
1 

 

Original Research Article 1 

Microstructure and In Vitro Bioactivity of Metal Substituted 2 

Hydroxyapatite 3 

Abstract: 4 

Pure Hydroxyapatite (HAp) nanoparticles doped with Mn2+ and Fe3+ ions 5 

were synthesized using wet chemical method (WCM). Samples were 6 

characterized by different spectroscopic techniques such as XRD, FTIR, and 7 

ESR. The measurements revealed that a typical HAp powder pattern was 8 

obtained.  Comparing with pure stoichiometric HAp, both Mn+2 substituted HAp 9 

(Mn-HAp) and Fe+3 substituted HAp (Fe-HAp) did not demonstrate significant 10 

structure deviation. Since ion exchange mechanism was applied for the 11 

preparation process, the morphology and particle size were not significantly 12 

affected. The FTIR absorption spectra of the doped samples are presented as 13 

absorption bands characterizing Mn+2, and Fe+3 which occupy different 14 

crystalline sites. The obtained data agrees well with that obtained from XRD the 15 

crystal field parameters and degree of crystallinity for sites of these ions in the 16 

HAp matrix can be estimated. The addition of iron and manganese ions into 17 

hydroxyapatite results in improvement of the biological performance of the 18 

implant. Iron and manganese substituted hydroxyapatite has shown superior 19 

biological performance compared to its stoichiometric counterparts in vitro. The 20 

addition of such ions also enhances the magnetic properties of hydroxyapatite 21 

for the use in hyperthermia medical applications. 22 

 23 
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1. Introduction 26 

Development of new materials is considered to be one of the most 27 

important objectives of biomaterials science for bone substitution. 28 

Hydroxyapatite (HAp) {Ca10(PO4)6(OH)2} is one of the important biominerals 29 

of interest in the broad group of calcium phosphate based bioceramics and the 30 

main inorganic constituent of bone and teeth. HAp is mainly used as bone and 31 

dental replacement material. Hydroxapatite is reported to be fully non-32 

resorbable when tested in vivo [1-3]. 33 

The major advantage of hydroxyapatite phase of calcium phosphate 34 

materials is that the nano size (10–100 nm) hydroxyapatite crystalline arrays 35 

along the collagen fibers inside the bone is able to bond directly with the hard 36 

tissue and can provide perfect lattice matching between the fracture bone 37 
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surfaces.  Moreover, HAp exhibits osteoconductive behavior, is stable toward 38 

bioresorption, and has no adverse effects on the human organism.  39 

Hydroxyapatite (HAp) is the main inorganic phase of human bones and teeth 40 

[1-3]. Its structure is nearly similar to natural bone material which consists of 41 

nearly 72 wt% apatitic materials. Calcium to phosphate ratio (Ca/P) in the 42 

building structure of HAp is 1.67. This ratio is very close to the Ca/P of natural 43 

bone [4-5]. Hydroxyapatites have a wide range of applications both in medicine 44 

and dentistry due to the some characteristic properties [6-7]. The most important 45 

characteristic properties of HAps are good bioactivity and biocompatibility. The 46 

biocompatibility property comes from the non toxic effects on human tissues 47 

[8-9]. Implants coated with HAps promote a direct physiochemical bond with 48 

bone, which leads to more rapid implant fixation and the development of a 49 

stable bone biomaterial interface [10]. 50 

The main disadvantage of HAp is that they cannot be applicable to use for 51 

heavy load bearing applications due to its low mechanical properties in wet 52 

environments. In addition, HAp can be dissolved directly during its setting in 53 

living tissues. The problems associated with rapid dissolution, fatigue failure 54 

and the creation of particulate debris can be solved by addition of  some types of 55 

reinforced agent such as iron oxide and Mn oxides to Hap[11]. In addition, these 56 

agents can play good role in enhancing the magnetic properties of the product. 57 

Magnetic-nanoparticles are used in bio-applications are usually made 58 

from biocompatible materials such as magnetite (Fe3O4) for which susceptibility 59 

is large. These particles have to be integrated into structure of HAp thus it has 60 

the potential to achieve localized tumor heating without any side effects i.e.; 61 

hyperthermia effects. One of the main biomedicine sciences is the hyperthermia 62 

application consists of targeting magnetic nanoparticles to tumor tissue followed 63 

by application of an external alternating magnetic field. The temperature in 64 

tumor tissue is increased to above 43°C, which causes necrosis of cancer cells, 65 

but does not damage surrounding normal tissue [12].  Magnetic hydroxyapatites 66 

containing Fe or Mn or both were previously studied to form composite 67 

materials [13-14]. 68 

Nanoparticles are incorporated into different materials such as polymers, 69 

noble metals, metal oxides and silica. Many researchers have developed 70 

different magnetic nanoparticles of ferromagnetic bioglass ceramics which 71 

provide magnetic properties for hyperthermia purposes [15].  72 

It was reported that insertion of the spinel ferrite MnFe2O4 through a wet 73 

chemistry process resulted in nanoparticles having a core–shell structure (in 74 

which the core was made up of the ferrite and the shell of HAp. Synthetic HAp 75 

has been successfully used in hard tissue surgery, as it is capable of undergoing 76 

bonding osteogenesis and is relatively insoluble in vivo [16]. 77 

Mn2+ containing HAp and tri calcium phosphate (TCP) were studied 78 

previously [17-18]. The motivation for the addition of Mn2+ ions to HAp was 79 
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due to the fact that divalent Mn2+ has been linked to the activation of integrins 80 

which are defined as a family of receptors which mediate cellular interactions 81 

with extracellular matrix and cell surface ligands. In presence of Mn2+ ions, cell 82 

adhesion is promoted because the ligand affinity of integrin increases.  83 

 The aim of this study is to construct a new species of magnetic 84 

hydroxyapatites. These types are having a good degree of magnetic properties 85 

and compatibility properties.  These types of hydroxyapatites contain Fe+3 and 86 

Mn+2 ions into the structure of HAp aiming to limit formation of magnetic 87 

secondary phase and able to be manipulated in situ by magnetic forces.  These 88 

new types of magnetic hydroxyapatites are good candidate to be used in 89 

hyperthermia applications. In fact, the use of magnetic stimulation in the field of 90 

tumor treatment is one of the modern trends which have received increased 91 

attention in scientific circles. 92 

 93 

Materials and Methods 94 

2.1. Preparation of hydroxyapatite  95 

Analytical grades of calcium nitrate Ca(NO3)2.4H2O (Merck) and 96 

diammonium hydrogen Phosphate {(NH4)2HPO4}  (Sigma-Aldrich) with Ca/P 97 

molar ratio 1.67 were used to produce pure HAp was produced using the 98 

following chemical reaction: 99 

10(Ca(NO3)2.4H2O)+6((NH4)2.HPO4)+8NH4OH→Ca10(PO4)6.(OH)2+20NH4NO3+46H2O       (1) 100 

MnCl2.4H2O (Sigma-Aldrich) and FeCl3.6H2O (Merck) were used as sources of, 101 

Mn+2 and Fe+3 respectively. The different types of hydroxyapatites were 102 

presented in table 1. Samples containing Mn and Fe ions are represented in 103 

equation 2 and 3. Example for (Ca9.2Fe0.8(PO4)6(OH)2) sample: 104 

46 Ca(NO3)2.4H2O + 4 FeCl3.6H2O + 30 (NH4)2HPO4 + 44 NH4OH→ 5 Ca9.2Fe0.8(PO4)6(OH)2 + 12 NH4Cl + 105 

92 NH4NO3 + H2O           (2) 106 

and Sample :(Ca9.2Mn0.8(PO4)6(OH)2) 107 

46 Ca(NO3)2.4H2O + 4 MnCl2.4H2O + 30 (NH4)2HPO4 + 40 NH4OH→ 5 Ca9.2Mn0.8(PO4)6(OH)2 + 8 NH4Cl 108 

+ 92 NH4NO3 + H2O              (3) 109 

  110 

 111 

 112 

 113 

 114 
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Table 1 : Chemical formulas and symbols for prepared samples. 115 

 Chemical Formula Symbol 
 Ca10(PO4)6.(OH)2 HAp 

G
ro

up
 (

A
) Ca9.2Fe0.8(PO4)6(OH)2 Fe 0.8- HAp 

Ca8.4Fe1.6(PO4)6(OH)2 Fe 1.6- HAp 
Ca7.6Fe2.4(PO4)6(OH)2 Fe 2.4- HAp 
Ca6.8Fe3.2(PO4)6(OH)2 Fe 3.2- HAp 

G
ro

up
 (

B
) Ca9.2Mn0.8(PO4)6(OH)2 Mn 0.8- HAp 

Ca8.4Mn 1.6(PO4)6(OH)2 Mn 1.6- HAp 
Ca7.6Mn 2.4(PO4)6(OH)2 Mn 2.4- HAp 
Ca6.8Mn3.2(PO4)6(OH)2 Mn 3.2- HAp 

To produce a pure hydroxyapatite sample, a calculated amount of calcium 116 

nitrate (Ca(NO3)2.4H2O)  was dissolved in 1L distilled water with vigorous 117 

stirring (1 h) to form 0.5 M/L. then, Calculated amount of diammonium 118 

hydrogen  phosphate {(NH4)2.HPO4} was also dissolved in 1L distilled water 119 

with vigorous stirring (1 h) to form 0.5 M/L and added drop wise to the calcium 120 

nitrate, the pH of the solution was adjusted to 9 using ammonia solution. The 121 

two solutions were mixed to obtain a Ca/P molar ration of 1.667 at a controlled 122 

constant pH of about 10-11. The mixture was continuously stirred about 1hr at 123 

temperature 80 oC, until a white transparent gel was obtained. The gel was 124 

cooled and incubating at 37 oC for 24 h until a white precipitate was produced. 125 

The precipitate was decanted and filtrated under vacuum by using sintered 126 

Buchner funnel with continued washing by distilled water to remove ammonia 127 

solution and then dried in oven at 90 oC. The powdered sample was sintered at 128 

10 oC/min at temperatures 500, 600, 700, 800 and 900 oC for 1 h then placed in 129 

air-cooling to ambient temperature. The sintered product was crushed using 130 

agate mortar and pestle to obtain resultant powder.  131 

2.2. FTIR measurements  132 

Fourier transform infrared absorption signals of the studied HAp samples 133 

were measured at room temperature (20 οC) in the wavelength range 4000-400 134 

cm-1 using a computerized recording FTIR spectrometer (Mattson5000, USA). 135 

Fine powdered samples were mixed with KBr in the ratio 1:100 for quantitative 136 

analysis and the weighed mixtures were subjected to a load of 5t/cm2 in an 137 

sample cell i.e to produce clear homogenous discs. Then, the IR absorption 138 
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spectra were immediately measured after preparing the discs to avoid moisture 139 

attack.  140 

2.3. X-ray diffraction analysis  141 

The structure of dried and calcined samples was assessed using an X-ray 142 

powder diffractometer (a Philips PW1390 X-ray diffractometer) with Cu Kα 143 

target (Ni filter), wavelength (λ) = 1.54 Å. C/S= 1 x 103, KV = 40, time constant 144 

(T.C) = 2 and mA = 25 was used. The Bragg's angle (2θ) in the range of 4–70°, 145 

step size = 0.02 and step time 0.4s at room temperature. Crystallographic 146 

identification of the phases of synthesized apatites was accomplished by 147 

comparing the experimental XRD patterns to standards complied by the Joint 148 

Committee on Powder Diffraction Standards (JCPDS). 149 

The size of the crystallites responsible for the Bragg reflection of the 150 

(002) and (300) planes were determined using Scherer equation: 151 

                                       
θβ

λ
cos 

K
d =                                                (2) 152 

where d is the crystalline diameter in nm, β is the peak width at half-maximum 153 

peak height in radians, λ is the x-ray wavelength, typically 1.54 Å, and θ is the 154 

Bragg angle. 155 

2.4. Differential Scanning Calorimetry and Thermogravimetric Analysis 156 

DSC/TG analysis was carried out using a NETZSCH STA 409C/CD 157 

instrument. Known mass (≈30 mg) of crushed samples was placed into an 158 

aluminum pan then sealed with a crimped lid and heated from 25 ºC to 1000 oC 159 

at a rate of 5 oC/min with argon as carrier gas at a flow rate of 30 cm3/min. 160 

3. Results and Discussion: 161 

Calcium phosphate ceramics, particularly those with Ca/P ratios between 162 

1.5 and 1.67, i.e., tricalcium phosphate (Ca3(PO4)2) and stoichiometric calcium 163 

hydroxyapatite (Ca10(PO4)6(OH)2), respectively, have long been used as prime 164 

candidate biomaterials to restore, reconstruct, and replace human bone tissues 165 

[19-23]. This is because of their close chemical similarity to minerals found in 166 

calcified tissues, such as bone, tooth enamel and dentine, in both humans and 167 

vertebrates. Hydroxyapatite (HAp) is one of the most important calcium 168 
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phosphates and has received wide attention as bone substitutes over the past few 169 

decades [19, 24-26].  170 

Figure 1 shows the thermogram of the synthesized pure hydroxyapatite 171 

material. The figure reveals four distinct stages of decomposition. The first stage 172 

that occurs between 35 and 110 ◦C is due to loss of adsorbed water with the 173 

value about (5.5% ≈ 0.0956 mg). The second stage for weight loss that occurs 174 

between 110 and 220 ◦C is assigned to the decomposition of ammonia (5.43% ≈ 175 

0.094 mg).The third stage is due to the dehydration of Ca(OH)2 into CaO also 176 

contributes the total weight loss in this stage is  7.9% ≈ 0.13 mg. The fourth 177 

weight loss that occurs between 300 and 700 ◦C is due to the decomposition of 178 

nitrate is about (4.37% ≈ 0.075 mg). This temperature range for nitrate 179 

decomposition was also reported by Liu et al [27-28]. From the thermogram 180 

presented in figure 1, it can deduce that temperature between 500- 900 oC is a 181 

convenient for sintering process. 182 

 Figure 2 shows the XRD patterns of heat treated samples at 700°C  183 

(Plot A) and at 900 °C (Plot B) for 1 h. It can be noted from this figure that 184 

amorphous hump is limited and it can’t be detected. This indicates that the 185 

prepared sample has crystalline structure and the measured degree of 186 

crystallinity is 41.4%. On the other hand, the crystalline-structure peaks become 187 

sharper in the sample sintered at, 900 oC resulting in crystallinity of 55.56%. 188 

Increasing degree of crystallinity to 55.56% with increasing temperature, may 189 

lead to conclude that any initial amorphous matrix present in sample is well 190 

crystallized by the effect of heat treatment. The angular location and intensity in 191 

figure 2 of 192 
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 193 

 194 

Figure 1: DSC and TGA curves of synthesized pure hydroxyapatite material  195 

nearly all the peaks in sample sintered at 700 oC closely match the standard 196 

JCPDF database (70-0364), which indicates that the major crystalline phases are 197 

tricalcium phosphate Ca3(PO4)2 (JCPDS 70-0364) with percentage (21.2%) 198 

besides, some extra XRD peaks can be observed in figure 2 that match the 199 

standard of HAp Ca10(PO4)6(OH)2 (JCPDS 72-1243) crystalline apatite phases 200 

percentage (78.8%). Then both hydroxyapatite (HAp) and calcium phosphate 201 

crystalline phases could be formed by the effect of the heat treatment process. 202 

These phases are considered the essential phases required for bone construction. 203 
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 204 

Figure 2: XRD patterns of heat treated hydroxyapatite samples at 205 

700°C (Plot A) and at 900 °C (Plot B) for 2 h. 206 

 FTIR spectroscopic Analysis 207 

FTIR of the as-prepared derived at 100 ◦C HAp is shown in figure 3a. 208 

The figure reveals the amorphous nature of the materials since there are no 209 

characteristic sharp peaks in the spectrum. This gel is then dried and fired at 210 

temperature ranges from ≈ 500 to 900 oC which helps it to convert slowly to 211 

crystalline hydroxyapatite phase with Ca/P ratio ≈ 1.67 [29]. All hydroxyapatite 212 

characteristic bands are shown clearly in figures 3(b-f). 213 

Figure 3a shows an FTIR spectrum of the material derived at 100 ◦C. The 214 

broad envelope between 2700 and 3700 cm−1 is attributed to the OH stretch of 215 

Ca(OH)2, and HAp, and NH stretch of NH4
+ .The peak at 1763 cm−1 is assigned 216 

to N=O stretch of NO3−. The bending mode of H2O is observed at 1631 cm−1. 217 

The intense peak at 1382 cm−1 is assigned to N–O stretch of NO3
−. The PO4

2− 218 

stretching mode is positioned at 1031 cm−1. The other bending modes of PO4
2− 219 

are observe at 603and 566 cm−1. The sharp peak at 825 cm−1is also assigned to 220 

NO3
− bending mode.  221 

For sample sintered at 500 to 900 oC, the broad envelope observed in the 222 

above spectrum between 2700 and 3700 cm−1indicates the complete loss of 223 

water, dehydration of Ca(OH)2, and decomposition of  NH4
+. The peaks in the 224 

lower energy region include peaks due to PO4
2−mode at 985, 1027, 1062 and 579 225 

cm−1, and that due to amorphous calcium phosphate at 1165, 1124, 757 and 579 226 
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cm−1 (common in PO4
2−mode). Further, there is no peak corresponding to NO3

−in 227 

this spectrum.  FTIR spectrum of the sample sintered at temperature greater than 228 

1000 oC does not show any peak corresponding to that of HAp. This further 229 

confirms the XRD findings that the HAp is completely transformed to a well 230 

crystallized HAp. A similar observation was reported by for the samples 231 

calcined at 900 ◦C [30-35]. These assignments were summarized in the 232 

following table. 233 

Table 2: Assignments for pure HAp calcined at different temperatures 234 

Assignments Wavenumber (cm-1) 
OH stretch and NH stretch of NH4

+ 2700-3700 
N=O stretch of NO3

- 1760 and 830 
Bending mode of H2O 1630 
N-O stretch of NO3

- 1380 
P2O7

4- stretching modes 1160, 1120 and 750 
PO4

3- stretching modes 1060 and 1030 
PO4

3- bending modes 1032,1060 and 560 
Common for P2O7

4- and PO4
3- 580 

 235 
 236 

Figure 3: FTIR of pure as-prepared hydroxyapatite (HAp) and heat treated at different 237 

temperatures.  238 

The asymmetric stretching (ν3) mode of PO4
-3ions were detected at 1040, 239 

and 1092 cm−1and bending mode (ν4) at 601, 575 and 561 cm−1[36]. 240 

Symmetrical stretching modes of PO4
-3ions ν1 and ν2 were also found at around 241 
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960 and 470cm−1, respectively [37]. Stretching mode of the hydroxyl group 242 

(OH−) were detected at around 3570 and 1630 cm−1 respectively [38].   243 

 244 

FTIR spectra of hydroxyapatite doped with Fe. 245 

Figure 4.1 (b-e) show hydroxyapatites doped with different concentrations 246 

of Fe atoms at the expense of calcium atoms with the stoichiometric ratio of 247 

(Ca+metal)/P=1.667. The figure reveals some few structural changes that may 248 

be attributed to incorporation of metal ions in hydroxyapatite structure. In Fig. 249 

4.2(b-e), the peak in wavenumber range 500 to 700 cm-1 are now merged and 250 

becomes a broad peak rather than splitting in pure. There is an increase in the 251 

intensity of the peak at 720 cm-1 and the envelope in the ranges of 800 to 1300 252 

cm-1 to become broader; this may also be attributed to bonding of Fe to HAp 253 

structure [39]. The sharpness of vibrational peaks at 972 cm-1, 1160 cm-1 in 254 

hydroxyapatite decreases and the peaks become broader and less intense. The 255 

absence of the sharp vibrational peaks at 940cm-1, 1110 cm-1, and 1178 cm-1 may 256 

also be seen. Additional bands of low intensities are visible at 818 cm−1 and 257 

833 cm−1
.These bands can be assigned to v1 and v3 vibrations of Fe3O4 groups. 258 

 259 

Figure 4.1:  FTIR of (a) pure hydroxyapatite HAp and (b-e) Hydroxyapatite doped with 260 

concentrations of Fe ions. 261 

 262 

 263 

 264 
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 265 
Fig. 4.2 FTIR of (a) pure hydroxyapatite HAp and (b-e) Hydroxyapatite doped with 266 

concentrations of Mn ions. 267 

Clearly the characteristic band positions observed for both of the 268 

synthesized samples are in good agreement with that of pure HAp. This 269 

observation supported the formation of the expected cation-substituted HAp 270 

within the present experimental protocol. 271 

 272 

XRD of the pure hydroxyapatite 273 

Fig. 5 shows XRD for pure HAp. The majority of peaks are indexed to the 274 

hexagonal lattice of Ca10 (PO4)6(OH)2 crystal while other peaks are indexed for  275 

β-calcium phosphate (β-Ca3(PO4)2. The wide and high peaks reveal that the pure 276 

HAp has a very small size (nanoparticles), also excellent crystal quality and no 277 

impurities were detected by X-ray. The d-spacing, intensities and lattice 278 

parameters for the hexagonal HAp are compared with JCPDS Card (data file 279 

No. 72-1243) standard for HAp. The obtained lattice parameters are (a=9.432 280 

and c=6.881) and the d- values of the strongest three lines are 2.81, 2.72 and 281 

2.78. 282 
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 283 

Figure 5:  XRD of pure hydroxyapatite.  284 

 285 

 286 

XRD of pure HAp and Fe doped hydroxyapatites 287 

Figure 6 shows XRD patterns of all samples HAp and hydroxyapatite 288 

doped with concentrations of Fe atoms. The peak positions are not clearly 289 

changed, but the peaks intensity changed and thus the degree of crystallization is 290 

changed gradually. Clearly a number of prominent peaks for apatite phase were 291 

in the XRD pattern. However, the observed intensity and d-spacing values for 292 

both the samples are in excellent agreement with the JCPDS standard data for 293 

HAp. 294 

The amount of Fe added to the basic hydroxyapatite changes the basic 295 

structural unit and lowers the degree of crystallinity by the formation of newly 296 

crystalline phases. These phases are magnetite (Fe3O4) iron oxide, ICSD file no. 297 

89-0951, cubic with lattice parameters (a=8.491) in case of samples (b-e), and 298 

calcium iron hydro-phosphate Ca9FeH(PO4)7 ICSD file no. 89-0513 cubic phase 299 

with lattice parameters (a=10.33Å and c=37.125Å). 300 
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 301 

Fig.6. XRD of (a) pure hydroxyapatite HAp and (b-e) Hydroxyapatite doped with 302 

concentrations of Fe ions. 303 

XRD of pure HAp and Mn doped hydroxyapatites 304 

The XRD spectrum of the Mn-doped apatite [Fig. 7 (b-e)] shows the 305 

presence of amorphous phase which supports the observed FTIR data. The 306 

reason of this nature is the temperature effect. It is well established that the 307 

degree of crystallinity increases with the increase of sintering temperature 308 

resulting several distinct peaks.  309 

XRD patterns of all samples HAp, Hydroxyapatite doped with 310 

concentrations of Mn atoms showed that peaks present agree well with ICSD 311 

file no. 72-1243 which is hexagonal hydroxyapatite and the patterns displayed 312 

extra peaks. 313 

The amount of manganese added distorted the structure unit of HAp and 314 

lower the degree of crystallinity to some extent and formation of a newly 315 

crystalline phases. These phases are manganese oxide (β-Mn3O4)ICSD file no. 316 

89-4887, orthorhombic one with lattice parameters (a=9.55, b=9.79, and 317 

c=3.02), and calcium manganese hydro-phosphate (Ca9MnH(PO4)7)ICSD file 318 

no. 70-0009. Also, it can be noted that lines corresponding to crystalline phases 319 

of other calcium-phosphate–based compounds are also present. 320 
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 321 

Fig.7. XRD of (a) pure hydroxyapatite HAp and (b-e) Hydroxyapatite doped with 322 

concentrations of Mn ions. 323 

The crystallite size, crystallinity index and lattice parameters of doped and 324 

calcined (at 700°C) samples were calculated as described previously. The 325 

calculated values are tabulated in Table 3. 326 

The lattice parameters and cell volume values of the Fe-HAp and Mn- 327 

HAp did not significantly change as compared to those of pure HAp.  328 

An increase of the a-axis and a decrease of c-axis were detected as 329 

expected in the case of Ca substitution with ion species having a lower radius. 330 

This observation confirmed the formation of Fe-HAp and Mn-HAp substituted 331 

apatite of hexagonal structure and conclusively proved that a variety of 332 

substitutions of both cationic and anionic is possible in hydroxyapatite structure 333 

without any significant modification of its hexagonal system. 334 

 335 

 336 

 337 

 338 

Table 3: Crystallite size, degree of crystallinity and lattice parameters 339 

for pure HAp and HAp doped with Fe atoms. 340 
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Symbol Crystallite size 
Degree of 

crystallinity 
Lattice parameters 

HAp 37.63768 41.42 % 
a=9.420Å c=6.881 Å 

Fe 0.8- HAp 41.41286 39.88 % 
a=9.392 Å c=6.870 Å 

Fe 1.6- HAp 34.46734 46.44 % 
a=9.434 Å c=6.869 Å 

Fe 2.4- HAp 34.46303 46.86 % 
a=9.441 Å c=6.873 Å 

Fe 3.2- HAp 31.8164 46.84 % a=9.443 Å c=6.872 Å 

Mn 0.8- HAp 31.85732 48.21 % 
a=9.392 Å c=6.870 Å 

Mn 1.6- HAp 34.49934 40.03 % 
a=9.444 Å c=6.869 Å 

Mn 2.4- HAp 
(No Peak at 25.8) 38.97 % 

a=9.421 Å c=6.853 Å 

Mn 3.2- HAp 
(No Peak at 25.8) 26.92 % a=9.423 Å c=6.862 Å 

 341 

However for both cases lower values of crystallite size and crystallinity 342 

were observed as substitution significantly reduces the crystallite size as well as 343 

crystallinity. Possibly, the changes in cell volume for the latter case would be 344 

due to the substitution of more cation.  345 

Electron paramagnetic resonance 346 

It is well known that the total magnetic field of each ion is established 347 

from the spin-spin interaction of neighboring paramagnetic ions 40. The spin-348 

spin interaction caused by small magnetic fields and this play an important role 349 

to alter the total magnetic field of each ion. So, the energy levels of the unpaired 350 

electrons to be shifted which led to a variation of energies resulting in a 351 

broadened EPR signal. 352 
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 353 
Fig.8. EPR of pure hydroxyapatite, Fe- doped and Mn-doped hydroxyapatites 354 

 355 

In Fe-HAp sample, the broad feature in the g-value of 2.0 regions is 356 

attributed to separation of ferric oxide phases with different content in iron 357 

cations (Fe2+ and Fe3+),  and their separation results presence of surface 358 

oxyhydroxides and  Fe-O-Fe clusters 41. The presence of high concentration of 359 

Fe3+ caused electron spin-spin interactions between neighboring Fe3+nuclei 360 

which yielded the broad signal. The poor crystallinity with sample Fe-HAp that 361 

results from the Fe-phosphates and Fe-oxyhydroxides would be expected to 362 

have a high concentration of neighboring Fe+3 ions. These agree well with 363 

results of XRD and FTIR results. The rhombic crystal field symmetry assigned 364 

to Fe-HAp suggested that Fe was occupying the rhombic Ca(2) site and not the 365 

axial Ca(1) site. However, charge compensation from Fe+3 substituting for Ca+2 366 

could cause asymmetry distortion and lead to a rhombic environment in the 367 

Ca(1) site.  368 

The number and position of EPR transitions for isolated Fe3+ ions in a site 369 

of well-defined symmetry observable in a powder spectrum depends sensitively 370 

on the local ligand-field symmetry of the sites and possible magnetic 371 

interactions between them. In the presence of a rhombic distortion of the ligand-372 

field the g values of the three doublets of the S = 5/2 system change as a zero-373 

field splitting parameters depending of its value it becomes possible to observe 374 

ESR signal arising from the ± 3/2 and ± 5/2 doublet of the excited states. Iron 375 

(III) rhombic crystal field symmetry may indicate substitution into either of the 376 

Ca sites in Fe-HAp.  377 

Manganese (IV) may be the cause of the low field X-band hyperfine 378 

patterns. Manganese (IV) would have originated from Mn+2 oxidation during 379 
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Mn-HAp synthesis. However, the pink color of the Mn-HAp materials indicated 380 

that Mn+2 was the dominant oxidation state in the g-value = 2 42. 381 

The hyperfine lines of the Mn-HAp were barely detectable. Minor 382 

spectral differences were observed between the Mn-HAp and Fe-HAp showed a 383 

marked decrease in peak intensity relative to standard HAp. 384 

The large decrease of the Mn-HAp g-value = 2.01 peak indicated that 385 

nonstructural Mn phase(s) such as poorly crystalline Mn-oxyhydroxide and Mn-386 

phosphate phase(s) associated with the SHA crystallites 43. Poorly crystalline 387 

Mn phase(s) also explain the broad g-value 2.01 peak in Mn-HAp that was 388 

superimposed on the hyperfine pattern because Mn+2 would be closely 389 

associated with one another leading to spin-spin interactions. 390 

The central sharp peak observed in Mn-HAp and was possibly from a 391 

small concentration of an inorganic or organic contaminant in the synthesis 392 

reagents. The high intensity of the Mn+2 peaks Mn-HAp dominated the spectrum 393 

and masked any contamination peak. Spin-spin exchange interactions because of 394 

Mn and Cu atoms were the cause of an increase of signal broadening 44. The 395 

entire Fe-HAp spectrum was superimposed on the broad signal that suggested 396 

the presence of sites with strong spin-spin interactions caused by poorly 397 

crystalline Fe-oxyhydroxide or Fe-phosphate phase(s). 398 

The crystalline structure has been determined using X-ray and neutron 399 

diffraction, electron diffraction patterns of HA single crystal are not readily 400 

obtained. Its single crystal pattern of the (001) zone is especially valuable 401 

because it reveals the features of its apatite structure.  402 

    403 

Conclusion: 404 

Nano-sized particles of pure HAp and various Fe and Mn atoms doped 405 

HAp powders have been successfully prepared via a wet chemical method. 406 

Heating the hydroxyapatite thermally results in increasing the crystallinity of 407 

prepared samples. Doping of Fe into HAp powders has greatly influenced the 408 

structure in a trend that the crystallinity was decreased with Fe and Mn atoms 409 

substitution. Good agreement with FTIR results were obtained where the 410 

splitting of band in wavenumber range 500-700 cm-1 is decreased up on addition 411 

of different metal ions in substitution of Calcium ions. The data obtained from 412 

XRD for different powder samples were found to be in a good agreement with 413 

that obtained from FTIR. The magnetic properties from ESR results played a 414 

vital role to enhance the bioactivity and physiochemical properties of the apatite. 415 

 416 
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