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ABSTRACT 

 

SYNTHESIS OF SELENIUM-INCORPORATED ALPHA-TRICALCIUM 
PHOSPHATE AND EVALUATION OF ITS CEMENT-TYPE REACTIVITY 

 

Baştuğ Azer, Bersu 
Master of Science, Metallurgical and Materials Engineering 

Supervisor: Prof. Dr. Caner Durucan 
 

January 2019, 69 pages 

 

In the case of bone defects and damages synthetic bone grafts have been widely used 

for filling the demaged parts. Alpha-tricalcium phosphate (α-TCP) is an attractive 

calcium orthophosphate as replacement of hard tissues. It converts from powder 

form to hardened apatite, by cement-type reaction in aqueous solutions, which is 

therefore a promising hard bone tissue analog and clinically used in bone defect 

filling operations. In this concept adding therapeutic function to the hardened cement 

products is an additional challenge and research interest. When compared with 

organic durgs and proteins, metallic ions are promising therapeutic agents because of 

their high availability and stability. In order to improve the therapeutic properties of 

α-TCP, various metallic ions can be incorporated. In this study, selenium (Se) ion 

has been incorporated to α-TCP to give anti-carcinogenic effect. Se-incorporated α-

TCP (α-TCP:Se) has been synthesized by the solid-state reaction of custom 

synthesized Se-incorporated monetite (CaHPO4:Se) and calcium carbonate (CaCO3). 

The microstructural and morphological properties of as synthesized α-TCP products 

with different amounts of Se-incorporation remain unaffected by doping. Up to 2 wt. 

% Se-incorporation, the only phase obtained from the XRD analyses is α-TCP, 

however, higher than 2 wt. % Se-incorporation to α-TCP leads to formation of the 
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hydroxyapatite (HAp) together with α-TCP. Complete cement-type conversion from 

α-TCP to calcium-deficient hydroxyapatite (CDHAp) has been performed with pure 

and different amount of Se-incorporated α-TCP products. The hydration kinetics of 

cement-type conversion is positively changed with the presence of Se. Higher 

amount of Se addition slows down the kinetics of cement-type conversion. The 

morphological properties are remained same for Se-incorporated and pure α-TCP. 

Less than 2 wt. % Se doping is critical limit for obtaining only α-TCP without 

formation of any other calcium phosphates and it’s critical for faster hydration 

kinetics of cement conversion reaction from α-TCP to CDHAp. 

 

 

Keywords: Bioceramics, Alpha-Tricalcium Phosphate, Bone Cements, Therapeutic 

Agent, Metallic Ion, Selenium     
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ÖZ 

 

SELENYUM KATKILI ALFA-TRİKALSİYUM FOSFAT SENTEZİ VE 
ÇİMENTO TİPİ REAKTİVİTESİNİN DEĞERLENDİRİLMESİ 

 

Baştuğ Azer, Bersu 
Yüksek Lisans, Metalurji ve Malzeme Mühendisliği 

Tez Danışmanı: Prof. Dr. Caner Durucan 
 

Ocak 2019, 69 sayfa 

 

Sentetik kemik grefleri kemik hasarları durumunda tahrip olmuş parçaları doldurmak 

için yaygın olarak kullanılmaktadır. Alfa-trikalsiyum fosfat (α-TCP), sert dokuların 

yerine konulmasında yaygın olarak kullanılan çekici bir kalsiyum ortofosfattır. 

Çimento tipi reaksiyonla sulu çözeltilerde ve vücut sıcaklığında, sert kemik dokusu 

iyileştirici madde olan ve kemik defekti doldurma işlemlerinde kullanılan apatit 

çimentosuna dönüşür. Son zamanlarda sertleşmiş çimento ürünlerinin terapötik 

etkisinin geliştirilmesi, bu konsept içinde incelenmektedir. Metalik iyonlar, organik 

ilaçlarla ve proteinlerle karşılaştırıldığında, yüksek kullanılabilirlik ve 

kararlılıklarından ötürü umut vaat eden terapötik ajanlardır. α-TCP’ın terapötik 

özelliklerini geliştirmek için çeşitli metalik iyonlar katkılanmaktadır. Bu tez 

çalışmasında, bu amaç için Selenyum (Se) iyonu, anti-kanserojen etki sağlamak için 

α-TCP’a katılmaktadır. Se-katkılı α-TCP (α-TCP:Se), özel olarak sentezlenmiş 

monetit (CaHPO4:Se) ve kalsiyum karbonatın (CaCO3) katı hal reaksiyonu ile 

sentezlenmiştir. Farklı miktarlarda Se eklenerek sentezlenmiş α-TCP ürünlerinin 

mikroyapısal ve morfolojik özelliklerinin katkılamadan etkilenmemektedir. %2’ye 

kadar Se-katkılanmasıyla XRD analizlerinden elde edilen tek faz α-TCP’dır, fakat 

ağırlıkça %2’den fazla Se-katkılanması α-TCP ile hidroksiapatit (HAp) oluşumuna 

yol açmaktadır. α-TCP’den kalsiyumca eksik hidroksiapatit (CDHAp) çimento tipi 
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dönüşüm reaksiyonu katkısız ve farklı miktarlarda Se içeren α-TCP ürünleri ile 

yapılmıştır. Çimento tipi dönüşümün hidrasyon kinetiği Se’nin varlığı ile olumlu 

olarak değişmiştir. Ağırlıkça daha fazla Se eklenmesi çimento tipi dönüşüm 

kinetiğini yavaşlatmaktadır. Se-katkılı ve saf α-TCP için morfolojik özellikler aynı 

kalmaktadır. Ağırlıkça %2’den daha az Se-katkısı, başka herhangi bir kalsiyum 

fosfat ürünü oluşmaksızın sadece α-TCP elde etmek için ve α-TCP’den CDHAp’a 

çimento-tipi reaksiyonu daha yüksek hidrasyon kinetiğine sahip olduğu için kritik 

sınır olarak belirlenmiştir.  

 

Anahtar Kelimeler: Biyoseramikler, Alfa-Trikalsiyum Fosfat, Kemik Çimentoları, 

Terapötik Ajan, Metalik İyon, Selenyum   
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CHAPTER 1  

 

1. INTRODUCTION 

 

Nowadays, metals, ceramics and polymers have been used in different biomedical 

applications, such as bone implant, bone fracture repair and bone injury filling 

device. The most important issue in the design of these materials is to provide 

biocompatibility of the natural bone with compatible structural and mechanical 

properties with natural bone.  

In this regard, natural or synthetic bone cements have been used as fillers for years to 

treat minor damages caused by trauma, natural aging and complications (fracture, 

tumor, etc.). The filling materials taken from the patient or the donor are obtained 

incommodiously and in a limited time. Moreover, there are some risks such as 

transport of the disease from the donor. Because of these difficulties, synthetic 

alternatives of biocompatible bone cements have used to augment these defects. 

Synthetic bone cements are inserted by the operation to the damaged side in paste 

form. It has a self-setting nature and converts into a hardened mass in the defected 

side. Acrylic-based polymeric polymethlymethacyrlate (PMMA) cements were the 

first generation bone cements. PMMA cements are formed by polymerization 

reaction of MMA monomer. However, the release of unreacted MMMA polymers 

and their highly exothermic nature of polymerization reaction pose some risks such 

as bone necrosis. Because of the given limitations of PMMA cements, bioactive and 

bioresorbable materials that adhere to the natural bone and provide new bone 

formation are more promising candidates for bone cement applications. As a result, 

calcium phosphate cements (CPC) have been developed and clinically used.     

Ceramic-based CPCs are synthetic analogs that have higher functionality with 

respect to their biocompatibility and chemical similarity to mineral phase of natural 
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bone which is carbonated, calcium-deficient form of hydroxyapatite (HAp, 

Ca10(PO4)6(OH)2. In addition, the hardening mechanism of CPCs is more suitable in 

terms of physiological compatibility than acrylic-based polymers which are 

hardened by polymerization reaction.  

Calcium phosphate cements are formed by mixing one or more calcium phosphate 

powders with an aqueous solution and they firstly form a paste in a few minutes then 

the paste is able to set and harden after being implanted within body. There are two 

calcium phosphate cement-end products; apatite and brushite cements. Brushite 

cements are produced by combining an acidic calcium phosphate powder with a 

relatively basic calcium phosphate powder in an aqueous solution to obtain neutral 

calcium phosphate cement. Apatite cements are more promising cement systems 

because the hardened end product of cement reaction resembles to the inorganic 

mineral phase of natural bone, biological apatite, in terms of chemical and structural 

properties. The most commonly preferred calcium phosphate compound to obtain 

apatite cement end product is α-tricalcium phosphate (α-TCP, α-Ca3(PO4)2). When 

α-TCP is mixed with aqueous solution, it transforms into hardened calcium-deficient 

hydroxyapatite (CDHAp, Ca9(HPO4)(PO4)5(OH)). Unlike PMMA, CPCs do not 

harden by polymerization reaction and small amount of heat is released during 

hardening. These conversion reactions take place at physiological temperature, i.e. 

body temperature, 37 °C. The most important part is that the hardened cement-end 

product, calcium-deficient form of hydroxyapatite resembles the natural bone more 

than the stochiometric form. Moreover, CDHAp has higher solubility than 

stochiometric HAp, therefore, degradation rate of CDHAp is higher than HAp. In the 

clinical applications, CDHAp degrades and provides new bone tissue generation.  

However, because of their ceramic origin, CPCs have poor mechanical properties. 

They are brittle and have low fracture toughness. Therefore, they are used in non-

load bearing and maxillofacial hard tissue implant applications. In order to improve 

their mechanical properties, they are reinforced by inorganic compounds or 

biodegradable polymers to form composite cements. 
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In addition to their mechanical properties, cement-type reaction from α-TCP to 

CDHAp cement shows slower reaction kinetics than clinical requirements. By 

modifying the particle size, crystallinity, addition of certain chemicals, the reaction 

time and reaction kinetics can be changed.  

Despite their disadvantages, because of their injectability and biodegradability, 

CPCs are not only used as bone substitutes, but also as drug-carrying materials. In 

contrast to other materials, the drugs are not only absorbed on the surface of the 

CPCs, but also attack the whole volume of the material. Nowadays, the most 

commonly, CPCs are combined with antibiotics, but anti-inflammatory drugs, anti-

cancer drugs, and hormones are also incorporated into CPCs. However, because of 

some limitations of drugs, metallic ion incorporation into CPCs is more attractive for 

therapeutic purposes. When used in proper doses, metallic ion-substituted CPCs are 

able to show therapeutic effects without leading any toxicity to surrounding tissue. 

The metallic ion of selenium is a promising substitute ion because it exhibits in 

human immune systems as selenoproteins with their antioxidant function. Therefore, 

selenium have been used in anti-cancer orthopedic applications as selenite 

substituted HAp powders, selenium coated titanium implant. Selenium substituted 

calcium phosphate cement systems have not been synthesized yet in the literature.  

In this thesis, pure and selenium-incorporated α-TCPs were synthesized by solid-

state reaction. The effect of selenium addition to chemical properties, phases in the 

structure and morphological investigation were performed to pure and different 

amounts of Se-incorporated α-TCP powders. After complete characterization, these 

powders were converted to CDHAp cement by cement-type reaction at physiological 

temperature. The effect of selenium addition to hydration kinetics was investigated 

by isothermal calorimetry. The complete characterization in terms of microstructural 

investigation, phase identification, chemical properties were done for pure and Se-

incorporated hardened cement-end products.            
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CHAPTER 2  

 

2. LITERATURE REVIEW 

 

2.1. Composition, structure and properties of natural bone 

Bone, which is a mineralized tissue, has a primary function of “load carrying”. Bone 

is a composite material, which is composed of three major components; 20 wt. % of 

organic matrix (90-96 % of organic matrix is collagen), 69 wt. % of mineral (which 

is calcium phosphate based mineral) and 9 wt. % of water. About 98 wt. % of bone 

is composed of non-living inorganic and organic parts which are listed. While 2 wt. 

% of bone is the living constituents which are osteoblasts (bone forming cells), 

osteoclasts (bone resorbing cells) and osteocytes [1].  

According to Weiner et al. [2], the human lamellar bone has two distinct 

components; ordered and disordered materials. Ordered material forms the 

elementary unit of bone which is the mineralized collagen fibril. The collagen 

comprises the three dimensional matrix of the bone and reinforced by the inorganic, 

i.e. mineral part with aligned arrays. On the other hand, disordered material is 

formed by mineral matrix with poorly oriented collagen fibrils. Moreover, 

disordered material is also composed of non-collagenous organic material with small 

amount of water [3]. Figure 2.1 shows the 7 levels of hierarchical structure of bone 

starting from level 1, which is in nano scale, to level 7, which is in macro scale. 
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Figure 2.1 Schematic illustration of 7 levels of hierarchic constituents of bone [2]. 

 

Main organic component of natural bone is Type I collagen, but it is not the only 

protein, there are hundreds of non-collagenous proteins with less than 10 wt. % of 

the total organic part of the bone. Type I collagen presents as fibrils in bone with 

about 80-100 nm in diameter. About 1000 amino acids long three polypeptide chains 

form each fibril. These fibrils wound together in a triple helix with cylindrical shape 

with an approximate diameter of 1.5 nm and length of 300 nm. The unique fibril 

structure has a 67 nm periodicity. The spaces between each structure allow 

mineralization to occur by surrounding biological fluids [2–5]. The fibrils are packed 
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in arrays and form fiber structures. The representative collagen structure with 

detailed their dimensions are given in Figure 2.2. 

 

 

Figure 2.2 Schematic illustration of collagen fibrils, fibers and bone mineral crystals in nanoscale [5]. 

 

Mineral component of natural bone is comprised of nano-sized crystals of biological 

apatite, also called dahllite. The crystals have a plate-like shape having 50 nm of 

length, 25 nm of width and 1.5-4 nm of thickness [2]. The nanocrystalline bone 

apatite has significant amounts of impurities such as hydrogen phosphate (HPO4), 

sodium (Na), magnesium (Mg), citrate (C6H5O7)4-, carbonate (CO3)2-, potassium (K) 

and other ions [5,6]. The first major function of mineral part of bone is acting as an 

ion source and regulating these ions’ concentration. The second major function is 

that the combination of mineral part with the organic matrix components, basically 
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formation of composite structure, gives superior properties such as extremely high 

toughness and lightweight to bone [7,8].  

The bone mineral differs from the stoichiometric form of hydroxyapatite (HAp; 

Ca10(PO4)6(OH)2) in terms stoichiometry (Ca/P ratio) because of the presence of 

trace ions and carbonate content, crystal size and morphology. HAp crystals as the 

mineral part of the bone are in calcium deficient and carbonated form with the 

stochiometry of Ca/P < 1.67 and the chemical formula of Ca(10-x-

y)(HPO4)x(CO3)y(PO4)(6-x-y)(OH)(2-x-y), (0 < x,y <1) [9]. 

Water is the third major component of bone. It is found within the fibers, between 

triple-helix structures, in the gaps, between fibrils and fibers and in the surface of 

bone mineral [2]. According to Wilson et al. [10], the water found at the surface at 

the bone mineral has two major functions. The water movements between bone 

mineral and collagen layer protect bone from deformation with less deformation and 

provides structural stability to bone. Secondly, movement of water protects collagen 

from shear under uniaxial stress, therefore, water, third major component of bone, 

preserves collagen from deformation.  

Bone can recover and regenerate micro-scaled cracks and damages by itself. The 

Haversian channel found around the osteon, which are obtained from the collagen 

lamellar sheets, has an enormous reservoir of calcium and phosphate ions. By 

osteclasts and osteoblasts, monocrystalline apatite undergoes dynamic remodeling 

process [11]. However, bone cannot recover the fractures caused by trauma, tumor 

based removing operations or problems caused by aging. In these conditions, natural 

or synthetic bone graft materials are needed to use to heal the bone fractures. 

2.2. Natural bone grafts 

There are three types of natural bone grafts; xenografts, allografts and autografts. 

Xenograft is termed as transplanting graft from one species to another species. 

Unfortunately, xenografts have a high risk of viral infections, low osteogenicity, 

high immunogenicity and high resorption rate. These undesired situations make 
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xenograft usage limited [9]. One another type of graft type is allografts which are 

defined as transplant transferred from one member to another one of the same 

species. The drawbacks of allografts are similar to xenografts. Moreover, the risks of 

transmitting viral and bacterial infections, blood incompatibility are stronger 

compared to xenografts. When the tissue is taken from one site of the body and 

transplanted to another site in the same individual is defined as autograft. Autografts 

have the best results compared to other natural grafting methods because they are 

biocompatible, non-toxic and they have minimum risk of immunological problems, 

i.e. they do not cause any allergenic reactions. They support bone growth and 

contain osteogenic cell with bone matrix proteins. Usually, autografts are accepted 

by the body with no problem and integrated with the surrounding tissue easily 

[9,12]. However, the restricted donor sites limit the number of autografts, in 

addition, during the medical application, the trauma and scar formation of a donor 

tissue always occur.  

These limitations of natural bone grafts give rise to development of various artificial 

materials as a usage of synthetic bone grafts. They are promising and widely studied 

because they can be modified according to specific applications [13]. Various 

metals, ceramics and polymers have been used as synthetic bone grafts in various 

biomedical applications such as bone implant, bone fracture repair and bone defect 

filling operations. The most important issue in the design of these materials is to 

provide the biocompatibility of the natural bone in terms of structural and 

mechanical properties. Metals and their alloys such as stainless steel, titanium alloys 

have been used as load-bearing materials because of their better mechanical 

properties. However, they do not show osteoconductivity (the ability to permit bone 

growth), osteoinductivity (the ability to stimulate the new bone formation) and 

osteointegration (the ability to chemically bond to the surface of bone without the 

combined fibrous tissue layer) [14]. Ceramic-based materials are the most promising 

for the irregular bone defect filling applications. 
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2.3. Synthetic bone grafts 

2.3.1. Calcium sulfates 

Calcium sulfates used as bone defect filling substitutes as a synthetic bone graft 

material. They were first used by Dreesman in 1892 as bone grafts for cavities due to 

bone defects. In 1950s and 1960s Peltier developed usage of calcium sulfates with 

extended clinical applications [15]. Generally calcium sulfates are not used as solid 

material, but they are used as a cement form. Calcium sulfate dihydrate (CSD) is 

obtained by mixing aqueous solution with calcium sulfate hemihydrate (CSH) via 

highly exothermic cement conversion reaction; 

 
CaSO4.1/2H2O + 3/2H2O → CaSO4.2H2O Eq. [1] 

 
  

    The CSD obtained from the reaction given in Equation 1 is a highly porous material 

with large surface area. It consists of interlocking needle-like crystals [16]. The 

porous microstructure of CSD cements allows the new bone tissue formation. 

However, the resorption rate of CSD is very high. For an ideal bone substitute 

material, the degradation rate should be similar to formation rate of new bone tissue. 

The resorption rate of CSD is faster than the formation of new bone; therefore, it is 

not desired situation for reconstruction of bone defect. In order to overcome this 

problem, calcium sulfate cements are used with other bone grafting materials [17]. 

2.3.2. Calcium phosphate ceramics 

The chemical and structural similarity of calcium phosphates (CaP) to the mineral 

component of natural bone makes them promising candidates as bone substitute 

materials. Calcium ortophosphates are non-toxic, biocompatible and bioactive when 

interacting with bone tissue [18]. That’s why they have been studied as bone repair 

materials for almost 90 years. Albee and Morrison firstly used tricalcium phosphate 

(TCP) as bone substitutes by in vivo implantation in 1920 [19]. In 1951, Ray [20] 

used hydroxyapatite (HAp) as an implantation substitute in rats and guinea pigs. 

After these experiments, other CaP compounds, but most commonly HAp, were 
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synthesized, characterized and used in different applications [21]. The list of 

different CaP compounds with their Ca/P molar ratio and other properties are given 

in Table 2.1.  

 

Table 2.1 Calcium phosphates and their major properties [18] 

 

 

The most important property of CaP compounds is their solubility in aqueous 

solutions. Because if the solubility of a CaP is lower than the mineral part of bone, 

the degradation of CaP compound will be extremely slowly. On the other hand, if the 

solubility of a CaP compound is higher than that of mineral part of the bone, it will 

degrade [21]. Therefore, for the desired properties of application, a degradable or 

bioactive CaP is used. If the formation of new bone tissue is desired, a biodegradable 

CaP compound should be used. Figure 2.3 shows the solubility isotherms of CaP 

compounds in water. 
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Figure 2.3 Solubility isotherms of different calcium phosphate compounds in water as a function of pH [22] 

 

The solubilities shown in Figure 2.3 effect the in vivo performance of CaP 

compounds, the pH stability give information about the long-term use of the 

implants of CaP compounds.  

Generally, the CaP compounds having Ca/P ratio in the range of 1-1.67 are only 

used for biomedical applications. Among the present CaPs listed in Table 2.1, those 

having Ca/P ratio less than 1 shows higher acidity and solubility (MCPM and 

MCPA), and those having Ca/P ratio higher than 1.67 shows higher basicity (TTCP). 

Because of these reasons, these CaP compounds are not suitable for implantation 

into body. However, they can be combined with other CaP compounds in order to 

make them suitable for biomedical applications [23]. Among different calcium 

phosphates listed in Table 2.1, HAp and TCP based compounds are the most suitable 

products for biomedical applications with bone-related ones. 
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2.3.2.1.1. Hydroxyapatite 

In the 1980’s the commercialization of the use of HAp in dental and surgical 

applications has occurred by the studies of Jarcho [24], De Groot [25] and Aoki [26]. 

Because of its similarity to mineral part of natural bone, HAp has been used for bone 

repair and bone regeneration application in different forms such as granules, blocks 

and scaffolds by itself. HAp has been also used with polymers or other ceramics as 

composites in orthopedic and dental applications mainly in non-load bearing parts 

due to their low mechanical properties [27]. 

Stoichometric HAp, Ca10(PO4)6(OH)2, is highly crystalline, the most biocompatible 

and the most stable when compared with other CaP compounds in aqueous solutions 

(as seen in Figure 2.3). Pure HAp crystallizes in the monoclinic space group. 

However above 250 °C, transformation from monoclinic to hexagonal phase occurs 

in HAp. Some impurities stabilize the hexagonal structure of HAp at room 

temperature. Because of this, natural HAp always exhibits hexagonal space group 

[28]. 

For the HAp preparation several techniques, basically divided into solid-state 

reactions and wet methods. In the case of the solid-state synthesis of pure HAp, other 

calcium phosphates react at temperatures above 1200 °C. Homogenous, crystalline 

and stoichiometric HAp can be obtained with this method. However, HAp 

synthesized from solid-state reactions is not similar with natural bone in terms of 

size and shape of the crystals. The wet method for preparation of HAp includes 

precipitation, hydrothermal, sol-gel and hydrolysis of other calcium phosphates. The 

product of wet methods is poorly crystalline, generally in non-stoichiometric form, 

resembling to calcium-deficient HAp (CDHAp) [29].  

2.3.2.2. Calcium-deficient hydroxyapatite 

CDHAp has the chemical formula of Ca(10-x)(HPO4)(PO4)(6-x)(OH)(2-x) where x 

changes between 0 and 1. It is in non-stoichiometric form, Ca/P ratio changes 

between 1.5 – 1.67. CDHAp is obtained by wet methods at pH>7 at low temperature 
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from different CaP compounds [21]. CDHAp nanocrystals show similar physico-

chemical characteristics to bone mineral structures. Because of the deficiency of 

calcium and hydroxide ions, CDHAp nanocrystals have high solubility and high in 

vivo bioresorption rate [30]. It has relatively high surface area, so it exhibits high 

degradation rate. Therefore, CDHAp is a good candidate for temporary bone graft 

applications [31].  

2.3.2.3. Tricalcium phosphate 

There are three polymorphs of tricalcium phosphate (TCP); β-TCP, α-TCP and α$-

TCP. Among them, α$-TCP is not practically used because it exhibits above 1430 °C 

and coverts instantaneously to α-TCP when cooling below the transition 

temperature. β-TCP is the room temperature stable phase and transforms to α-TCP 

at around 1125 °C. By effective quenching processes α-TCP can be preserved at 

room temperature. 

 α- and β-TCP are used in different clinical applications such as dental implants, 

maxillo-facial surgery applications and orthopedics. Although their chemical 

composition is same, their density and solubility is different from each other, which 

makes that their biological properties and clinical usage are different [32]. 

2.3.2.4. β-Tricalcium phosphate (β-TCP) 

β-TCP (β-Ca3(PO4)2) is the room temperature stable phase of TCP. β-TCP has been 

used clinically because of its osteoconductivity and tissue compatibility. As seen 

from Figure 2.3, HAp is the most stable compound in aqueous media, therefore HAp 

shows low degradation rates in vivo which makes it a best candidate material for 

long-term implants. In contrast, β-TCP is biodegradable, so it promotes new bone 

growth [33]. In the case of new bone growth, structure and the pore size of β-TCP is 

very critical [34]. β-TCP cannot be produced by precipitation from aqueous 

solutions. It can be prepared by thermal decomposition above 800 °C. Pure β-TCP is 
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used as polishing agents. Commonly, it is combined with other CaPs (mainly HAp) 

to form biphasic bioceramics and composites [29,32]. 

2.3.2.5. α-Tricalcium phosphate (α-TCP) 

α-TCP (α-Ca3(PO4)2) is the high temperature stable phase and it is obtained  as 

metastable at room temperature. There are different methods to synthesis pure α-

TCP. One technique is the thermal transformation of a CaP compound with Ca/P 

ratio of 1.5. CDHAp precursor, obtained from the precipitation of Ca and phosphate 

precursors with molar ratio of Ca/P = 1.5, can be thermally transformed into α-TCP 

by heating at 1250 °C for 2 h [35]. Bohner et al. [36] synthesized α-TCP from 

amorphous calcium phosphate (ACP) at much lower temperatures, i.e. 600 – 800 °C. 

The simplest and most direct method for obtaining α-TCP is heating β-TCP up to 

transformation temperature, ∼1125 °C, and applying effective quenching [37].             

The other technique for producing pure α-TCP is the solid-state reaction of calcium 

and phosphate precursor. The commonly used precursors are CaCO3 : CaHPO4, 

CaCO3 : NH4H2PO4 and CaCO3 : Ca2P2O7. These solid precursors are milled 

together in order to mix them well, reduce the surface area, therefore, increase the 

contact area. After milling, mixed precursors are fired at a temperature between 1200 

– 1500 °C for 2 – 48 h. Finally, effective quenching should be applied in order to 

obtain only α-TCP phase without forming any other phases [32]. 

Although α-TCP and β-TCP have the same chemical composition, the most 

important difference between them is that α-TCP is much more soluble than β-TCP. 

This property of α-TCP makes it the major component of apatitic calcium phosphate 

cement. α-TCP is converted to HAp in an aqueous solution with the reaction given 

in Equation 2. The end product of this conversion is a hardened solid mass in a 

cement form [21,32].  

 
3 α-Ca3(PO4)2 + H2O → Ca9HPO4(PO4)5(OH) Eq. [2] 
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2.4. Bone cements 

Bone cements are used for filling irregular shaped bone defects. They are self-setting 

and injectable systems. One or more solid phase is mixed with liquid phase. Firstly it 

forms a viscous paste and transforms into a solid and hardened mass. There are 

various important properties of bone cements. Firstly, setting time of bone cement is 

critical. Bone cements must set slowly to give enough time for implantation but must 

be fast not to delay the operation. For dental applications, setting time should be 

close to 3 min and for orthopedic applications it should be close to 8 min. But it must 

be lower than 15 min for any cases [38]. The degradation rate of bone cements is 

also very important. It should degrade after natural bone tissue formation in order to 

be not harmful for bone healing. Moreover, it should have some amount of 

macroporosity for tissue ingrowth [39].  

Firstly, polymethylmethacrylate (PMMA) has been used as bone cement. It was 

firstly introduced by Charnley and Smith in the early 1960s [40]. Hardened PMMA 

cement is obtained by the polymerization reaction of MMA monomer. However, its 

clinical use is limited because of several problems. It is a bioinert material, therefore, 

there is an insufficient linkage to bone surface. The polymerization reaction of 

PMMA is highly exothermic which results in increasing the temperature up to 120 

°C and deformation to surrounding tissue [41]. Moreover, release of unreacted toxic 

MMA monomer poses a risk of chemical necrosis of bone [42]. Mechanical 

properties of PMMA cements are also problematic; they are brittle and have a poor 

fatigue life [43]. Because of the given problems of PMMA cements, more promising 

candidates, which are bioactive and bioresorbable, are investigated.  

2.4.1. Calcium phosphate bone cements 

Calcium phosphate cements (CPC) were first studied by LeGeros et al. [44] and 

Brown and Chow [45] in the early 1980s. Brown and Chow formed an apatitic bone 

cement by mixing tetracalcium phosphate and dicalcium phosphate with an aqueous 
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solution at physiological conditions. In 1987, Lemaitre et al. [46] formulated 

brushite cement consisting of β-TCP and monocalcium phosphate monohydrate or 

phosphoric acid [27].  

CPCs are formed by mixing one or more calcium phosphate powders with aqueous 

solution. Firstly, a viscous paste is formed and then it turns into hardened solid mass 

in a few minutes. Setting reactions occur by dissolving calcium phosphates and 

precipitation into crystals of cement end product [47].  

There are various combinations of CaP compounds which set into solid and 

hardened products upon mixing with liquid reactant. According to the solubility 

data, depending on the pH value of cement, there are only two end products are 

possible; brushite when pH<4.2 and precipitated poorly crystalline apatite when 

pH>4.2. The final hardened product is very critical because it determines the 

solubility, therefore, bioresorbability. Since the mineral part of the natural bone is 

similar to apatite with ion substitutions, apatite cements have been studied in detail.  

2.4.1.1. Brushite cements 

The major end product of brushite cements is dicalcium phosphate dihydrate 

(DCPD, CaHPO4⋅2H2O). Brushite cements are obtained only by acid-base 

interaction. β-TCP + MCPM [46], β-TCP + H3PO4 [48] and TTCP + MCPM + CaO 

[49] are some formulations for setting of brushite cements [47]. Since the 

precipitation of brushite cements occurs when the pH is lower than 6, the setting of 

the paste of brushite cements are acidic [48].  

The solubility of brushite cement depends on the basicity. The solubility decreases 

with increasing the amount of basic CaP compounds. The setting reaction of cements 

is related with the dissolution of initial compounds. Therefore, the setting time of 

brushite cements depends on the solubility of basic phases; the higher the solubility 

of basic phase, the shorter the setting time. 
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Brushite is biocompatible and bioresorbable. When compared with apatite, brushite 

has higher solubility, seen in Figure 2.3. Moreover, it is metastable under 

physiological conditions. Because of higher solubility and metastability, brushite 

cements’ degradation rate is higher than apatite cements’. Therefore, they quickly 

degrade in vivo, this cause rapid decrease in strength [50]. DCPD partially 

transforms to CDHAp by the given reaction in Equation 3; 

 

(10-x)CaHPO2⋅2H2O → Ca(10-x)(HPO4)x(PO4)(6-x)(OH) + (4-x)H3PO4 + 

(18-x)H2O 

 
Eq. [3] 

Due to the transformation from DCPD to CDHAp, release of orthophosphoric acid 

may cause tissue inflammation [47]. In addition to tissue inflammation due to the 

acidic environment, short setting times and low mechanical properties of brushite 

cements hinder their broader clinical usage.  

2.4.1.2. Apatite Cements 

The end product of setting reaction of apatite cement is poorly crystalline HAp or 

CDHAp. Trace amount of the unreacted initial CaP compounds can also be present. 

The end product of poorly crystalline CDHAp has similar characteristics with 

mineral part of the natural bone. There are two types of setting reaction of apatite 

cements; mixing more than one CaP compounds and hydrolysis of one metastable 

CaP compound with the same Ca/P ratio with the end product of apatite cement, 

CDHAp [47]. 

The first cement formulation is set by the acid-base interaction, which means that 

relatively acidic CaP compound mixes with relatively basic CaP compound in an 

aqueous media to form a neutral hardened CaP solid mass. Brown and Chow [45] 

was reported the first cement by reaction between TTCP (basic) and DCPA (acidic) 

in an aqueous media shown in Equation 4 and 5.  

 

2 Ca4(PO4)2O + 2 CaHPO4   Ca10(PO4)6(OH)2 Eq. [4] 
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6 Ca4(PO4)2O + 3 CaHPO4   2 Ca9(HPO4)(PO4)5OH Eq. [5] 

 

As seen from Equation 4 and 5, by changing the ratio of TTCP and DCPA, both 

stoichiometric HAp and CDHAp can be obtained. When TTCP and DCPA are 

dissolved in aqueous media, Ca2+ and (PO4)3- ions are released. HAp formation takes 

place when sufficient amounts of ions are supplied. With the given two equations it 

is seen that the TTCP with Ca/P ratio of 2 dissolves more calcium ions. Therefore, 

cement setting rate is determined by the dissolution of (PO4)3- from DCPA. The 

setting time of apatite is longer than brushite cements. Setting time of TTCP + 

DCPA in DI water was reported approximately 30 minutes which is not suitable for 

clinical use [27]. For decreasing the setting time of cement, Ishikawa et al. [51] 

reported that using hydrogen phosphate aqueous solution supplies phosphate ions, 

therefore, this increases the setting rate of cement.  

The second type of CPC setting reaction is hydrolysis of a metastable CaP 

compound. The reactant compound and end product have the same Ca/P ratio. In this 

category, the most popular self-setting single compound is α-TCP which is also the 

focus of this study. α-TCP cements were firstly studied by Monma and Kazanawa in 

1976 [52]. The setting reaction of α-TCP cement is given in Equation 6; 

 
3 α-Ca3(PO4)2 + H2O → Ca9(HPO4)(PO4)5OH Eq. [6] 

 

Cement reaction of α-TCP occurs in two stages; first dissolution of α-TCP precursor 

in aqueous solution and then precipitation of CDHAp by nucleation and growth.  

The cement-type reaction kinetics of α-TCP depends on temperature, chemistry, 

crystallinity and particle size of α-TCP powders [47]. The setting reaction of α-TCP 

to CDHAp consists of three stages, (1) dissolution of α-TCP powders in aqueous 

solution, (2) nucleation and (3) growth of crystals. Therefore, the setting reaction can 

be changed by modifying these stages. Dissolution of α-TCP powders starts from the 
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surface, so increasing the surface area between powder and liquid results in faster 

reaction kinetics. The easiest way to increase the surface area of powders is 

performing long milling operations [53]. However, by milling operation the particles 

can not be decreased than a few micrometers [54]. Synthesizing nanosized α-TCP 

powders can be another way for increasing the surface area. By decreasing the pH of 

reactant media using Na2HPO4 can also increase the dissolution rate [53]. In order to 

increase the nucleation rate of CDHAp crystals, the desired end product is seeded. 

This improves the reactivity and increases the reaction rate. Brown and Chow [45] 

was reported that seeding 25 % of HAp to DCPD-TTCP system reduced the setting 

time by 50 %. Similar situation is also valid for α-TCP, in this case HAp which acts 

as nucleation agent was seeded. Durucan and Brown [55] showed that seeding 1 – 5 

wt. % HAp accelerates the hydration reaction rate and decreases the time required 

for both nucleation and growth. Using a liquid phase with dissolved calcium and 

phosphate ions increases both the nucleation and growth rate. This phenomena is 

called as common ion effect [53].  

2.5. Therapeutic agents incorporation in calcium phosphate cements 

CPCs are injectable, biodegradable materials, they set at ambient temperatures and 

they have near neutral pHs with high surface area. Therefore, these properties make 

these cements promising candidates as drugs, hormones, proteins, growth factors and 

metallic ion carriers. 

2.5.1. Calcium phosphate cements as drug delivery systems 

CPCs can be used for as drug delivery systems for the treatment of various skeletal 

diseases, such as bone tumors, bone osteoporosis and osteomyelitis. These 

treatments normally require long and painful therapies [56]. The drugs can be 

introduced into both the liquid or solid phase of the cements. During the chemical 

reaction and the setting of cements, physicochemical properties of drugs should not 

change. After setting, the drugs should be slowly released from the pores of cements. 

Figure 2.4 shows the incorporation of drugs in cement systems [56,57]. 
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Figure 2.4 Schematic illustration of preparing drug incorporated CPCs and its application into a bone fracture 

 

Different types of drugs such as antibiotics, anti-cancer drugs, anti-inflammatory 

drugs have been incorporated to CPCs for various applications.  

In bone replacement, after surgical therapy, in the presence of orthopedic infections, 

in periodontal diseases antibiotics are used for treatment. The most important key 

factor for the success during the surgical intervention of implantation is the 

preventation from bacterial infections. Wound contamination or infections occurred 

after operation may cause some problems. Therefore, antibiotics are often provided 

either orally or intravenously. However, little accessibility of the site of injection 

extends the treatment of bone infections. Therefore, some treatments are developed, 

such as doping antibiotics to PMMA, calcium sulfate or calcium phosphate 

ceramics. However, these treatments have some disadvantages. In order to overcome 

these drawbacks, antibiotics are combined with CPCs. Antibiotics are the most 

extensively studied drugs for incorporation to CPCs. By the addition of antibiotics, 

the setting reaction of CPCs can be modified, as a result, the physico-chemical and 



 

 
 

22 
 

mechanical properties can change. Commonly, antibiotics tend to increase the setting 

time and decrease the mechanical strength of CPCs. Takechi et al. [58] incorporated 

different concentrations of flomoxef sodium, which is a widely used antibiotic, to the 

solid phase of an apatitic cement. They reported that by increasing the concentration 

of antibiotics, the mechanical strength of cement was decreased. This decrease was 

attributed to increased porosity and to some inhibition of the setting reaction. After 

72 h 55-60 % of antibiotic was released from the cement. Ratier et al. [59] reported 

that the reduction in mechanical properties of cements is because of the chemical 

interaction between antibiotic and the cement. When the antibiotics were introduced 

to the cement systems already complexed with calcium ions, the interaction between 

cement and antibiotics were limited. Therefore, the setting time and mechanical 

strength were not influenced with addition of higher amounts of antibiotics [60].  

Not only antibiotics, but also as anti-inflammatory, analgesic and anti-cancer drugs 

are incorporated to CPCs for different applications in the musculoskeletal system. 

Ginebra et al. [61] studied the effect of addition of amino salicylic acid, which is an 

analgesic and anti-inflammatory drug, to an α-TCP based cement. With the 

incorporation of drug, the injectability was improved, mechanical strength increased. 

However, the reaction rate of cement decreased. As an anti-cancer drug 

mercaptopurine, which inhibits the proliferation of tumoral cells, was studied by 

Otsuka et al. [62]. They incorporated it to CPC. They reported that setting reaction 

was not affected with drug incorporation. Moreover, they observed that by changing 

the liquid-to-powder ratio of cement paste the drug release rate can be modified [60]. 

2.5.2. Incorporation of metallic ion in calcium phosphate cements 

Commonly used organic drugs are not suitable for the fabrication of porous scaffold 

with desired structural and mechanical properties. The fabrication conditions such as 

high temperature, use of pressure and free radicals are not compatible with drug 

stability and drug release. This fabrication processes lead to decomposition of drugs. 

Therefore, the use of metallic ions become attractive as therapeutic agents as they 
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are more stable and they do not have a risk of decomposition [63]. Moreover, 

metallic ions interact with other ions and bind to macromolecules such as enzymes 

and nucleic acids so they can modify cellular and biological functions and cell 

metabolism [64]. All these properties are related with the kinetics of release of 

metallic ions from scaffold material. However, concentration of metallic ion loading 

and controlled release of these ions are very important for delivery of metallic ions 

for therapeutic use. Higher concentration of metallic ion and extensive release of 

ions can cause toxicity [63]. 

Calcium phosphates ceramics and calcium phosphate cements are attractive 

materials for doping metallic ions. Therefore, there are numerous of works related to 

different metallic ions, as therapeutic agents, doped to both various CaP ceramics 

and cements. Among these ions, Cu2+ and Ag+ are used as antibacterial agents, Sr2+, 

Mg2+, Zn2+ and Si4+ are used to enhance bone growth and reduce bone resorption and 

Se-based ions (SeO4
2- and SeO3

2-) are used as anti-cancer agents.  

2.5.2.1. Metallic ion dopants for bone formation 

Strontium is a present ion in bone and it is known that low doses of Sr are used for 

osteoporosis treatment. Strontium in the form of Sr chloride or Sr ranelate promotes 

bone formation and reduces bone resorption [65], [66]. The positive effects of Sr in 

long-term clinical use make them promising candidates as doping agents for CaPs. 

The effect of Sr2+ ion in both brushite and apatite cements were investigated. It was 

reported that Sr addition retards the setting reaction; on the other hand, the 

mechanical properties of brushite cements are not significantly influenced by the Sr 

incorporation [67]. The hydrolysis reaction rate of α-TCP decreased with the 

addition of Sr. The low doses of Sr usage allows to modulate the setting time of 

cement and it has a beneficial effect on bone cells. Therefore, Sr-incorporated α-

TCP based cements are potential candidates in the treatment of osteoporosis [68]. 

Silicon is a necessary trace mineral for the bone formation, it increases the density of 

bone, so the bone strength is enhanced [69]. Si addition improves the bioactivity of 
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CaPs therefore, Si-incorporated CaP have been widely studied. During Si 

incorporation in CaPs, SiO4
4- is substituted for PO4

3- groups. There are numerous 

studies on the Si-doped HAp systems. However, there are few studies related with 

the Si-substitution in α-TCP powders and CPCs [70]. Wei and Akinc [71] studied on 

doping Si and Zn in TCPs with the molar ratio (Zn+Ca)/(P+Si) of 1.5. They found 

that Zn-incorporation favors the formation of β-TCP, while Si doping favors the 

formation of α-TCP. Reid et al. [70] prepared Si-substituted CaP powders with the 

constant Ca/(P+Si) ratio of 1.5. They showed that single phase Si-incorporated α-

TCP (Si-α-TCP) forms when the Si content is between 0.59-1.14 wt. %. When it is 

below than 0.59 wt. %, there phase mixtures of Si-α-TCP, β-TCP and HAp forms. 

When Si content is higher than 1.14 wt. % Si-α-TCP and HAp mixture forms. There 

are limited studies on the Si incorporated α-TCP cements in literature.  

Mg and Zn ions are known to influence osteoclast and osteoblast activity; therefore, 

they promote bone formation. The effect of Mg and Zn ions on CPCs was 

investigated with preparing cement by mixing Mg and Zn doped amorphous calcium 

carbonate phosphate with α-TCP and monocalcium phosphate monohydrate. It was 

seen that setting time and porosity decreases with the order of Mg > Zn, whereas the 

order is reversed for compressive strength [72]. 

2.5.2.2. Metallic ion dopants as anti-bacterial agents 

Silver has been used as antibacterial agent in medicine for a long time, it is used in 

ionic form or particulate form for various applications. Ag+ prevents biofilm growth 

onto surfaces of materials and inhibits bacterial proliferation by the release of silver 

ions in controlled manner [73]. Moreover, Ag+ binds with microbial DNA of –SH 

groups of bacteria enzymes. This bonding makes the bacteria cells inactive [74]. 

Therefore, Ag-doped calcium phosphates have been widely studied. Ewald et al. [75] 

produced silver-doped apatite and brushite cements using silver-doped α-TCP and 

silver-doped β-TCP respectively. It was reported that low doses of Ag+ usage allows 

host cells to grow without exhibiting any toxic properties and growth of bacteria 
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cells are inhibited. Moreover it was reported that the compressive strength of silver-

doped brushite cement was increased by 30 %, whereas that of silver-doped apatite 

cement was reduced by 50 %. However, this decrease is acceptable for the use in the 

craniofacial region. Peetsch et al [76] paid attention that using higher concentration 

of silver cause occurrence of toxic reaction for the surrounding tissue. Without 

reaching the cytotoxic silver concentration, using silver-doped CPCs can achieve 

antibacterial effect.  

2.5.2.3. Selenium: Anti-cancerous metallic ion dopant 

Selenium is a necessary mineral for human biology and it’s a component of 

selenoproteins, which are essential to human immune systems and have important 

enzymic functions. Selenium is an important ion for human health in terms of cancer 

preventation [77]. The dose of selenium supplemented is highly important for 

protective roles against cancer cells. Food and Agriculture Organization/World 

Health Organization has set the recommended daily dose of selenium 26-34 µg/day, 

higher than this level is required to inhibit genetic damage and cancer development. 

The advised doses of selenium for cancer treatment are 100-200 µg/day and 

approximately 400 µg Se/day is considered an upper safe limit [78].    

Selenium and its compounds have been widely used as coating material and dopant 

as anti-cancer agent. Wang et al. [79] synthesized selenium-incorporated HAp. They 

reported that Se addition activates the apoptosis of cancerous bone cells and this 

effect is suggested to activate intrinsic mitochondrial apoptotic pathway. Selenium 

incorporation in CPC has not been studied yet. 

2.6. Objective and structure of the thesis 

There are two main objectives of this thesis. The first objective is synthesis of phase 

pure and reactive α-TCP by solid-state reaction of calcium and phosphate precursors 

and investigating the hydration kinetics of convertion of α-TCP into hardened 

CDHAp by cement reaction. The second main objective is producing Se-
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incorporated α-TCP (α-TCP:Se) by again solid-state reaction with additionally using 

selenite precursor. α-TCP:Se is hydrated at 37 °C to obtain hardened CDHAp:Se 

cement product. The structural characterization and reaction kinetics are examined in 

a comparative manner.  

The thesis is mainly composed of two chapters. Chapter 3 gives the experimental 

protocols and analytical techniques used in the thesis in detail. In Chapter 4 results 

on pure and Se-incorporated α-TCP (α-TCP:Se) powders synthesized by solid-state 

reaction are shown. The changes in chemical, morphological and structural 

properties of α-TCP were investigated with different amounts of Se-incorporation. 

α-TCP and α-TCP:Se powders were hydrated with DI water at 37 °C and the 

reaction kinetics of conversion reaction to hardened CDHAp cement product were 

investigated. The hydration efficiency with different amounts of Se incorporation 

was compared with pure α-TCP. Phase identification, morphological and chemical 

investigation of hydration products of α-TCP and α-TCP:Se was performed. 
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CHAPTER 3  

 

3. MATERIALS AND METHODS 

 

The α-tricalcium phosphate (α-Ca3(PO4)2 or α-TCP) and Se-incorporated α-TCP 

(α-TCP:Se) powders were synthesized by a high temperature solid-state reaction of 

proper starting materials. In this chapter, experimental procedure of the synthesis of 

α-TCP and Se-incorporation to α-TCP were described. Assessment of cement type 

conversion efficiency of pure and Se-incorporated α-TCP → CDHAp is described. 

Material characterization techniques used in this thesis and analyses details were 

explained in this chapter.  

3.1. Materials 

α-TCP was prepared by a high temperature solid-state reaction of stoichiometric 

amounts of calcium carbonate (CaCO3, reagent grade Merck, Germany) and 

chemically synthesized monetite (CaHPO4) at 1200 °C for 2 h. Monetite was 

synthesized by using calcium precursor of CaCO3 and phosphorous source of 

phosphoric acid (H3PO4, 85wt. %, Merck, Germany). For Se-incorporated α-TCP as 

a Se source sodium selenite (Na2SeO3, Bioreagent, suitable for cell culturei 98 %; 

Sigma-Aldrich) was used. Ultrapure deionized (DI) water was used. 

3.2. Experimental Procedures 

3.2.1. Synthesis of pure α-TCP 

For the synthesis of pure α-TCP, one of the precursor was chemically synthesized 

CaHPO4, which was started from CaCO3. First 15 g of CaCO3 was calcined at 1010 

°C for 2 h. After that reaction, the product was CaO. 10.9 g of CaO was hydrated 

with 100 mL excess DI water at room temperature for approximately 1 h to obtain 

the slurry of Ca(OH)2. Then, the slurry was mixed with 22.4 g phosphoric acid at 
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around 55-60 °C for 1.5 h. This reaction was done in open atmosphere by heating the 

mixture on a hot plate under continuous mixing. CaHPO4 was precipitated in the 

aqueous mixture. After, the mixture was vacuum filtered with a fine filter paper. The 

solid product was kept at 70 °C overnight for drying. 

α-TCP was synthesized by a high temperature solid-state reaction of CaCO3 and 

CaHPO4 with a reaction given in Equation 7:  

 
CaCO3(s) + 2CaHPO4(s) → Ca3(PO4)2(s) + H2O(g) + CO2(g) 

Eq. [7] 

 

1:2 mol proportion of CaCO3 and CaHPO4 was mixed in a NalgeneTM container with 

liquid medium, which is acetone in this experiment, and mixed by Turbula mixer 

(Model T2F, System Schatz, Switzerland). For evaporating acetone from the 

mixture, the homogenized mixture was dried in air for overnight, then it was fired at 

1200 °C for 2 h in alumina crucible to obtain α-TCP.  

There are two most commonly observed polymorphs of TCP, which are α- and β-

TCP. α-TCP is high temperature polymorph and it transforms into β-TCP at 1150 °C 

under equilibrium cooling conditions. Therefore, in order to avoid formation of β-

TCP and obtain phase pure α-TCP, effective quenching is required. After firing the 

CaCO3 and CaHPO4 mixture at 1200 °C for 2 h, the fired red hot mass was 

immediately quenched in air using stainless steel plate. Firstly, the quenched product 

was ground using mortar and pestle into powder form then α-TCP powders were 

milled in a NalgeneTM in liquid medium of acetone for 1 h with 20 mm zirconia balls 

by Turbula mixer (Model T2F, System Schatz, Switzerland).        

3.2.2. Synthesis of Se-incorporated α-TCP 

For the synthesis of Selenium-incorporated α-TCP (α-TCP:Se), Se ion was not 

incorporated directly to α-TCP powder during high temperature reaction. Se 

incorporation was performed with modifying the chemistry of the custom 

synthesized precursor used in obtaining the α-TCP, which is monetite, CaHPO4. 
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Pure 15 g of CaCO3 was calcined at 1010 °C for 2 h. The reaction product CaO was 

mixed with 100 mL excess DI water to obtain Ca(OH)2 in slurry form. 

For Se-incorporation Na2SeO3, a Se containing salt was used as a Se ion source.  For 

5 wt. % Se-incorporated CaHPO4 (CaHPO4:Se:5wt.%), 3 g of Na2SeO3, for 10 wt. % 

Se-incorporated CaHPO4 (CaHPO4:Se:10wt.%) 6.1 g of Na2SeO3 was used.  

Ca(OH)2, different amount of Na2SeO3 and proper amount of H3PO4 was mixed at 

55-60 °C for 1.5 h. CaHPO4:Se was precipitated in the aqueous mixture. After, the 

mixture was vacuum filtered with a fine filter paper. The solid product was kept at 

70 °C overnight for drying. Figure 3.1 shows the schematic illustration of synthesis 

route of modified monetite powders. 

 

 

Figure 3.1 Schematic illustration of synthesis of pure CaHPO4 and Se-incorporated CaHPO4 

 

Se-incorporated α-TCP (α-TCP:Se) was synthesized by a high temperature solid-

state reaction of CaCO3 and CaHPO4:Se with a reaction given in Equation 8: 

 
CaCO3(s) + 2CaHPO4:Se(s) → Ca3(PO4)2:Se(s) + H2O(g) + CO2(g) 

Eq. [8] 

 

v v 

CaO powders 
 (10.1 g) 

CaO + H2O→Ca(OH)2 

Ca(OH)2 

H3PO4 
(32.2 g) 

Na2SeO3 

Mixed 1.5 h at 
55-60°C 

CaHPO4 or 
CaHPO4:Se 

Ca(OH)2 + H3PO4 →  CaHPO4 + H2O 
Ca(OH)2 + H3PO4 +  (Na2SeO3)aq → CaHPO4:Se + H2O 

H2O 
(150 mL) 
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1:2 mol proportion of CaCO3 and CaHPO4:Se was mixed in a NalgeneTM container 

with acetone and mixed by Turbula mixer (Model T2F, System Schatz, Switzerland). 

For evaporating acetone from the mixture, the homogenized mixture was dried in air 

for overnight, then it was fired at 1200 °C for 2 h in alumina crucible to obtain α-

TCP:Se. The synthesis of α-TCP from CaHPO4 is shown in Figure 3.2.  

 

 

Figure 3.2 Schematic illustration of synthesis of pure α-TCP and Se-incorporated α-TCP 

 

The complete characterization of CaHPO4:Se and α-TCP:Se will be given in the 

Results chapter. Figure 3.3 shows the flowchart of the solid-state synthesis route of 

pure and Se-incorporated α-TCP particles.  
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Figure 3.3 Flowchart of the solid-state synthesis of pure α-TCP and Se-incorporated α-TCP 

 

3.2.3. Preperation of pure Calcium-Deficient Hydroxyapatite 

(CDHAp) and Se-incorporated CDHAp (CDHAp:Se) cements 

For the preparation of pure CDHAp, pure solid-state reaction products of α-TCP 

powders were reacted with DI water to obtain the final form of cement. Firstly, the 

α-TCP powders were placed in glass flasks and required amount of DI water was 

 
CaCO3 → CaO + CO2 (1010oC, 2 h in ambient atmosphere ) 

  

 
CaO + H2O → Ca(OH)2 (Magnetic stirring for 1 h)  

  

Pure CaHPO4: 
 

Ca(OH)2 + H3PO4 → CaHPO4 + H2O 
 

Magnetic stirring at 55 - 60oC for 1.5 h 
Precipitated product is filter dried and kept at 70oC 
overnight  

  

CaHPO4:Se: 
 

Ca(OH)2 + H3PO4 +  (Na2SeO3)aq* → CaHPO4:Se + H2O 
 

Magnetic stirring at 55 - 60oC for 1.5 h 
Precipitated product is filter dried and kept at 70oC 
overnight  
 
* Se-containing solution was added 

 
CaCO3 + 2CaHPO4 → Ca3(PO4)2 + CO2 + H2O 

 
Fired at 1200oC for 2 h in ambient atmosphere  

  

 
CaCO3 + 2CaHPO4:Se → Ca3(PO4)2:Se + CO2 + H2O 

 
Fired at 1200oC for 2 h in ambient atmosphere  

  QUENCHING 

α!TCP%%

QUENCHING 

α!TCP:Se%%
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ejected on the flasks for starting the reaction between α-TCP powders and DI water. 

The reaction was conducted in a closed bath system at 37 °C for 48 h. After the 

cement-type conversion reaction was completed, α-TCP powders were completely 

transformed to CDHAp cements with a reaction given in Equation 9: 

 
3α-Ca3(PO4)2 + H2O → Ca9(HPO4)(PO4)5(OH) 

Eq. [9] 

 

The Se-incorporated CDHAp cements were prepared by mixing as-synthesized α-

TCP:Se powders and adequate amount of DI water with solid:liquid ratio of 1:2 in 

glass flask. The mixture was kept in closed bath system at 37 °C. The production 

processes of pure and Se-incorporated CDHAp cements are schematized in Figure 

3.4. Reaction kinetics of hydration of α-TCP powders was investigated with 

isothermal calorimetry which will be given in Results chapter.  

 

 

Figure 3.4 Schematic illustration of synthesis of pure CDHAp and Se-incorporated CDHAp 
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3.3. Characterization of solid state synthesis products of α-TCP and α-TCP:Se 

and their hydrated cement-end products 

3.3.1. Phase Identification: X-Ray Diffraction Analysis 

Phase identifications and formation of unwanted secondary phases investigations for 

α-TCP and α-TCP:Se particles, their precursor powders which are CaHPO4 and 

CaHPO4:Se and their hydration products which are CDHAp and CDHAp:Se were 

performed by X-Ray Diffraction (XRD) measurements using Bruker D8 Advance 

diffractometer. XRD pattern was obtained using Cu Kα radiaton with λ: 1.5418 Å, at 

an operation voltage of 40 kV and the current of 30 mA. The XRD patterns of all 

calcium phosphate powders and their cement-type hydration products were scanned 

between 2θs of 20°-40° at a scanning rate of 2°/min.  

3.3.2. Microstructural Investigation: Scanning Electron Microscopy 

The microstructure of pure and Se-incorporated calcium phosphate powders, TCP 

particles and their cement products were investigated in terms of particle shape, size 

and size distribution using FESEM Nova NanoSEM 430 model scanning electron 

microscope (SEM). Since all the powders are not conductive, they were coated with 

gold before the SEM examination.   

3.3.3. Energy Dispersive X-Ray Analysis 

In order to identify the composition of component elements, Energy dispersive X-

Ray analysis (EDS) was performed using EDS detector in JEOL 2100 F model 

(JEOL Ltd,, Tokyo, Japan). The EDS spectrum was collected at 20 kV for 60-70 

seconds. Carbon and oxygen atoms were excluded from the EDS spectrum results 

because of their low reliability for EDS analysis. For each samples the wt. % of each 

element was finally listed.  
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3.3.4. Chemical Structure Analysis: Infrared Spectroscopy 

Fourier transform infrared spectroscopy (FTIR) analyses were performed to 

investigate the chemical structure of pure and Se-incorporated α-TCP powders and 

their hydrated cement-type products, CDHAp. The analyses were done using FTIR 

Frontier spectrometer (Perkin Elmer, USA). The samples were investigated in pellet 

form. They were prepared by mixing 3 mg of investigated powders with 200 mg 

KBr powders. The mixture was ground using agate mortar and pestle and filled into 

a pellet forming die. The pellets were obtained after applying approximately 7 tons 

of force for 40 seconds. The spectrum was collected in absorbance mode between 

2000-450 cm-1.  

3.3.5. Reaction Kinetics Studies: Isothermal Calorimetry 

The hydration reaction kinetics of α-TCP and α-TCP:Se particles was studied using 

isothermal calorimetry (TAM Air TA Instruments, Lindon, USA). The powder was 

placed in a glass ampule and a liquid reactant, which is DI water in this study, was 

filled in a syringe. The glass ampule with syringe was inserted into a closed 

calorimetry chamber. The solid:liquid ration was 1:2 for all experiments. 

Meanwhile, as a reference sample appropriate amount of inert CaSO4.½H20 powder 

was placed in a different ampule and inserted into the reference chamber. Baseline 

was obtained until the thermal equilibrium was established. After that, DI water was 

injected into the powder sample. With mixing DI water and reactant powder, the 

cement reaction was started. The isothermal chamber was kept at physiological 

temperature (37 °C) for all experiments. The rate of heat release (dQ/dt) was 

continuously monitored during the reaction. Finally, the heat flow due to hydration 

as a function of time was obtained which was related to reaction kinetics and 

hydration efficiency.  
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CHAPTER 4  

 

4. RESULTS AND DISCUSSION 

 

In this chapter, characterization of pure α-TCP and different amounts of Se 

incorporated α-TCP powders synthesized by solid-state reaction that was explained 

in Section 3.2.1 and Section 3.2.2 is presented with a comparative manner. First of 

all, in order to analyze the phases and their characteristics XRD was performed for 

α-TCP and α-TCP:Se powders. The effect of Se incorporation in the phase 

characteristics and crystallinity was investigated. The chemical identity of the 

powders was examined by SEM-EDS analyses. The microstructural/morphological 

properties and the extent and effect of Se incorporation were studied by SEM 

analyses. Further, chemical identification was performed by FTIR analyses for both 

α-TCP and α-TCP:Se powders. Cement-type reaction kinetics was investigated by 

isothermal calorimetry for α-TCP and α-TCP:Se powders in a comparative manner. 

The cement-end products of CDHAp and CDHAp:Se was revealed by SEM, XRD, 

EDS and FTIR. The effect of the addition of Se in reaction kinetics was examined in 

detail.  

4.1. Characterization of α-TCP and α-TCP:Se powders 

Selenium incorporation was performed by modifying the chemistry of one of the 

custom synthesized precursor phase used in obtaining α-TCP rather than performing 

during direct high temperature synthesis of α-TCP. Figure 4.1 shows the XRD 

pattern of pure, 5 wt. % and 10 wt. % Se-incorporated CaHPO4 powders. 
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Figure 4.1 The XRD diffractogram of the synthesized pure CaHPO4, CaHPO4:Se:5wt.% and 
CaHPO4:Se:10wt.% (all peaks correspond to CaHPO4 with JCPDS 09-080) 

 

As it can be seen from Figure 4.1 all peaks of XRD diffractogram shows that phase 

pure CaHPO4 was obtained for all pure CaHPO4, CaHPO4:Se:5wt.% and 

CaHPO4:Se:10wt.%. Neither the other intermediate phases of calcium phosphates 

nor Se-compounds were formed in the structure.  

The SEM micrographs of pure CaHPO4, CaHPO4:Se:5wt.% and CaHPO4:Se:10wt.% 

are shown in Figure 4.2. Se-incorporated CaHPO4 crystals have a different 

microstructure when compared with pure CaHPO4. It can be said that this change is 

an indirect evidence of Se incorporation. The pure CaHPO4 has a spongy-like 

microstructure, while Se-containing CaHPO4 crystals exhibit well-defined plate-like 

forms in reticulated organization.   
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Figure 4.2 SEM micrographs of pure CaHPO4(a), CaHPO4:Se:5wt.%(b) and CaHPO4:Se:10wt.%(c) 

 

CaHPO4 was prepared by precipitating mother solutions of Ca(OH)2 and H3PO4 with 

proper amounts of Se ion-containing Na2SeO3 aqueous solution as explained in 

Chapter 3. It was pre-assumed that all Se addition will go into CaHPO4 crystals. 

However, EDS results shows that there is a limited of Se incorporation as shown by 

the figures given in Table 4.1. This finding suggests that some of dissolved Se was 

remained in the main precipitation media (here water-based liquor) and was lost 

during filtering of the precipitate cake. From here after, the Se-incorporated (with 5 

wt. % or 10 wt. % according to theoretical) systems will be referred in semi-
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quantitative manner as low- and high-Se incorporated product, somewhat 

overseeing the absolute amount of Se-incorporation  

 

Table 4.1 EDS analysis of pure CaHPO4, CaHPO4:Se:5wt.% and CaHPO4:Se:10wt.% (All EDS results are in 
wt.%) 

Element CaHPO4 CaHPO4:Se:5wt.% CaHPO4:Se:10wt.% 

Se 0 1.7 4.9 

P 38.9 39.2 40.9 

Ca 61.1 59.1 54.2 

 

From EDS analyses, it is clearly seen that Se exhibits in CaHPO4 phases with lower 

amount than the theoretical values. From the XRD results, given in Figure 4.1, the 

only phase in the structure is CaHPO4. The absence of formation of Se-compounds is 

a direct evidence of successfully doping Se in CaHPO4 without forming any other 

phases. Se forms Se−O bonds and replacing for phosphate groups. Figure 4.3 shows 

the EDS spectrum of pure, 5 wt. % and 10 wt. % Se-incorporated CaHPO4 powders. 

In order to maintain the charge neutrality destructed by Se ion incorporation, Ca ion 

content decreases and P ion content increases.  
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Figure 4.3 EDS spectra of pure CaHPO4(a), CaHPO4:Se:5wt.%(b) and CaHPO4:Se:10wt.%(c) 

 

α-TCP (or α-TCP:Se) was prepared by solid-state reaction of proper amounts 

CaCO3 and previously synthesized CaHPO4 (or CaHPO4:Se) at 1200 °C, where hot 

solid mixture mass was air quenched. Figure 4.4 shows the XRD diffractograms of 

as-synthesized pure α-TCP, α-TCP synthesized using Se-incorporated CaHPO4 

particles. 

For the pure α-TCP product, all peaks completely match with α-TCP with JDPDS 

card no 09-348. There is no other diffraction peaks for other calcium phosphate 

phases, therefore it can be said that phase pure α-TCP is obtained. Because of the 

effective quenching, β-TCP formation is completely suppressed for all three 

samples. (Since the only formed polymorph of TCP is α-TCP, it will be referred as 

TCP only, hereafter.)    
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Figure 4.4 The XRD diffractogram of solid-state synthesis products of pure TCP, low-Se-incorporated TCP and 
high-Se-incorporated TCP (JCPDS 09-348 for α-TCP, JCPDS 09-432 for HAp) 

 

As seen from XRD diffractogram in Figure 4.4, when the amount of Se-

incorporation is low the formation of other calcium phosphate compounds is not 

observed. α-TCP remains phase pure. However, relatively higher amount of Se 

addition leads the formation of HAp together with α-TCP. This situation may 

promote cement-type reactivity of α-TCP. Since pre-existing HAp crystals formed in 

this step may act as nucleation agent/source during hydration of α-TCP to CDHAp ; 

cement reaction products, i.e. newly formed HAp crystals may grow on the pre-

existing HAp crystals.  

The SEM micrographs of pure TCP, TCP particles formed using low-Se-

incorporated and high-Se-incorporated TCP powders are given in Figure 4.5. All 

TCP powders exhibit irregularly-shaped granule-like, semi-fused form. This 
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morphology is characteristic for ceramic powders synthesized by high temperature 

solid-state reaction as reported previously by Cicek et al. [80]. No morphological 

variation/change was observed due to use of Se-incorporated CaHPO4 precursor.       

 

 

Figure 4.5 SEM micrographs of pure TCP(a), TCP:Se:low(b) and TCP:Se:high(c) 

 

The chemical analyses of pure TCP and TCP particles formed using low- and high-

Se-incorporated CaHPO4 powders are represented by the EDS data shown in Table 

4.2. As explained before, limited and lower amount Se incorporation was realized in 

synthesis of CaHPO4. There is an additional lost for Se content when these CaHPO4 

powders were employed as a precursor in making TCP powders, as it can be seen by 

comparing the values in Table 4.1 and Table 4.2. This additional lost of Se may be 

due to high temperature firing.  
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Table 4.2 EDS spectra of pure TCP, TCP:Se:low and TCP:Se:high (All EDS results are in wt.%) 

Element TCP TCP:Se:low TCP:Se:high 

Se 0 1.2 2.2 

P 35.9 34.2 31.6 

Ca 64.2 64.6 66.2 

 

Further chemical analyses of pure TCP and TCP particles formed using low- and 

high-Se-incorporated CaHPO4 powders were carried out by FTIR. The transmittance 

spectra in the range of 2000-400 cm-1 are shown in Figure 4.6. The data shows two 

major bands of phosphate absorption. The bands at around 565 cm-1 and 600 cm-1 

correspond to antisymmetric bending mode of P-O bonds. The bands at 970 cm-1, 

1050 cm-1 and 1100 cm-1 are for symmetric stretching and antisymmetric stretching 

modes of P-O bonds. No absorption event that can be assigned to Se-O bonding was 

observed or low- and high-Se-incorporated TCP samples, most likely due to low 

content of Se addition as revealed by the EDS analyses. (The whole FTIR spectra in 

the range of 4000-500 cm-1 is given in Appendix)       
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Figure 4.6 FTIR spectra of phosphate regions of pure TCP(a), TCP:Se:low(b) and TCP:Se:high(c) in the range 
of 2000-500 cm-1 

 

4.2. Cement conversion of TCP samples 

4.2.1. Characterization of cement products 

After synthesis and characterization of pure, Se-incorporated α-TCP powders, their 

cement-type reactivity was investigated. All three powders were reacted with DI 

water at physiological temperature (37 °C) to obtain conversion to hardened end 

product of CDHAp. Figure 4.7 shows the XRD diffractograms of end products of 

cement reaction for pure, Se-incorporated α-TCP powders. The data are for resultant 

products after 48 h of reaction at 37 °C. The reaction was stopped by washing the 

wet cement end products with acetone and drying them at open atmosphere.  
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Figure 4.7 XRD diffractograms of hydration products of pure TCP, TCP:Se:low and TCP:Se:high (All peaks 
correspond to HAp with JCPDS 09-432 and α-TCP with JCPDS 09-348) 

 

XRD diffractograms show that during hydration of pure α-TCP there is a limited 

transformation to HAp, trace amount of unreacted α-TCP remains for pure reactant; 

it was not fully converted to HAp. However, Se-incorporated α-TCPs on the other 

were fully converted to HAp without any remaining reactant phase. This suggests 

that Se-incorporation enhances hydraulic reactivity and cement reaction kinetics.  

SEM micrographs given in Figure 4.8 show the microstructure of end product of 

CDHAp particles and gives information about hardening by hydration of α-TCP 

powders. All CDHAp crystals exhibit reticulated needle/plate like morphology 

which are similar with the results reported previously [81]. This morphology change 

from granular shaped ceramics to flake-like morphology is typical for the self-setting 

reactions of dissolution and precipitation and characteristic to cement-type hydration 

leading to hardening. The morphologies of CDHAp cement products have no distinct 

change with Se-incorporation as seen from comparing Figure 4.8(a) with Figure 

4.8(b) and Figure 4.8(c).     
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Figure 4.8 SEM micrograph of hydration product of pure α-TCP(a), α-TCP:Se:low(b) and α-TCP:Se:high(c) 

 

The EDS spectra results of hydration products of pure TCP and TCP particles 

formed using low- and high-Se-incorporated CaHPO4 powders, which are referred as 

pure CDHAp, low-Se-incorporated and high-Se-incorporated CDHAp, respectively, 

are given in Table 4.3. Se amounts in CDHAp cements are again lower than the 

aimed/theoretical values, as in CaHPO4 and α-TCP powders. The detection 

limitations and related errors of EDS can be related with this difference of the 

amounts. Moreover, Se addition does not fully incorporate to the CDHAp structure, 

there are some lost of Se during precipitating CaHPO4. In addition, during firing 
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some amount of Se was again lost. However, it is seen that hydration reaction with 

water does no effect the final amount of Se in the structure.  

 

Table 4.3 EDS spectra of hydrated cement products which are pure CDHAp, CDHAp:Se:low and 
CDHAp:Se:high (All EDS results are in wt.%) 

Element CDHAp CDHAp:Se:low CDHAp:Se:high 

Se 0 1.4 3.1 

P 32.6 34.1 33.3 

Ca 67.4 64.5 63.6 

 

In order to reveal the chemical structure of hydration products-that are partially or 

fully converted to HAp based on in XRD results- FTIR analyses were performed. 

XRD and SEM results are insufficient for understanding the chemical nature of 

HAp, the stoichiometry (Ca/P ratio) and presence of chemical groups can not be 

understood from XRD results. For example, stoichiometric HAp with Ca/P ratio of 

1.67 and calcium-deficient HAp with Ca/P ratio of 1.5 are identical in XRD analysis, 

however the presence of (HPO4)2- and OH- in CDHAp can be easily seen by FTIR 

spectroscopy.  

Figure 4.9 shows the FTIR spectra of hydrated cement products of pure, low- and 

high-Se-incorporated α-TCP. There are some differences between the hydrated 

products and unhydrated ones which are given in Figure 4.6. The bands at around 

565 cm-1 and 600 cm-1 for antisymmetric bending mode of P-O bonds are distinctly 

seperated after hydrating the TCP powders. There is a change in the other phosphate 

group absorption band at 970 cm-1, 1050 cm-1 and 1100 cm-1. The phosphate groups 

are common in both TCP and hydrated products, however, the differences are 

because of the change in crystal structure and bonding variations. The additional two 

peaks at around 860-870 cm-1 and 620-630 cm-1 are for (OH)- librational mode and 
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P-OH streching of (HPO4)2-, respectively [81]. The formation of (HPO4)2- proves the 

formation of calcium-deficient HAp (CDHAp).  

 

 

Figure 4.9 FTIR spectra of hydration products of pure TCP(a), TCP:Se:low(b) and TCP:Se:high(c) in the range 
of 2000-400 cm-1 

 

Furthermore, the regions shown in dashed boxes are the additional peaks for Se 

incorporated samples showing weak absorption signals. The bands at around 668 cm-

1 are attributed to vibration of Se-O of H2SeO3 [82]. Because of the low content of 

Se incorporation, which is given in EDS spectra results in Table 4.3, the Se-O 

absorption peaks are weak in the FTIR spectra. The formation of additional peaks for 

Se-O bonds is the direct evidence of incorporation of Se ions in the hydrated cement 
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product. (The whole FTIR spectra in the range of 4000-450 cm-1 is given in 

Appendix)       

4.2.2. Study of hydration kinetics of TCP samples 

After investigating the physical/chemical characteristics of hydrated products of α-

TCP samples, further analysis were done to evaluate its cement-type reaction 

kinetics. XRD results give information about the phases present in the structure. 

However, it is limited in revealing details conversion kinetics. In order to examine 

the hydrolysis kinetics, it is important to determine when exactly the reaction starts. 

Any aqueous reaction involves heat absorption or heat evolution, i.e. endothermic or 

exothermic reactions. The rate of heat release or adsorption can be monitored during 

the reaction at a constant temperature and this is related with the reaction kinetics. 

For this purpose isothermal calorimetry is used to elucidate the cement type 

reactivity of pure, Se-incorporated α-TCP powders. Comparison of the hydration 

kinetics of these three powders was done by using isothermal calorimetry. Figure 

4.10, Figure 4.11 and Figure 4.12 shows isothermal calorimetry data (dQ/dt versus 

time) of hydration of pure α-TCP, low-Se-incorporated α-TCP and high-Se-

incorporated α-TCP, respectively. The reaction temperature for all samples is 37 °C. 

These curves show the heat evolution during reaction between α-TCP and DI water. 

For all three samples, the solid to liquid ratio is constant, 1:2. 
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Figure 4.10 dQ/dt vs. time data for chemical reaction between pure α-TCP and DI water 

 

 

Figure 4.11 dQ/dt vs. time data for chemical reaction between α-TCP:Se:low and DI water 
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Figure 4.12 dQ/dt vs. time data for chemical reaction between α-TCP:Se:high and DI water 

 

The heat flow curves shown in Figure 4.10, Figure 4.11 and Figure 4.12 indicate that 

the hydration reaction of α-TCP samples was exothermic reaction. The completion 

of conversion was understood when the heat flow becomes steady at around zero. It 

is seen from heat flow curves that Se-incorporation changes the reaction kinetics and 

mechanistic path from α-TCP to CDHAp cement conversion. The heat events are 

related with the nucleation and growth of new phases. As seen from Figure 4.10 that 

there are two sharp peaks at around 1h and 5h and one more broad peak spreading 

out longer times. The first sharp peak can be related with wetting the α-TCP 

powders then the other sharp peak corresponds to nucleation of new phases. The 

broad peak can represent the growth of newly formed phases. However, the 

mechanism is different for Se-incorporated α-TCP powders’ heat flow curves, given 

in Figure 4.11 and Figure 4.12. For low-Se-incorporated α-TCP powder, there are 

one short sharp peak and one broad main peak in its heat flow curve, given in Figure 

4.11. It can be said that wetting of α-TCP powders and nucleation of new phase 
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occurs in short time with one heat-involving event. This situation is different for 

high-Se-incorporated α-TCP powder’s heat flow curve, given in Figure 4.12. Overall 

setting occurs by a single broad heat-involving event with only a main peak. This 

can be explained by the XRD result of α-TCP:Se:high powder given in Figure 4.4. 

While obtaining α-TCP by solid-state reaction from inorganic precursors, small 

amount of HAp was formed in the structure together with α-TCP. The previously 

formed HAp may act as nucleation agent for the hydration kinetics, which means 

that newly formed CDHAp crystals may be nucleated on the pre-form HAp crystals. 

Therefore, this may be the reason of not observing the nucleation heat event peak 

during hydration of powders.  

The total time of the reaction and total heat outcome are calculated by integrating 

dQ/dt vs. time curves of the reaction of pure α-TCP, low- and high-Se-incorporated 

α-TCP with DI water, given in Figure 4.13. The calculated values are given in Table 

4.4 for all samples.  
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Figure 4.13 Integrated dQ/dt vs. time curves for pure CDHAp(a), CDHAp:Se:low(b) and CDHAp:Se:high(c) 
cements 

 

Table 4.4 Approximate total reaction time and total heat outcome values obtained from integrated dQ/dt vs. time 
graphs of pure CDHAp, CDHAp:Se:low and CDHAp:Se:high cements 

 Approximate total 

 reaction time 
Total heat outcome 

Pure CDHAp 30 h 72 ± 5 J/g 

CDHAp:Se:low 30 h 84 ± 5 J/g 

CDHAp:Se:high 48 h 86 ± 5 J/g 

 

The total heat outcome of the reactions between pure, low- and high-Se-incorporated 

α-TCP and DI water are given in Table 4.4. The total heat outcome values of Se-

incorporated powders are higher than the pure sample. This can be explained by the 
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phases present in the structure after the reaction. As it is seen in Figure 4.7b and 

Figure 4.7c, Se-incorporated α-TCP powders are fully converted to CDHAp when 

reacted with DI water. There is no unreacted reactant, i.e. no α-TCP was remained in 

the system. However, this is not valid for pure α-TCP powder. After reacting pure 

α-TCP with DI water, as seen from Figure 4.7a, trace amount of unreacted α-TCP is 

left in the system. The fully conversion from α-TCP to CDHAp of Se-incorporated 

α-TCPs results in higher heat outcome.  

The total reaction time was determined by the fact that heat flow becomes stable at 

around zero. When the reaction time of three samples is compared, it is seen that 

conversion from high-Se-incorporated α-TCP to CDHAp requires more time than 

the other two samples. The completion of reaction of pure α-TCP to CDHAp and 

low- Se-incorporated α-TCP to CDHAp is about 30 h, while this time for high-Se-

incorporated α-TCP to CDHAp is about 48 h. Higher amount of Se addition slows 

down the cement-type conversion reaction. Although the complete conversion from 

α-TCP to CDHAp times are different for low- and high-Se-incorporated α-TCP 

powders, heat flow versus time curves are similar. There is no low intensity short 

peak corresponding to nucleation of new phase, but there is a broad high intensity 

peak stabiling at zero for completing the conversion for both samples. However, the 

intensity of this broad peak is different for these two samples. For low-Se-

incorporated CDHAp, broad peak has higher intensity, while this peak for high-Se-

incorporated CDHAp has lower intensity but broader than the former one. This 

intensity difference can be explained by the total heat outcome values and total time 

for the reaction. The total conversion time for low-Se-incorporated CDHAp cement 

is 30 h, this time for high-Se-incorporated CDHAp cement is 48 h. In order to 

complete the conversion with similar heat outcome values, the intensity of the broad 

peak is expected to be different for these two cement systems.  

Since higher amount of Se addition slows down the cement-type conversion, lower 

Se-incorporation is ideal in terms of both cement-type conversion reaction time and 
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obtaining fully CDHAp as a final product without any reactant left in the structure. 

Figure 4.14 shows the XRD results of hydration product of low-Se-incorporated α-

TCP with 2h, 4h, 8h, 12h, 24h and 48h of reaction. 

 

 

Figure 4.14 XRD diffrctogram of hydrated product of α-TCP:Se:low with different times of reaction (All peaks 
correspond to HAp with JCPDS 09-432 and α-TCP with JCPDS 09-348) 

 

The phase change of lower Se-incorporated α-TCP reacting with DI water for 

cement-type conversion with different times of reaction is given in Figure 4.14. At 

48 h of reaction all α-TCP fully converted to HAp without any reactant left in the 

system. However, at 2 h of reaction, the amount of newly formed HAp crystals is 

very low, as expected. From 2 h to 48 h of reaction α-TCP amount decreases and 

HAp amount increases in the structure. At 24 h of reaction, the intensity of HAp 
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peaks is higher than 2 h, 4 h, 8 h and 12 h. However, fully conversion is not 

observed at 24 h of reaction. This is an expected result, since the total reaction time 

was obtained approximately 30 h, as shown in Table 4.4. The most intense peak of 

α-TCP is at around 31°, while the most intense peak of HAp is at around 32°. As it 

is seen from Figure 4.14, as time of reaction increases, the most intense peak of α-

TCP decreases, the most intense peak of HAp increases. From these findings, it is 

seen that with increasing the time of reaction, α-TCP was consumed in producing 

HAp.  
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CHAPTER 5  

 

5. CONCLUSIONS 

 

α-TCP, Se-incorporated α-TCP were synthesized by solid-state reaction of required 

amounts of inorganic precursors. Effect of different amounts of Se-incorporation on 

the structure of α-TCP was investigated using complementary characterization 

techniques. Moreover, the cement-type reactivity from α-TCP to hardened end 

product CDHAp of these synthesized powders were examined. The effect of Se on 

the hydration kinetics was investigated in detail. The general results of this thesis are 

given as follows. 

Synthesis and characterization of α-TCP and Se-incorporated α-TCP powders: 

Phase pure α-TCP was synthesized by solid-state reaction between previously 

synthesized CaHPO4 and CaCO3. For synthesis of Se-incorporated α-TCP (α-

TCP:Se with aimed concentrations of 5wt. % and 10wt. %) Se incorporated into 

CaHPO4 during aqueous precipitation of this TCP precursor. CaHPO4:Se powders 

were similarly reacted with CaCO3 to obtain α-TCP:Se. Se incorporation in CaHPO4 

did not lead to formation of other calcium phosphate phase(s) or Se compound(s). 

However, for α-TCP powders, high amount of Se addition leads to formation of 

HAp in addition to α-TCP crystals. The chemical analyses showed that Se-

incorporation occurred in a limited extent lower than theoretical/aimed values. After 

high temperature solid-state reaction between Se-incorporated CaHPO4 and CaCO3, 

additional lost of Se amount was observed. No morphological change was found for 

α-TCP powders due to Se addition. All pure and Se-incorporated α-TCPs show 

semi-fused particulate morphology characteristic to ceramics obtained by high 

temperature solid-state reactions.  
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Cement-type reactivity and cement characteristics of α-TCP and Se-incorporated α-

TCP powders: Pure and Se-incorporated α-TCP powders were converted into 

CDHAp cement by mixing with DI water with liquid to solid ratio of 2:1 at 

physiological temperature, i.e. 37 °C. The microstructural and morphological 

properties of hydration product of CDHAp cement remain unaffected by Se addition; 

pure CDHAp and Se-incorporated CDHAps exhibited the same plate-like 

microstructure. Hydration product of pure α-TCP was not fully converted to 

CDHAp and trace amount of α-TCP was remained in the end product. However, Se-

incorporated α-TCPs fully converted to CDHAp without any reactant remain. High 

extent of Se addition led to formation of HAp besides α-TCP in synthesis. In this 

case, pre-existing HAp acted as nucleation agent for HAp crystals formed by cement 

conversion. The FTIR analyses proved calcium deficiency and stoichiometry of 

hardened cement product. It was shown that complete cement-type conversion from 

α-TCP to CDHAp still occurred by Se modification. However, overall setting 

(cement conversion) occurred by a different mechanistic way by Se addition. The 

conversion of pure α-TCP to CDHAp cement occurred by two short intense peaks, 

which are wetting and nucleation of new phase, and one broad peak, which is growth 

of newly nucleated phase. However, this conversion from Se-incorporated α-TCPs 

to CDHAps occurred with a single heat event. This difference may show a 

synergetic/positive effect of Se addition. However, the total reaction times are 

different. Higher amount of Se addition slows down the cement-type conversion. 

Therefore, the optimum amount of Se favoring hydration kinetics in obtaining phase 

pure reactants and products seem to less than 2 wt. %.
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APPENDIX 

 

 

Figure A.1 FTIR spectra of phosphate regions of pure TCP(a), TCP:Se:low(b) and TCP:Se:high(c) in the range 
of 4000-500 cm-1 

 

 

Figure A.2 FTIR spectra of hydration products of pure TCP(a), TCP:Se:low(b) and TCP:Se:high(c) in the range 
of 4000-450 cm-1


