/HAp. 

 

Figure 6.14. a) Band structure and b) density of states for 0.52Y0.39Er/HAp. 
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Figure 6.15. a) Band structure and b) density of states for 0.65Y0.39Er/HAp. 

 

Figure 6.16. a) Band structure and b) density of states for 0.78Y0.39Er/HAp. 

6.1.2.2 Density and Linear Absorption Coefficient Calculations of Er/Y co-doped HAps 

The densities were found to be 3.1724, 3.1744, 3.1764, 3.1786, 3.1804, and 3.1824 g cm-3 for 0.13Y-

0.39Er-HAp, 0.26Y-0.39Er-HAp, 0.39Y-0.39Er-HAp, 0.52Y-0.39Er-HAp, and 0.65Y-0.39Er-HAp, 

respectively. Ca (1.55 g cm-3) has a lower density than Y (4.47 g cm-3) and Er (9.07 g cm-3) [248]. The 

inclusion of Y raised the density of the HAp system since the concentration of Er was kept constant. As a 



46 

 

result, the density increases with increasing Y concentration. The linear absorption coefficient (LAC) is 

depicted as a function of photon energy in Figure 6.17. All structures experience a decline with increasing 

photon energy. In addition, the LAC value rises as the amount of Y contained increases. All materials are 

excellent candidates for radiation shielding and medical applications due to their electromagnetic radiation 

attenuation characteristics, and the obtained results are highly consistent with the literature [131, 232, 247, 

249]. 

 

Figure 6.17. Energy-dependency of the linear absorption coefficient for HAp doped with Y. 

6.2 Effects of Cerium Doping on Erbium-Based Hydroxyapatites 

6.2.1 Experimental Results of Er/Ce co-doped HAps 

6.2.1.1 XRD Analysis of Er/Ce co-doped HAps 

The XRD results of the as-synthesized specimens are shown in Figure 6.18 All the as-detected XRD 

peaks were matched with the HAp phase (JCPDS no: 09-0432). Within the sensitivity limitations of the 

XRD method, the as-analyzed XRD patterns indicated that HAp was the single phase for all of the samples, 
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with no secondary phase found. There is a little increase in intensity with the addition of Ce, as can be seen 

in the result in Figure 6.18. As previously stated, the effect of ionic doping on electron density causes some 

peaks to become less intense and/or more intense [227]. 
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Figure 6.18. The XRD patterns of Er-based HAp samples doped with Ce in different quantities 

The graph plotted βcos  vs. 4sin for all synthesized samples is shown in Figure 6.19a. The slope 

of the βcos vs. 4sin E-1 presented in Figure 6.19b can be used to calculate the stress value for each sample. 

The slope in Figure 6.19c can be used to compute the u values. 
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(c) 

Figure 6.19. (a) The βcosθ vs. 4 sinθ, (b) βcosθ vs. 4 sinθ E−1, and (c) βcosθ vs. 25/2 sinθ E−1/2 plots of the Er-based 

HAps doped with Ce 
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Table 6.4 presents the outcomes derived from theoretical and experimental computations for the 

parameters a, c, and V. In this table, theoretical a and c lattice parameters, and the V unit cell volume, do 

not decrease gradually. Furthermore, the experimental one indicates that the lattice parameters and unit cell 

volume vary non-gradually. All three of these parameters are significantly affected by the adding of Ce to 

the Er-HAp structure. Table 6.5 displays the computed crystallinity percent (Xc%) values, crystallite size 

values (DS and DWH computed from Scherrer and Williamson-Hall equations), lattice strain, stress, and 

anisotropic energy density for each sample. According to the table, the addition of Ce to the Er-HAp causes 

differences in the crystallinity, varying from 88.7 % to 83.1 %. Some changes in the crystallite size value 

have been seen due to the replacement of Ce3+ with a high ionic radius (0.101 nm) and Er3+ with a low ionic 

radius (0.088 nm) to Ca2+ with an ionic radius of 0.099 nm [228, 250]. These variations in crystallite size 

could be related to the progress of lattice strain, which can lead to HAp structure crystal lattice deformation 

[236]. In addition, Ce3+, Er3+, and Ca2+ ions have a charge imbalance. The attachment of each Ce and Er to 

each Ca ion may change the distributions of these ions. The quantity of Ce, influences crystallite size. The 

DS and DWH values also revealed non-gradual changes. The lattice strain ε values are both negative and 

positive. The resulting negative lattice strain implies that the unit cell is under compressive stress, whereas 

the positive one suggests that it is under tensile stress [237]. Furthermore, as demonstrated in Table 6.5, the 

stress (σ) values and anisotropic energy density (u) of all samples varied with Ce doping. Tensile and 

compressive stresses produce positive and negative values because of their proportionality with strain [247]. 

The u values have been calculated using the βcosθ vs. 25/2sinθ E 
-1/2 plot shown in Figure 6.19c. Except for 

the sample doped with 0.65Ce-0.39Er-HAp, in which the anisotropic energy density value is less than 12 

kJ m-3, all point u values in Table 6.5 are more than the reported value of 12 kJ m-3 for the un-doped HAp 

[238]. 

Table 6.4. Lattice parameters and unit cell volume for theoretical and experimental results HAp samples doped with 

Ce. 

 Theoretical Experimental 

Samples a (nm) c (nm) V (nm)3 a (nm) c (nm) V (nm)3 

0.13Ce-0.39Er-HAp 0.93257 0.67905 0.51143 0.94402 0.68946 0.53210 

0.26Ce-0.39Er-HAp 0.93254 0.67927 0.51156 0.94342 0.68914 0.53117 

0.39Ce-0.39Er-HAp 0.93282 0.67941 0.51197 0.94484 0.69004 0.53347 

0.52Ce-0.39Er-HAp 0.93166 0.67985 0.51103 0.94531 0.69036 0.53425 

0.65Ce-0.39Er-HAp 0.93068 0.68072 0.51061 0.94619 0.69082 0.53560 

0.78Ce-0.39Er-HAp  0.93122 0.68019 0.51080 0.94492 0.68979 0.53337 
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Table 6.5. Characteristic of samples (where XC%: crystallinity percent, DS and DWH: crystallite size,  : lattice 

strain, : stress, and u : anisotropic energy density ) HAp samples doped with Ce. 

Samples XC% DS (nm) DWH (nm) ×10-4  (MPa) u (kJ m-3) 

0.13Ce-0.39Er-HAp 87.21 38.85 34.66 -3.274 64.027 5.460 

0.26Ce-0.39Er-HAp 88.66 40.86 42.40 1.213 15.344 6.562 

0.39Ce-0.39Er-HAp 85.92 40.78 48.14 8.634 -22.078 54.054 

0.52Ce-0.39Er-HAp 85.55 38.59 30.01 -7.970 3.422 75.581 

0.65Ce-0.39Er-HAp 83.12 38.18 46.68 5.984 -34.330 10.300 

0.78Ce-0.39Er-HAp 86.16 35.47 35.19 0.014 104.361 118.370 

6.2.1.2 FTIR and Raman spectroscopy of Er/Ce co-doped HAps 

Figure 6.20 displays FTIR plots for samples of HAp. It was found that phosphate and hydroxyl bands 

were present. The phosphate group's vibration modes are related to the bands at wavenumber locations 468, 

562, 597, 961, and 1019 cm-1 [239, 240]. The hydroxyl group's vibration mode is associated with the bands 

at 633 cm-1 and 3566 cm-1 [241, 242].  The FTIR spectra of each sample show all the bands that were seen, 

which supports the existence of the HAp structure [36]. 

 Figure 6.21 represents the Raman spectra of the samples, which ranged from 100 to 4000 cm-1. The 

phosphate group was found at 428 cm-1 a symmetric O-P-O bending mode, an antisymmetric O-P-O 

bending mode was found at 587 cm-1, at  962 cm-1 a symmetric P-O stretching mode was fond, at 995 cm-1 

an asymmetric P-O stretching mode, and 1080 cm-1  an asymmetric P-O stretching mode was found. At 

3574 cm-1, the band associated with the Stretching of the hydroxyl group was seen.  
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Figure 6.20. The FTIR findings of the HAp samples doped with Ce 
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Figure 6.21. The Raman spectra of the HAp samples doped with Ce 

6.2.1.3 Morphological analysis of Er/Ce co-doped HAps 



53 

 

Figure 6.22 shows SEM pictures and EDX data of as-produced co-doped HAps. The samples are 

all made up of sphere-shaped stacked nanoparticles. The EDX data confirm that Er and Ce have been added 

to the HAp structure. Although Ce adding into the apatitic structure is limited, the as-detected Ce content 

rises with Ce addition, as expected. In a conclusion, large amounts of the Ce dopant can be attributable to 

its deposition on the HAp surface. Ca/P and (Ca+Er+Ce)/P's experimental and theoretical values are 

thoroughly compared in Table 6.6. The theoretical and experimental results are very close to each other. 

For both molar ratios, there are less than 1% differences between theoretical and experimental values for 

all samples. 
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Figure 6.22. SEM images and EDX analysis report of the HAp samples doped with Ce 
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Table 6.6. Theoretical and experimental values of the Ca/P and (Ca+Er+Ce)/P ratios of the HAp samples doped 

with Ce. 

Samples 
Ca/P 

(Theo.) 
Ca/P (Exp.) (Ca+Er+Ce)/P (Theo.) (Ca+Er+Ce)/P (Exp.) 

0.13Ce-0.39Er-HAp 1. 6580 1.6734 1. 6667 1. 6843 

0.26Ce-0.39Er-HAp 1.6558 1.6498 1. 6667 1.6641 

0.39Ce-0.39Er-HAp 1.6537 1. 6385 1. 6667 1.6552 

0.52Ce-0.39Er-HAp 1.6515 1.6463 1. 6667 1.6683 

0.65Ce-0.39Er-HAp 1.6493 1.6459 1. 6667 1.6631 

0.78Ce-0.39Er-HAp 1. 6472 1.6283 1. 6667 1.6516 

6.2.1.4   Differential Thermal Analysis (DTA) and Thermogravimetric Analysis (TGA) of Er/Ce co-

doped HAps 

DTA and TGA thermograms of as-prepared HAp samples co-doped with Er and Ce can be seen in 

Figure 6.23 and Figure 6.24. Because the DTA thermograms in Figure 6.23 showed no peak related to the 

decomposition of the HAp phase, all of the samples are thermally stable from room temperature to 900 °C, 

and these results are similar to those stated by Ali et al. [112]. The sample with the highest concentration 

of Ce is the most stable of the bunch. According to the research, Ce concentration can improve and manage 

the thermal stability of Er-doped HAps. 

 The TGA data in Figure 6.24 demonstrate that there are mass losses in the as-prepared samples 

from room temperature to 900 °C. Total mass losses for 0.13Ce-0.39Er-HAp, 0.26Ce-0.39Er-HAp, 0.39Ce-

0.39Er-HAp, 0.52Ce-0.39Er-HAp, 0.65Ce-0.39Er-HAp, and 0.78Ce-0.39Er-HAp are 0.46, 0.30, 0.44, 

0.30, 0.32, and 0.79%, respectively. The removal of adsorbed and lattice water from the samples can be 

linked to these losses [244, 245]. Dehydroxylation of the HAp samples is in charge of the residual mass 

losses for all samples at temperatures higher than 400 °C [242]. These mass losses were more clearly 

identified beyond 600 °C in the current work, and they are consistent with the literature [246]. The FTIR 

graphs in Figure 6.20 show a drop in the intensity of the band 3571 cm-1, indicating dehydroxylation. 

 Figure 6.25 displays the temperature-dependent graphs of the particular Cp for each sample. The 

specific heat capacity of a material is one of its most noticeable thermodynamic properties. As shown in 

Fig. 6.25, rising temperature and Ce quantity alter this parameter. Compared to the HAp sample that was 

simply doped with Er, all of the Ce-doped samples have much higher Cp values. 
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Figure 6.23. Thermograms of the HAp doped with Ce samples produced with DTA. 
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Figure 6.24. TGA thermograms for the HAp doped with Ce samples 
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 Figure 6.25. Specific heat capacity vs. temperature plots of the HAp samples doped with Ce 

6.2.1.5 In Vitro Biocompatibility Results of Er/Ce co-doped HAps 

The biocompatibility assessment of the formulations for the indirect approach involved the utilization 

of L-929 mouse fibroblast cells, specifically belonging to the Mus musculus species. Table 6.7 and Figure 

6.26 show the cell viability results and Figure 6.27 demonstrated the optical microscope photographs. 

According to the results, all the Ce/Er co-doped HAp samples exhibited very high cell viability levels in 

the range of 105.92% and 113.15%. As known, the samples with cell viability higher than 80% can be 

accepted as biocompatible. Therefore, we can say that all the samples analyzed in this study can be used in 

biological and medical applications as appropriate implant material in the future.  

Table 6.7. L-929 cell viability after exposure to Ce/Er-HAp samples doped with Ce 

Sample Cell Viability (%) Std. Dev. 

Control 100.00 3.67 
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0.13Ce-0.39Er-HAp 109.90 8.44 

0.26Ce-0.39Er-HAp 112.92 7.37 

0.39Ce-0.39Er-HAp 108.34 5.48 

0.52Ce-0.39Er-HAp 113.15 6.32 

0.65Ce-0.39Er-HAp 112.17 3.07 

0.78Ce-0.39Er-HAp 105.92 7.69 

 

 

 

Figure 6.26. Cell viability of Ce/Er-HAp samples subjected to L-929 cells of the HAp samples doped with 

Ce 
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Figure 6.27. Images were taken using an optical microscope of Ce/Er-HAp samples exposed to L-929 cells of the 

HAp samples doped with Ce. 
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6.2.2 Theoretical Results of Er/Ce co-doped HAps 

6.2.2.1 Calculations of the Bandgap and Density of States of Er/Ce co-doped HAps 

Figure 6.13- Figure 6.14- Figure 6.15- Figure 6.16- Figure 6.17- and Figure 6.18 depict the calculated 

density of state and band structure for all studied samples. The DFT method and Origin Lab have been used 

for the theoretical calculations.  To calculate the energy of the bandgap between the High Occupied 

Molecular Orbital (HOMO) and the Lower Unoccupied Molecular Orbital (LUMO), a DFT method was 

used. The obtained band gap was measured at (G-H) points. The valence and conduction band surfaces 

nearly look to be flat in Figures 6.28- Figure 6.29- Figure 6.30- Figure 6.31- Figure 6.32- and Figure 6.33. 

For 0.13Ce-0.39Er-HAp, 0.26Ce-0.39Er-HAp, 0.39Ce-0.39Er-HAp, 0.52Ce-0.39Er-HAp, 0.65Ce-0.39Er-

HAp, and 0.78Ce-0.39Er-HAp, the bandgap energy values indicated 4.1591, 4.1688, 4.1335, 4.1352, 

4.1137, and 4.1053 eV, respectively. Erbium (Er) has the electron configuration [Xe] 4f126s2. Whereas 

cerium (Ce) has the electron configuration [Xe] 4f15d16s2. The Er atom's surplus electrons are strongly 

bound by the closed-shell atomic layers featuring Xenon configuration. Because the 6s orbital is smaller 

and closer to limitation, the 4f level splits more than the 6s orbital. The f orbital contribution to the bands 

has the highest density of states in the figures. It's also fair to expect s orbitals to play a minor role in the 

DOS structure. The molecule's energy gap was gradually reduced from 4.1591 eV to 4.1053 eV by adding 

Ce atoms in various amounts, as indicated above, except for 0.26Ce-0.39Er-HAp and 0.52Ce-0.39Er-HAp, 

where the energy bandgap was raised. Changes in electronic states along symmetry lines could be related 

to the decrease in bandgap energy and may have an impact on the bandgap value due to doping [232]. When 

coupled with cerium (Ce) and other atoms in the HAp molecule, this arrangement decreases the energy gap 

in the product. When energy levels rise, greater splitting occurs in general.  
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Figure 6.28. a) Band structure and b) density of states for 0.13Ce-0.39Er-HAp. 
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Figure 6.29. a) Band structure and b) density of states for 0.26Ce-0.39Er-HAp. 
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Figure 6.30.  a) Band structure and b) density of states for 0.39Ce-0.39Er-HAp. 
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Figure 6.31. a) Band structure and b) density of states for 0.52Ce-0.39Er-HAp. 
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Figure 6.32. a) Band structure and b) density of states for 0.65Ce-0.39Er-HAp. 
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Figure 6.33. a) Band structure and b) density of states for 0.78Ce-0.39Er-HAp. 

6.2.2.2 Density and Linear Absorption Coefficient of Er/Ce co-doped HAps 

 The density values were calculated to be 3.1745, 3.1786, 3.1827, 3.1868, 3.1909, and 3.1950 g cm-

3 for 0.13Ce-0.39Er-HAp, 0.26Ce-0.39Er-HAp, 0.39Ce-0.39Er-HAp, 0.52Ce-0.39Er-HAp, 0.65Ce-0.39Er-

HAp, and 0.78Ce-0.39Er-HAp, respectively. Ce (6.77 g cm-3) and Er (9.07 g cm-3) have densities that are 

higher than that of Ca (1.55 g cm-3) [251].  The addition of Ce raised the density of the HAp system since 

the amount of Er was kept constant. In brief, the higher the Ce content results the higher the density. 

 For each sample, Figure 6.34 displays the LAC as a function of photon energy. All structures cause 

a decline as photon energy increases. Furthermore, the LAC value rises in lockstep with the amount of Ce 

present. The prepared samples here in this work were found to be suitable candidates for radiation shielding 

and medical applications because of their weakening properties for electromagnetic radiation, and the 

obtained results are in line with the literature [131, 232, 247, 249]. 
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Figure 6.34. Linear absorption coefficient dependent on the energy of the HAp doped with Ce samples. 

6.3 Effects of Praseodymium Doping on Erbium-Based Hydroxyapatites 

6.3.1 Experimental Results of Er/Pr co-doped HAps 

6.3.1.1 XRD Results of Er/Pr co-doped HAps 

 The XRD results of Er/Pr co-doped HAp samples are shown in Figure 6.35. According to 

the as-analyzed XRD patterns, HAp (JCPDS no: 09-0432) was the single phase for all the samples 

within the sensitivity limits of the XRD technique, and no secondary phase was found. Pr-content 

was shown to have a considerable impact on the amount of the mentioned phase. 
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Figure 6.35. XRD patterns of the Er/Pr co-doped HAps 

Table 6.8 presents findings from theoretical and experimental calculations of various 

parameters. According to the theoretical results, there is no gradual decrease in the values of lattice 

parameters a and c, but a gradual change is observed in the value of V. In contrast, the experimental 

data reveals non-gradual changes in all three parameters, a, c, and V. The inclusion of Pr in the Er-

HAp structure causes a noteworthy impact on all three parameters. 

Table 6.8. Theoretical and experimental values of the a, c, and V of the Er/Pr co-doped HAps 
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 Theoretical Experimental 

Samples a (nm) c (nm) V (nm)3 a (nm) c (nm) V (nm)3 

0.13Pr-0.39Er-HAp 0.93800 0.68525 0.52212 0.93245 0.67919 0.51140 

0.26Pr-0.39Er-HAp 0.93529 0.68563 0.51940 0.93116 0.68011 0.51068 

0.39Pr-0.39Er-HAp 0.93456 0.68522 0.51828 0.93122 0.67977 0.51049 

0.52Pr-0.39Er-HAp 0.93317 0.68436 0.51609 0.93019 0.68061 0.50999 

0.65Pr-0.39Er-HAp 0.93970 0.68654 0.52500 0.93001 0.68059 0.50978 

0.78Pr-0.39Er-HAp 0.93556 0.68636 0.52025 0.93022 0.68024 0.50974 

 

 Table 6.9 shows the calculated crystallinity percent values for all of the samples. The 

addition of Pr to the Er-HAp generates variations in crystallinity, with XC % values ranging from 

89.5 % to 84.1 % for all samples. 

The DWH for the samples could be measured from the βcos vs. 4sin as in Figure 6.36a. 

The ε parameter was also determined. As can be observed from the data in Table 6.9, the amount 

of Pr affects crystallite size. The DS value and the DWH values both showed non-gradual changes. 

The ε values are both negative and positive, according to the results. The compressive strain is 

represented by the negative values [252]. 

 The Young’s modulus plots indicated in Figure 6.36b, the σ has been calculated. Tensile and 

compressive stresses cause positive and negative values [253]. 

The u values have been determined from the βcosθ vs. 25/2sinθ E 
-1/2 plot that is represented 

in Figure 6.36c. Except for the 0.13Pr-0.39Er-HAp, which is less than 12 kJ m-3, all of the as-

estimated u values in Table 6.9 are greater than the reported value of 12 kJ m-3 for the un-doped 

HAp [238]. 

Table 6.9. The computed values of the crystallinity percent, crystallite size, lattice strain, stress, and anisotropic 

energy density of the Er/Pr co-doped HAps 

Samples XC% DS (nm) DWH (nm) ×10-4  (MPa) u (kJ m-3) 

0.13Pr-0.39Er-HAp 89.50 35.90 32.47 -3.189 68.240 8.537 

0.26Pr-0.39Er-HAp 87.47 33.20 26.82 -7.453 46.073 26.277 

0.39Pr-0.39Er-HAp 87.07 38.81 41.64 2.183 -52.544 20.356 

0.52Pr-0.39Er-HAp 86.18 37.42 37.37 0.543 52.396 24.743 
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0.65Pr-0.39Er-HAp 84.86 36.81 42.02 4.212 20.867 39.531 

0.78Pr-0.39Er-HAp 84.09 33.22 22.77 -14.400 49.985 147.474 
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(c) 

Figure 6.36. (a) The βcosθ vs. 4 sinθ, (b) βcosθ vs. 4 sinθ E−1, and (c) βcosθ vs. 25/2 sinθ E−1/2 plots of the Er-based 

HAps doped with Pr 

6.3.1.2 FTIR and Raman Spectroscopy of Er/Pr co-doped HAps 

Figure 6.37 displays FTIR plots of HAp compounds. Both phosphate and hydroxyl bands 

were found. The vibration modes of the phosphate group are associated with the bands at 

wavenumber positions 466, 561, 594, 957, and 1018 cm-1 [239, 240]. The vibration mode of the 

hydroxyl group is correlated to the bands found at 636 and 3569 cm-1 [241, 242]. For each sample, 

all of the as-detected bands verify the formation of the HAp structure [243]. 

 The Raman spectra of the samples were obtained in the range of 100 to 4000 cm-1, as shown 

in Figure 6.38. Phosphate group-related bands were found at 438 (symmetric O-P-O bending mode), 596 

(antisymmetric O-P-O bending mode), 977 (symmetric P-O stretching mode), 1024 (asymmetric P-O 

stretching mode), and 1092 cm-1 (asymmetric P-O stretching mode). The band associated with the hydroxyl 

group's stretching mode was seen at 3642 cm-1. 
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Figure 6.37. FTIR results of the Er/Pr co-doped HAps 
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Figure 6.38. Raman spectra results of the Er/Pr co-doped HAps 
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6.3.1.3 Morphological Investigations of Er/Pr co-doped HAps 

 SEM images and EDX findings of the co-doped HAps in their original state are displayed in Figure 

6.39. All of the samples are composed of sphere-shaped stacked nanoparticles. The EDX figures 

confirm the addition of Er and Pr to the HAp structure. The as-detected Pr content increases with 

the addition of Pr, as predicted, although Pr introduction into the apatitic structure is restricted.  As 

a result, the greater levels of the Pr dopant could be attributed to its deposition on the HAp surface. 

The values of the stoichiometric ratios Ca/P and (Ca+Er+Pr)/P are compared between 

experimental and theoretical data in Table 6.10. These data are quite compatible. 

 

 

 

Figure 6.39. SEM pictures and EDX results of the Er/Pr co-doped HAps 
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Table 6.10. Theoretical and experimental values of the Ca/P and (Ca+Er+Y)/P ratios of the Er/Pr co-doped HAps. 

Samples Ca/P (Theo.) Ca/P (Exp.) (Ca+Er+Pr)/P (Theo.) (Ca+Er+Pr)/P (Exp.) 

0.13Pr-0.39Er-HAp 1. 6580 1.6373 1. 6667 1. 6528 

0.26Pr-0.39Er-HAp 1.6558 1.6842 1.6667 1.7020 

0.39Pr-0.39Er-HAp 1.6537 1. 6837 1.6667 1. 7022 

0.52Pr-0.39Er-HAp 1.6515 1.6189 1.6667 1.6391 

0.65Pr-0.39Er-HAp 1.6493 1.6730 1.6667 1.6913 

0.78Pr-0.39Er-HAp 1. 6472 1.6624 1.6667 1.6817 

6.3.1.4 Thermal Analysis Results of Er/Pr co-doped HAps 

 DTA and TGA thermograms of HAp samples that are co-doped with Er and Pr are shown 

in Figures 6.40 and 6.41 respectively. The DTA thermograms in Figure 6.40 shows that samples 

are thermally stable between room temperature and 900 °C since there is no peak corresponding 

to the disintegration of the HAp structure, and these results are remarkably comparable to those 

described by Ali et al. [112].  Among all the samples, the one with the highest Pr-content is the 

most stable. The thermal stability of Er-doped HAps can be improved and controlled by Pr content, 

according to the results.  

There are no mass losses in the samples from room temperature to 900 °C, as shown by the 

TGA results in Figure 6.41.  In this temperature range, total mass losses for 0.13Pr-0.39Er-HAp, 

0.26Pr-0.39Er-HAp, 0.39Pr-0.39Er-HAp, 0.52Pr-0.39Er-HAp, 0.65Pr-0.39Er-HAp, and 0.78Pr-

0.39Er-HAp were 0.29, 0.44, 1.70, 0.78, 0.45, and 0.46%, respectively. The loss of adsorbed (from 

room temperature to 200 °C) and lattice water (between 200 °C and 400 °C) water in the samples 

can be related to these losses [244, 245]. The dehydroxylation of the HAp samples is responsible 

for the remaining mass losses for all samples at temperatures above 400 °C [242]. These mass 

losses could be seen more clearly after 600 °C in the current work, and they are in good agreement 

with the literature [246]. Dehydroxylation is supported by a reduction in the intensity of the band 

3571 cm-1 in the FTIR plots presented in Figure 6.37. 

Figure 6.42 shows the plots of specific heat capacity (Cp) vs. temperature for all of the 

samples. The specific heat capacity of a substance is one of the most essential thermodynamic 

properties. As shown in Fig. 42, rising temperature and Pr quantity alter this parameter.  
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Figure 6.40. DTA curves of all the samples of the Er/Pr co-doped HAps 
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Figure 6.41. TGA thermograms of the Er/Pr co-doped HAps 
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Figure 6.42. The Cp vs. temperature plots of the Er/Pr co-doped HAps. 

6.3.1.5 In Vitro Biocompatibility Results of Er/Pr co-doped HAps 

 Cell viability result has been given in Table 6.11 and Figure 6.43. The optic microscope images are 

also illustrated in Figure 6.44. The results indicated Pr/Er-HAp samples exhibited high cell viability levels 

in the range of 83.31% to 91.26%. The biocompatibility of the samples decreases for all Pr/Er-HAp samples, 

but their cell viabilities remain over 80%, which is indicated that all the Pr/Er co-doped samples have 

acceptable biocompatibility.  

Table 6.11. Cell viability level of L-929 cell exposed Pr/Er-HAp samples 

Sample Cell Viability (%) Std. Dev. 

Control 100.00 3.42 

0.13Pr-0.39Er-HAp 87.86 9.85 

0.26Pr -0.39Er-HAp 83.31 7.79 

0.39Pr -0.39Er-HAp 84.88 7.89 

0.52Pr -0.39Er-HAp 86.99 9.59 

0.65Pr -0.39Er-HAp 89.09 7.89 
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Figure 6.43. Cell viability level of L-929 cell exposed Pr/Er-HAp samples 

0.78Pr -0.39Er-HAp 91.26 5.89 
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Figure 6.44. Optic microscope photos of the L-929 cell exposed Pr/Er-HAp samples 
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6.3.2 Theoretical Results of Er/Pr co-doped HAps 

6.3.2.1 Bandgap and Density of States Calculations of Er/Pr co-doped HAps 

 Origin Lab was utilized in combination with a density functional theory (DFT) tool for carrying out 

band structure and density of state computations [254]. Figure 6.45a-f depicts the computed density of 

states (DOS) and band structures (BS) of multiple synthesized Erbium (Er)-based HAp samples, wherein 

Praseodymium (Pr) is doped at different atomic percentages, including 0.13Pr-0.39Er-HAp, 0.26Pr-

0.39Er-HAp, 0.39Pr-0.39Er-HAp, 0.52Pr-0.39Er-HAp, 0.65Pr-0.39Er-HAp, and 0.78Pr-0.39Er-

HAp. 

 In all figures, the band gaps have been calculated in the range of (G-H). The electron configuration 

of Erbium (Er) is [Xe] 4f126s2. The remaining electrons of the Er atom form highly cohesive bands due to 

the closed-shell atomic levels present in the Xenon configuration. Because the 6s orbital is relatively smaller 

and close to constraint, the 4f level splits more than the 6s level. The region of the image with the highest 

DOS corresponds to the contribution of the f orbital to the bands, which is more dominant at positive 

energies and even at negative energies. It's also reasonable to expect s orbitals to have a minor role in the 

DOS structure. By adding Pr atoms in varied proportions, the molecule's energy gap was decreased to 

4.0618 eV from 4.1739 eV. The electron configuration of Praseodymium (Pr) is [Xe] 4f36s2. 

 By combining with Praseodymium and other atoms in the HAp molecule, the device's energy gap 

decreases as a result of the higher energy level. When energy levels increase, greater splitting typically 

occurs. Figure 6.45a-f illustrates that incorporating the Pr atom into the doped HAp molecule leads to a 

higher energy contribution to the energy gap. The energy bandgap values decrease as Pr is added to the Er-

based HAp structure, as demonstrated in the figures. 

 In previous work in literature, it was also found that increasing amounts of the as-used dopants of 

Er3+ [247], Pr3+ [22], Sm3+  [255], Tb3+ [256], and Ti4+ [257] have a similar propensity to lower bandgap 

levels. In this regard, the current research agrees with earlier research in a very significant way. With the 

addition of Pr to the Er-based HAp structure, the bandgap values gradually drop. The decrease in bandgap 

energy can be connected to electronic states within symmetry lines, which may change due to doping and 

impact the bandgap value.  
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Figure 6.45. The BS and DOS of the a) 0.13Pr0.39Er/HAp, b) 0.26Pr-0.39Er-HAp, c) 0.39Pr-0.39Er-HAp, d) 0.52Pr-0.39Er-HAp, e) 65Pr-0.39Er-HAp and f) 

0.78Pr-0.39Er-HAp structures. 
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6.3.2.2 Density and Linear Absorption Coefficient of Er/Pr co-doped HAps 

 For 0.13Pr-0.39Er-HAp, 0.26Pr-0.39Er-HAp, 0.39Pr-0.39Er-HAp, 0.52Pr-0.39Er-

HAp, 0.65Pr-0.39Er-HAp, and 0.78Pr-0.39Er-HAp, the density values were calculated to be 

3.154, 3.161, 3.168, 3.173, and 3.179 g cm-3, respectively. The densities of Pr (6.77 g cm-3) and 

Er (9.07 g cm-3) are greater than that of Ca (1.54 g cm-3) [258]. The density of the HAp system 

was improved by the addition of Pr because the amount of Er was kept constant.  

 The graph depicted in Figure 6.46 illustrates how the linear absorption coefficient 

(LAC) changes depending on the photon energy for each of the doped structures. In all 

structures, a decline in LAC occurs as the photon energy increases. Additionally, as the quantity 

of Pr increases, the LAC value increases gradually. This reduction in the ability to absorb 

electromagnetic radiation implies that all the samples have potential as effective options for 

radiation shielding and medical applications [131, 247, 249]. 
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Figure 6.46. The LACdependence on the energy and composition of the Er/Pr co-doped HAps 
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6.4 Quantum Chemical Study of Some Basic Organic Compounds as the 

Corrosion Inhibitors 

6.4.1 Structure Optimization  

The gas-phase geometry optimizations of all the structures (M1-10) were investigated by 

B3LYP (Fig. 6.47). Using 6-31G(d,p) basis set. 

 

 

 

Figure 6.47. Geometrical optimization for basic organic compounds by Gaussian program. 

6.4.2 Inhibitor Parameters 

From the molecule's electronic structure, electronic structure identifiers were developed 

and connected to the electronic structure [259]. The consistent electronic structural parameters, 

which contain EHOMO, ELUMO, ΔE gap, σ, χ, Pi, σ, χ, ε, μ. The HOMO, LUMO, and μ data were 

resulting from the Gaussian outturn of the molecular profile. Other parameters can be calculated 

using the equations that are already present in the literature. EHOMO and ELUMO are the highest 

occupied and lowest unoccupied energy levels, respectively, and their values determine a 

material's reactivity or passivity. The ionization energy and electron affinity values of any 

chemical type are connected to its EHOMO and ELUMO values, according to Koopman's theorem. 

[260, 261]. The parameters ΔE [262], η, σ [263], χ, and Pi [264] are calculated according to the 

following equations: 

I = -EHOMO, A = -ELUMO, ΔE = (ELUMO – EHOMO),  ɳ = (I – A) / 2,  σ = I/ɳ ,   χ = (I + A) / 2, 

Pi = -χ , ω = Pi2/2ɳ  and  ε = Pi * ɳ 
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The energy loss caused by the overall electron flow between the transmitter and the 

receiver is measured by the electrophilicity index (ω. The nucleophilicity index (ε) is a new 

chemical structure identifier. The following equation is used to determine how many electrons 

were transported between the inhibitor and the metal surface [205]. 

ΔN =
χmetal−χinhibitor

2.(ɳmetal − ɳinhibitor)
                                                                                                            

The value of χ and ɳ for the compound are calculated theoretically using DFT/B3LYP 

level with a 6-311G(d, p) basis set, while experimentally values for χ metal and ɳ metal were 

found from the literature [265] which was calculated by Pearson. According to Pearson, an 

individual metal's electron affinity (A) and ionization potential (I) are considered to be equal (I 

= A), and ɳ for a single metal value is assumed to be zero. Table 6.12 shows the electronic 

structural characteristics and total energy for the mentioned molecules. From Table 6.12 the 

HOMO and LUMO energies appear that they have a general tendency among them. HOMO is 

important for corrosion studies because it is related to electron-donating capacity. As HOMO 

values rise, the inhibitory effect of inhibitor molecules also rises [266]. It, therefore, has an 

impact on the way charges are transferred over the metal surface, causing adsorption. The EHOMO 

ordered as follows: 

C10>C9>C3>C2>C7>C6>C1>C5>C8>C4 

According to the high EHOMO value, compound C10 has the highest inhibitory 

activity, and compound C4 has the lowest inhibitory activity (Fig. 6.48). LUMO refers to the 

ability to accept electrons. Low ELUMO values suggest that the inhibitor can apply a negative 

charge to the metal surface.  The ELUMO ordered as shown below: 

C2>C1>C3>C6>C7>C9>C4>C5>C10>C8 

According to the ELUMO sequence, the LUMO energy of C10 has the lowest energy and 

the LUMO energy of C2 has the highest energy. According to the results, the C10 inhibitor 

reacted by working as a donor, and its inhibitor activity was therefore high. The C4 inhibitor 

has the lowest ELUMO and lowest EHOMO values. While low EHOMO inhibitors reduce metal 

reactivity, the metal inhibitor acts as a donor to the inhibitor. As a result, the inhibitor's activity 

decreases while the metal's reactivity increases. According to HOMO-LUMO energies, the C10 

molecule provides the best corrosion inhibition (Figure 6.48). 
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Figure 6.48. HOMO & LUMO energy levels for both Benzoic acid (C4), and Anthracene (C10). 

The energy difference between EHOMO and ELUMO has a considerable impact on 

theoretical inhibition efficiency and also static molecular reactivity. The sequence of the 

inhibitors was shown as follows based on the energy gap value: 

C10>C9>C8>C5>C4>C7>C3>C6>C2>C1 

The energy bandgap indicates the molecule's activity. For inhibitor studies, it is critical 

to compare ΔE. The lower value of the energy bandgap results in better inhibition efficiency. 

The lower ΔE value in corrosion inhibitors is determined by the EHOMO rather than the ELUMO. 

Anti-corrosion agents can be made from inhibitor derivatives with high HOMO energy and low 

ΔE [266]. C10 will provide good inhibitory activity based on the maximum HOMO energy 

value given the above EHOMO and E sequence. 
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Table 6.12. The electron structure identifiers were calculated using the 6–31(d,p) basis of molecules in the gas phase at the DFT/B3LYP theory level.  

Parameters Equations Benzene Phenol Toluene 
Benzoic 

Acid 

Aceto 

phenone 

Chloro 

benzene 

Bromo 

benzene 
Benzaldehyde Naphthalene Anthracene 

Total 

Energy (a.u) 
 -232.2582 -307.4722 -271.5788 -420.8354 -384.9082 -691.8529 -2803.3617 -345.5827 -425.0630 -617.8310 

μ (D)  0.0000 1.5635 0.3423 1.9154 2.9830 1.9180 1.8099 3.2818 0.0000 0.0015 

ELUMO (eV)  -0.0729 -0.0188 -0.1222 -1.3135 -1.4809 -0.3646 -0.3655 -1.7260 -0.9793 -1.6485 

EHOMO (eV)  -6.7194 -6.4794 -6.4121 -7.0935 -6.7259 -6.7139 -6.5901 -6.9447 -5.8026 -5.2393 

ΔE (eV)  6.6464 6.4606 6.2900 5.7800 5.2450 6.3493 6.2247 5.2186 4.8233 3.5908 

I (eV) I = -EHOMO 6.7194 6.4794 6.4121 7.0935 6.7259 6.7139 6.5901 6.9447 5.8026 5.2393 

A (eV) A = -ELUMO 0.0729 0.0188 0.1222 1.3135 1.4809 0.3646 0.3655 1.7260 0.9793 1.6485 

χ (eV) χ = (I + A) / 2 3.3961 3.2491 3.2672 4.2035 4.1034 3.5393 3.4778 4.3354 3.3910 3.4439 

ɳ (eV) ɳ = (I – A) / 2 3.3232 3.2303 3.1450 2.8900 2.6225 3.1746 3.1123 2.6093 2.4116 1.7954 

σ (eV) σ = 1/ɳ 0.3009 0.3096 0.3180 0.3460 0.3813 0.3150 0.3213 0.3832 0.4147 0.5570 

Pi (eV) Pi = -χ -3.3961 -3.2491 -3.2672 -4.2035 -4.1034 -3.5393 -3.4778 -4.3354 -3.3910 -3.4439 

ω (eV) ω = Pi2/2ɳ 1.7353 1.6340 1.6970 3.0570 3.2102 1.9729 1.9431 3.6016 2.3840 3.3030 

ε (eV) ε = Pi. ɳ -11.2861 -10.4954 -10.2752 -12.1482 -10.7612 -11.2359 -10.8240 -11.3123 -8.1778 -6.1833 

ΔN 
ΔN = (χmetal - χinhibitor) / 

2. (ɳmetal - ɳinhibitor) 
0.5422 0.5806 0.5935 0.4838 0.5523 0.5451 0.5659 0.5106 0.7483 0.9903 
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Table 6.13 shows the atomic charge distributions on the inhibitor's molecular structure. 

Mulliken population analysis is a prominent approach for estimating inhibitor molecule 

adsorption regions (Table 6.13). Many researchers agreed that the presence of negatively 

charged heteroatoms enhances the capacity of the donor-acceptor mechanism to adsorb on the 

metal surface [267]. As the result, the negatively charged in the center of the aromatic ring, C10 

has an effective inhibitory effect. As observed in Figure 6.49 MEP map, the aromatic ring 

exhibits a denser red color. This can be regarded as the C10 inhibitor being attached to the metal 

surface coordinately from these regions. 

Table 6.13. Charge distribution on the atoms for the molecules. 

Benzene Phenol Toluene 
Benzoic 

Acid 

Aceto 

phenone 

Chloro 

benzene 

Bromo 

benzene 
Benzaldehyde Naphthalene Anthracene 

1 C    

-0.083921 

1 C    

-0.083078 

1 C    

-0.087315 

1 C    

-0.072757 

1 C    

-0.074040 

1 C    

-0.076274 

1 C    

-0.084742 

1 C   

-0.073778 

1 C    

-0.092621 

1 C    

-0.097884 

2 C    
-0.083817 

2 C    
-0.091047 

2 C    
-0.084628 

2 C    
-0.090006 

2 C    
-0.091860 

2 C    
-0.086499 

2 C    
-0.078863 

2 C    
-0.088063 

2 C    
-0.128589 

2 C    
-0.120643 

3 C    

-0.083900 

3 C    

-0.093222 

3 C    

-0.113161 

3 C    

-0.103092 

3 C    

-0.117941 

3 C    

-0.076274 

3 C    

-0.091510 

3 C    

-0.113867 

3  C    

0.101945 

3  C    

0.110050 
4 C    

-0.083921 

4 C    

0.285433 

4 C    

0.102704 

4 C    

0.049768 

4 C    

0.051136 

4 C    

-0.074744 

4 C    

0.055669 

4 C     

0.036810 

4  C    

0.102287 

4  C    

0.110043 

5 C    
-0.083817 

5 C    
-0.093222 

5 C   
-0.113161 

5 C    
-0.097000 

5 C    
-0.095878 

5 C    
-0.089429 

5 C    
-0.091510 

5 C    
-0.093975 

5 C    
-0.128295 

5 C    
-0.120666 

6 C    

-0.083900 

6 C    

-0.091047 

6 C    

-0.084628 

6 C    

-0.089414 

6 C    

-0.087567 

6 C    

-0.074744 

6 C    

-0.078863 

6 C    

-0.085367 

6 C    

-0.092980 

6 C    

-0.097881 

  

12 O    

-0.595143 

12 C    

-0.374314 

12 C    

0.546772 

12 C    

0.375292 

12 Cl   

-0.020699 

12 Br   

-0.127018 

12  C    

0.257623 

10 C    

-0.128213 

7 C    

-0.209498 

      
13 O    
-0.531308 

13 O    
-0.468547     

14 O   
 -0.425203 

11 C    
-0.128707 

8 C    
-0.209489 

      

15 O    

-0.466598 

14 C    

-0.385007       

14 C    

-0.092621 

9  C    

0.110006 

                

15 C    

-0.092937 

10  C    

0.110076 

                  
11 C    
-0.120682 

                  

13 C    

-0.097872 

                  

14 C    

-0.097903 

                  
15 C    
-0.120635 

C: is Carbon number.  
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Figure 6.49. MEP map for Anthracene (C10) 

The ɳ and σ parameters are two more significant factors that offer information on the 

stability, reactivity, and inhibitor activity of an inhibitor. The letters ɳ and σ of inhibitors are 

arranged as follows: 

ɳ       C1>C2>C6>C3>C7>C4>C5>C8>C9>C10 

 

σ        C10>C9>C8>C5>C4>C7>C3>C6>C2>C1 

 

Soft inhibitors are better at inhibiting corrosion because they are more reactive than hard 

inhibitors as well as the organic selected as an inhibitor serves as a Lewis base [268]. The C10 

inhibitor in this situation showed high EHOMO and low E values as well as high softness and 

low hardness ratings. The values ɳ and σ indicate that the C10 inhibitor has the most potent 

inhibitory effect. 

Electronegativity (χ) and chemical potential (Pi) are two additional parameters used to 

calculate inhibitor activity. The coordinated covalent connection between the inhibitor and the 

metal is established according to the estimated inhibitor values χ [266]. The χ sequenced as 

follows: 

C8>C4>C5>C6>C7>C10>C1>C9>C3>C2 

In this research, the corrosion inhibition efficacy of molecules intended as inhibitors of 

iron metal were examined. Table 6.14 computed χ values for the inhibitors were determined to 

be less than the iron metal's experimental χ value. As a result, the iron metal will form bonds by 

absorbing electrons from the inhibitor compound. As can be observed in the χ sequence, the 

C10 and C9 inhibitors with the lowest χ value compared with another molecule will be the most 

effective corrosion inhibitor. The inverse of electronegativity is Pi. The molecules with high 

chemical potential will have high activity against other molecules, whereas the molecules with 
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low potential will provide low activity [269]. The two most active inhibitors are C10 and C9, as 

seen in Table 6.12. 

The important factors affecting the action of corrosion inhibitors are ω and ε indices. The 

ω index denotes an inhibitor molecule's ability to accept electrons. The capacity of the inhibitors 

to donate electrons is shown by the ε index. The inhibition activity increases as the ω or ε values 

decrease. The theoretical inhibition efficiency sequence in this study, according to ω and ε, is 

as follows:  

ω  C8>C9>C10>C5>C4>C6>C7>C1>C3>C2 

ε   C10>C9>C3>C2>C5>C7>C6>C1>C8>C4 

The calculated ω value of the C10 inhibitor decreased, and the ε value increased, as shown 

in the sequence. Concerning the other parameters, the C10 inhibitor exhibits the greatest 

inhibitory effects with values for ω and ε. 

Comparing the ΔN [205] values of iron and metal inhibitors, it can be shown that the C10 

molecule donates higher electrons to the iron metal, providing a more potent inhibitor (Table 

6.12). 

The dipole moment is another parameter found in Table 6.12. However, no clear link 

between μ and inhibition activity has been reported in the literature. According to certain studies, 

the activity of molecules with higher μ values leads to better inhibition, whereas other studies 

claim that the inhibition effect increases with decreasing μ value. The C10 inhibitor has a low 

dipole moment, which is consistent with the other parameters. This can be interpreted as better 

metal surface coverage at low μ values. 



 

7. CONCLUSION 

 Er-based HAps doped with Y 

Wet chemical synthesis was used to produce Er-based HAps doped with Y in a range of 

concentrations (0.13, 0.26, 0.39, 0.52, 0.65, and 0.78 at.%). The lattice parameters were 

discovered to be influenced by the Y dopant. We found significant variations in the size of the 

crystallites and the crystallinity %. Stress and strain were created in the lattice when the Y 

element has been added to an Er-based HAp. All of the examined samples had the HAp 

structure, according to Raman and FTIR spectroscopy. The Y concentration significantly affects 

how the Er-Based HAp behaves thermally. The theoretical results show that the bandgap energy 

of the samples reduced considerably with increasing Y concentration from 4.196 eV to 4.156 

eV. None of the samples exhibited any negative impacts. Except for the sample 0.39Y-

0.39Er/HAp, cell viability was lower than in the control group. As the Y concentrations rise, the 

linear absorption coefficient decreases. All of the samples in the series proved to be 

biocompatible and usable in biological applications. 

 Er-based HAps doped with Ce 

Six samples of Er-based hydroxyapatite (HAps) doped with various concentrations of Ce (0.13, 

0.26, 0.39, 0.52, 0.65, and 0.78 at.%) were synthesized using the wet chemical method. The 

presence of the Ce dopant affected the lattice properties, leading to significant variations in 

crystallite size and crystallinity percentage. The addition of Ce to Er-based HAp resulted in the 

formation of lattice strain and stress. The confirmation of the HAp structure was achieved by 

analyzing Raman and FTIR spectra for each sample. All samples exhibited a nanoscale 

morphology. The thermal behavior of Er-based HAp was notably influenced by the 

concentration of Ce. Theoretical calculations revealed a reduction in the bandgap energy of the 

samples from 4.1591 eV to 4.1053 eV as the Ce concentration increased. The cytotoxicity tests 

indicated that all samples demonstrated biocompatibility and could be used in biomedical 

applications. Furthermore, an increase in Ce concentration led to a decrease in the linear 

absorption coefficient. 

 Er-based HAps doped with Pr 

HAp samples doped with both Pr and Er were successfully produced and thoroughly examined 

using theoretical and experimental methods. The introduction of Pr into an Er-based HAp 

structure was found to result in a gradual increase in density, accompanied by continuous 
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reductions in the bandgap and linear absorption coefficient. The lattice parameters of the HAp 

were influenced by the presence of Pr as a dopant, leading to noticeable disparities in crystallite 

size and crystallinity percentage. Moreover, the inclusion of Pr in Er-based HAp induced the 

formation of lattice strain and stress. Raman and FTIR spectra verified the formation of the HAp 

structure for each sample, all of which exhibited a nano-sized morphology. The thermal 

behavior of Er-based HAp was significantly affected by the concentration of Pr. In terms of 

biocompatibility, all the prepared samples demonstrated high suitability for medical 

applications, as confirmed by in vitro cell viability tests, where values exceeding 80% were 

obtained. 

 DFT study of some basic organic compounds 

The C10 inhibitor was shown to have a strong inhibitor activity because it was reactive by acting 

as a donor. Anti-corrosion compounds can be made from inhibitor derivatives with high EHOMO 

and low E. Based on the greatest value of EHOMO and the E sequence, compound C10 will have 

strong inhibitory action. When the C10 inhibitor's Mulliken atomic charges are considered, it 

can be concluded that the electronegative atoms significantly influence the inhibitory activity. 

The HOMO centers on the negatively charged atoms allowing the inhibitor to be attached to the 

metal surface from these centers. The area surrounding the ring is the most active area on the 

MEP map. The C10 inhibitor has the most active corrosion inhibition effect, according to the 

computed ƞ, σ, χ, Pi, ω, and ε parameters. With a greater ΔN value, the inhibitor will be more 

adsorbed to the metal surface, increasing its ability to block corrosion. Conversely, with a lower 

χ value for the inhibitor, the iron metal will establish bonds by absorbing electrons from the 

inhibitor molecule. Although a precise result about the dipole moment is not available in the 

literature, it may be inferred that the C10 inhibitor, which is part of the study, is better at coating 

the metal surface at low dipole moment levels. The computed quantum chemical parameters of 

the process are shown to closely correlate with the activity of organic-based corrosion inhibitors 

with good corrosion inhibitor performance. The researched structure may be altered using 

calculations, which is one of its biggest benefits. It is believed that the C10 complex will be 

even more efficient in inhibiting corrosion if the number of rings in other molecules is enhanced. 



 

RECOMMENDATIONS 

The following notion could be suggested for future research: 

 

 The co-dopant concentrations can be modified. 

 The samples can be synthesized using another process (for example, sol-gel, combustion, 

spray pyrolysis, and so on). 

 Additional characterization methods include Raman spectroscopy, dielectric 

measurements, inductively coupled plasma (ICP) technology, and transmission electron 

microscopy (TEM). 

 It is possible to modify the synthesis conditions. 
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Figure A. 1. The prepared samples in the oven to dry 
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Figure A. 2. Hydroxyapatite sample 

 

 

 

Figure A. 3. Di-ammonium hydrogen phosphate materials 
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Figure A. 4. Yttrium (III) nitrate hexahydrate material 
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Figure A. 5. Erbium nitrate pentahydrate material 
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Figure A. 6. Preparing milky solution procedure 
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