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Magnetic Apatites for Biomedical Applications 

 

Erica Kramer, Ph. D 

University of Connecticut 2014 

 

Biomedical applications utilizing magnetic nanoparticles have the ability to impact diagnostic 

and therapeutic outcomes and beneficially affect numerous patients worldwide.  Paramagnetic 

nanoparticles can potentially be used to improve targeting in drug delivery systems, improve 

contrast in biomedical imaging, and treat cancer via hyperthermia.  Unfortunately, the most 

widely used type of nanoparticles for several biomedical applications are currently iron oxides.  

Safety is a constant concern when using these types of materials as toxicity limits therapeutic 

efficiency, as well as having the potential to induce new damage and problems in the patient’s 

cells.  For these reasons, iron oxide particles often require the application of a biocompatible 

coating, which can be unstable.   

Hydroxyapatite, the main inorganic component of natural bone, is widely studied as a 

biomaterial due to its excellent biocompatibility.  Furthermore, the crystal structure of 

hydroxyapatite lends itself to a wide variety of substitutions and ion doping, which allows for 

tailoring of material properties.  Substituted hydroxyapatite with paramagnetic properties is of 

interest as a promising biomaterial to be used to replace iron oxides in biomedical applications.  

In this work, both iron- and cobalt-substituted hydroxyapatite powders were synthesized.  Iron-

substituted hydroxyapatite (FeHA) was created by subjecting pure hydroxyapatite to a simple 

room temperature ion exchange procedure.  Cobalt-substituted hydroxyapatite (CoHA) was 



 
 

synthesized using both ion exchange and via wet synthesis.  All resulting powders were carefully 

characterized to verify that the ion of interest had substituted into the apatite lattice, thus yielding 

a phase-pure material.  Iron- and cobalt-substituted hydroxyapatites were further found to be 

materials with paramagnetic properties.  Both materials were subjected to sintering and cell 

culture studies to evaluate their stability and suitability for the proposed applications of drug 

delivery, MRI contrast agents, and nanoparticles for hyperthermia based cancer treatments.  

Characterization of these substituted apatite materials indicate that FeHA and CoHA are 

biodegradable and biocompatible materials with paramagnetic properties, thus resulting in a 

wider range of potential applications than pure HA, including, but not limited to, cell stimulation 

in bone repair, cell labelling and separation, and combined therapies, as well as drug delivery, 

MRI contrast agents, and hyperthermia based cancer treatments. 
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Chapter 1 

Introduction 

1.1 Hydroxyapatite 

 Hydroxyapatite (HA, Ca10(PO4)6(OH)2) is the mineral phase of natural bone [1, 2].  It 

comprises about 70 wt % of bone, and naturally occurs as plate or needle-shaped crystals about 

40-60 nm long and 20 nm wide.  HA also comprises about 97 wt % of dental enamel, in the form 

of larger HA crystals about 160-1000 nm long and 40-120 nm wide.  Naturally occurring HA is 

non-stoichiometric and includes incorporated ions such as Na+, Mg2+, K+, F-, Cl- and CO3
2-, as 

well as H2O [3, 4].  Because of its biocompatibility and bioactivity, synthetic HA is commonly 

generated and widely applied to biomedical applications such as bone replacement, tissue 

engineering, drug delivery, and as a bioactive coating [3-5]. 

 Ideally, synthetic HA is a hexagonal material, belonging to space group P63/m.  The unit 

cell is made up of 44 atoms (Fig. 1.1), and has unit cell dimensions of a=b=9.432 Å, c=6.881 Å.  

Stoichiometric HA has a calcium to phosphate (Ca/P) ratio of 1.67 [6-8]. 
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Figure 1.1  The hydroxyapatite crystal unit cell. [6] 

 

1.2 Synthesis of Hydroxyapatite 

 Synthetic HA particles can be obtained using a wide variety of synthesis methods.  Each 

method has different advantages and disadvantages, and yields HA with certain typical 

characteristics.   

 

1.2.1 Synthesis from Biogenic Sources 

 HA ceramics can be generated from biogenic sources.  These may be better accepted in 

vivo because of physiochemical properties more similar to human bone [9].  The general 

procedure required to obtain HA from biowaste sources (bovine bones, fish bones, etc.) is to 

anneal the source material, thereby burning away any organic residue, and then subject the 

inorganic resultant material to enzymatic hydrolysis or alkaline hydrothermal hydrolysis [9-11].  

Alternatively, marine organism skeletons or egg shell waste can be used as the calcium carbonate 

pre-cursor material in HA synthesis [12, 13]. 
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1.2.2 Dry Synthesis Methods 

 Dry methods are used to generate HA without the use of a solvent.  These methods yield 

HA powders whose characteristics are not strongly influenced by processing parameters, and as 

such, processing conditions do not need to be carefully controlled, making dry methods suitable 

for mass production of HA [9].  Solid-state, also known as dry chemical, synthesis utilizes 

calcium and phosphate containing chemical precursors.  These precursors are milled, and then 

calcined at high temperatures.  The disadvantage of solid state synthesis is that the resultant 

powders have phase composition heterogeneity and irregularly shaped particles [9, 14].  

Mechanochemical synthesis, another dry synthesis method, uses a stoichiometric molar ratio of 

reagents ground in a planetary mill to yield HA.  Although this results in a powder with well-

defined structure, the phase purity is low using this synthesis method [9, 15].  Dry synthesis 

methods have recently become unpopular, due to the above noted disadvantages.   

 

1.2.3 High Temperature Synthesis Methods 

High temperature synthesis methods are characterized by the use of elevated 

temperatures hot enough to burn or partially burn the precursor materials.  The solution 

combustion method depends on a rapid self-sustaining and exothermic reaction between oxidants 

and organic fuel in an aqueous phase.  The reaction is initiated by heating at a relatively low 

temperature followed by a sudden increase in temperature and then rapid cooling.  The rapid 

cooling serves to induce nucleation and prevent crystal growth.  This one-step process yields 

high purity HA powder [9, 16, 17].   

Another high temperature process is pyrolysis.  This process produces HA powder by 

spraying a precursor solution into a flame or hot zone, and allowing the resultant vapors to react 
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at high temperature.  There are still relatively few studies applying this method to HA synthesis, 

but the powder generated is stoichiometric, homogenous, and highly crystalline.  Unfortunately, 

there is poor control over the processing variables using this method [9]. 

 

1.2.4 Wet Synthesis Methods 

 Wet synthesis methods are the most commonly used HA synthesis processes.  These 

methods yield HA with nanosized structure and regular morphology.  Furthermore, HA growth 

conditions, and therefore final HA properties, can be controlled by adjusting the system 

parameters.  The main disadvantage to wet methods in general is that the low processing 

temperatures result in the formation of secondary calcium phosphate (CaP) phases and low 

material crystallinity.  Trace impurities can also be incorporated into the HA lattice from ions in 

solution [9]. 

 One wet synthesis method is hydrolysis.  Using this technique, hydrolysis of other CaP 

phases by dissolution and precipitation yields HA.  This technique takes advantage of the fact 

that acidic CaP salts are less thermodynamically stable at neutral and alkaline pH than HA. [18-

22]   

 The sol-gel method utilizes a 3-D network of precursors (calcium alkoxides) in an 

aqueous or organic solvent.  Low temperature aging, followed by gelation, and then calcination 

to burn off the organic residues results in HA formation.  The reaction between calcium and 

phosphate occurs during the aging step.  The molecular level mixing of reactants using this 

method results in improved chemical homogeneity of HA, but a secondary phase (typically CaO) 

is usually generated. [23-28] 



5 
 

 In hydrothermal HA synthesis, the reaction of reagents is carried out in an aqueous 

solution at elevated temperatures and pressures, yielding highly crystalline HA.  The 

disadvantages of this method are poor control over particle morphology and size distribution, as 

well as the need for expensive equipment [29-32].  The emulsion method utilizes a surfactant to 

better control particle size and morphology and limit aggregation [9].  Sonochemical synthesis 

can also be used, where the essential chemical reactions are activated by ultrasound radiation, 

resulting in uniform, small crystals [9]. 

 The most common of all HA synthesis techniques is the wet-chemical, or wet 

precipitation, method [9].  In this process, calcium and phosphate containing solutions are mixed 

by dropwise addition of one into the other under continuous stirring.  The characteristics of the 

resultant HA powder can be controlled by factors including, but not limited to, pH, temperature, 

and concentration of reagents [9, 33-43].  As with all wet synthesis methods, the HA yielded by 

wet precipitation has relatively low crystallinity. 

 

1.3 Substitutions in Hydroxyapatite 

 A wide variety of anions, cations, vacancies, and functional groups can be substituted 

into the HA lattice.  The ability of HA to accept such a wide range of substitutions is a result of 

the apatite crystal structure being both flexible and highly stable [44, 45].  Cations substitute into 

the calcium sites in the HA lattice, while anions replace either the phosphate or hydroxyl groups 

[45-48].  Common anion substitutions include F- and CO3
2- in both natural and synthetic HA 

[45].  Naturally occurring apatites are in fact never chemically pure, as they take full advantage 

of the ability of the apatite structure to accept ionic substitutions.  Synthetic HA substitutions 

may be achieved by modified synthesis procedures and/or by ion exchange procedures [48].  
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Cationic substitutions can be divalent, monovalent, trivalent, tetravalent, or even hexavalent.  

Cationic substitutions of interest that can be achieved include, but are not limited to, Zn2+ [45,49-

51], Ni2+ [52], Mg2+ [51, 53-55], Mn2+ [56-59], Sr2+ [44,45], Na+ [45], U4+/U6+ [45], rare earth 

elements [45,51,60,61], and Fe2+/Fe3+ [56-58, 62-67]. 

 Substitutions in HA allow for the physical, chemical, mechanical, and biological 

properties of the material to be tailored.  An example of the ability to control HA material 

properties by substitutions is the ability to alter HA magnetic properties.  Pure HA is 

diamagnetic, but substitution or incorporation of metal ions with magnetic properties may yield 

HA material with paramagnetic properties. 

 

1.4 Potential applications for hydroxyapatite with magnetic properties 

 The use of magnetic materials in biomedical applications such as drug delivery, medical 

imaging, or hyperthermia based cancer treatments, just to name a few, has the potential to greatly 

improve the prognosis for numerous patients worldwide suffering from a wide variety of 

diseases and conditions.  The advantages that magnetic nanoparticles bring are their small size, 

which allows them to interact with the system of interest at the cellular or sub-cellular level, and 

most importantly “action at a distance”.  Magnetic nanoparticles respond to magnetic fields and 

since a magnetic field can penetrate human tissue the particles can be manipulated by external 

magnetic fields.  Additionally, magnetic nanoparticles can resonantly respond to a time varying 

magnetic field, for example by generating heat [68-72]. 
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1.4.1 Drug Delivery 

 Drug delivery is a “method or process of administering a pharmaceutical compound to 

achieve a therapeutic effect in humans or animals” [73].  The development of drug delivery 

systems is attractive in that it allows for the improvement in safety and efficacy of currently 

available pharmaceutical molecules, without the need to conduct the expensive and time 

consuming process of developing new drugs.  It is estimated that the development of a new drug 

from discovery through regulatory approval takes about 10 years and at least $120 million.  This 

makes the development of improved drug delivery systems a more realistic approach to 

improving patient outcomes [73, 74]. 

 The major disadvantage of most chemotherapies is that intravenous administration leads 

to systemic and non-specific distribution.  Specific targeting to a tissue or region of interest (such 

as a tumor) results in lower side effects and a lower necessary dosage of drug due to increased 

efficiency.  In magnetically targeted drug therapy, a drug is attached to a biocompatible magnetic 

nanoparticle carrier.  The drug/carrier compound is then concentrated at the target site by an 

external high gradient magnetic field.  Once at the target site the drug is released, by either 

enzymatic activity or changes in surrounding conditions such as pH.  The general concept of a 

magnetic drug delivery system is illustrated in Fig. 1.2 [68].  
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Figure 1.2  A schematic of a hypothetical magnetic-targeting based drug delivery system in 

which a magnet placed outside the body will attract and  concentrate magnetic nanoparticle drug 

carriers to the tissue region of interest [68]. 

 

 There have been studies conducted in which magnetic targeting of drugs has been shown 

to be successful.  For example, Gallo et al. used magnetic microspheres to deliver drugs to the 

brains of mice.  The resulting drug concentrations in the brain were 100-400x the concentrations 

when a drug solution alone was used [75].  In order for magnetic targeting to successfully 

concentrate the carrier-drug compound in the tissue region of interest the magnetic force must 

overcome the hydrodynamic drag force acting on the magnetic particle as a result of flow in the 

blood vessel [68].  The effectiveness of magnetic drug delivery will be influenced by factors 

including blood flow rate, the concentration of the delivery solution, magnetic field strength and 

gradient, the volumetric and magnetic properties of the magnetic nanoparticle, and physiological 

parameters such as tissue depth. 
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1.4.2 MRI Contrast Agents 

 Nuclear magnetism is exhibited by all nuclei with an odd number of protons and/or 

neutrons.  When such nuclei are exposed to a magnetic field there is a measureable effect on 

their magnetization.  The removal of the applied magnetic pulse results in the magnetization 

undergoing relaxation processes to return to equilibrium [76].  These relaxation processes result 

in two quantities, T1 (spin-lattice, or longitudinal) and T2 (spin-spin, or transverse)  Magnetic 

resonance imaging (MRI) relies on the fact that the extremely large number of protons in 

biological tissue results in an accumulative effect of  the protons’ magnetic moments, each of 

which is exceedingly small, having measureable relaxation times [68,76].   

 MRI is the “gold standard” for imaging soft tissue such as the central nervous system, 

and it can also be used for functional imaging of the brain and heart, as well as the detection of 

tumors [76, 77].  MRI can also be used to image bones and joints.  Each tissue type has unique 

T1 and T2 relaxation times.  Furthermore, these relaxation times can be affected by disease or 

injury states.  The magnetic susceptibility of tissue also changes as a result of blood oxygenation, 

allowing for functional as well as structural imaging.  The typical T1 and T2 values for common 

tissues are summarized in Table 1.1 [76]. 
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Table 1.1 Typical T1 and T2 relaxation times for various tissue types [76] 

Tissue T1 (ms) T2 (ms) 

Gray matter 520 95 

White matter 380 85 

Typical edema or infarction 600 150 

Malignant tumor 800 200 

Fat 160 100 

CSF 2000 1000 

 

While T1 and T2 relaxation times provide natural contrast in MRI imaging, the relaxation 

time differences between healthy and abnormal tissue can be quite small.  Contrast agents can be 

used to shorten the relaxation times of human body tissues, and thus emphasize the small 

differences in relaxation times and improve contrast.  This relies upon differential uptake of 

contrast agents in different types of tissue.  Fig. 1.3 shows the effect of MnO nanoparticle T1 

contrast agent on the structural imaging of a brain. 

 

 

Figure 1.3  MRI imaging of the axial plane of the brain without (left) and with (right) the use of 

MnO nanoparticle T1 contrast agent [78]. 
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1.4.3 Hyperthermia-based cancer treatments 

 It has been determined that hyperthermia increases the effect of radiation and 

chemotherapy treatments for cancer.  Additionally, hyperthermia by itself can kill cells if 

temperatures in the tissue are maintained at around 42°C.  Because malignant cells have shown 

to be more thermo sensitive than surrounding normal cells, hyperthermia-based treatments are 

attractive possibilities in the fight against cancer [77, 78].  Experimental tests using magnetic 

materials for hyperthermia date to Gilchrist et al.’s work in 1957 where tissue samples were 

heated by iron oxide nanoparticles under a 1.2 MHz magnetic field [68]. 

 The main procedure for magnetic nanoparticle based hyperthermia is to disperse 

magnetic particles in the target tissue, apply an AC magnetic field of sufficient strength and 

frequency to heat the particles, and maintain the temperature in the tissue at the therapeutic 

threshold of 42°C for at least 30 minutes.  The use of magnetic nanoparticles, as opposed to other 

types of hyperthermia devices, is preferable because the specific tissue of interest can be targeted 

and heated, without heating healthy tissue to damaging temperatures [68, 71].  

 

1.4.4 Iron Oxides: the problem with currently used magnetic nanoparticles in biomedical 

applications 

 The most widely used para- and superpara-magnetic nanoparticles for biomedical 

applications are iron oxides.  Although it is widely believed that iron oxides are well tolerated by 

the human body, in fact the human body stores iron in the iron oxide form, there are toxicity 

concerns associated with iron oxide nanoparticles that require the application of a biocompatible 

coating.  Iron oxide nanoparticles are also non-degradable. Aggregations of iron oxide 
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nanoparticles can form embolisms and block blood flow [81, 82].  Uncoated iron oxide 

nanoparticles have been shown to be cytotoxic, with cell viability reduced by 20% at a 

concentration of 0.05 mg/mL and up to 50% at higher concentrations [75]. 

 Iron oxide nanoparticles have been associated with a wide range of toxic effects.  In vivo, 

these effects have included inflammation and formation of apoptotic bodies.  In addition, iron 

oxide nanoparticles have been associated with impaired mitochondrial function, membrane 

leakage of lactate dehydrogenase, genotoxicity, chromosome condensation, and the generation of 

reactive oxygen species [83].  Reactive oxygen species (ROS), such as the superoxide ion (O2-) 

are highly reactive molecules.  ROS can strip electrons from cellular macromolecules and have 

damaging effects on cells [75].   

 In addition to toxicity, uncoated iron oxide nanoparticles have low solubility, causing 

precipitation and aggregation.  Therefore, iron oxide nanoparticles typically require an 

ampiphilic biocompatible coating for clinical applications.  Unfortunately, evidence suggests that 

coatings of some commercially available coated iron oxides (for example, those coated with 

dextran) are prone to detachment [83].  The biocompatibility and biodegradability of HA means 

that the application of HA with magnetic properties may minimize the toxicity concerns inherent 

with the use of iron oxide nanoparticles without the need for a potentially unstable coating. 

 

1.5 Objectives of this research 

 As described in the previous section, there is a pressing need for biocompatible magnetic 

nanoparticles for a wide range of applications in the biomedical field.  Most studies to date have 

used iron oxide nanoparticles for these applications, but the toxicity concerns associated with 

these materials are widespread.  In comparison, hydroxyapatite is a well-known and widely used 
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bioceramic with excellent biocompatibility.  The ability to make substitutions into the apatite 

lattice allows for the tailoring of HA material properties, and the potential inclusion of 

paramagnetic properties. 

The objective of the research shared here is to establish simple procedures for the 

synthesis of substituted hydroxyapatites with paramagnetic properties.  Initially, pure HA was 

synthesized, and the control of HA morphology was investigated, as different applications call 

for different size and shape HA particles.  Iron- and cobalt-substituted HA powders were then 

synthesized and fully characterized to determine the effect of each substitution of interest on 

overall material properties, not just magnetic. Iron substituted HA (FeHA) was achieved using a 

simple ion exchange procedure.  Cobalt substituted HA (CoHA) was achieved via both ion 

exchange and wet synthesis procedures.  The resulting substituted apatites were shown to have 

paramagnetic properties.  The effect of the iron and cobalt substitutions on phase purity and 

crystal structure were examined and it was established that Fe3+ and Co2+ substituted into the 

apatite lattice without the formation of second phases.  The sintering behavior, in vitro 

degradation behavior, and in vitro biocompatibility of each substituted apatite was compared to 

that of pure HA, and the results serve as a guide to establish what types of potential applications 

would be suitable for each substituted apatite studied. 
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Chapter 2 

Control of hydroxyapatite nanoparticle morphology using wet rate effects synthesis 

techniques: Reactant addition 

 

2.1 Introduction 

The basic building block of natural bone is mineralized collagen fibrils, with the main 

mineral phase being hydroxyapatite (HA) [1, 2].  Due to its biocompatibility and bioactivity, 

synthetic HA is well suited to biomedical applications [5].  In bone, the morphology of HA is 

nano-sized needle-like crystals.  Clinically, it may be used in various forms including powders, 

granules, dense and porous blocks, and in composites [4].  There are many techniques that have 

been used to synthesize HA particles, such as wet chemical synthesis, dry chemical synthesis, 

and sol-gel.  Using wet synthesis techniques, by controlling various reaction parameters the 

characteristics of HA, such as purity, crystallinity, and morphology, can be controlled.  The 

objective of the work in this chapter was to systematically study the effect that changing reactant 

addition rate has on HA particle morphology.  On a practical level this is useful, because 

different morphologies may be desirable for different applications.  For example, small spherical 

particles may be desired for use in thermal spray coatings, whereas needle-shaped or rod-shaped 

particles may be used in bone-repair composite materials. 

There have been widespread studies on the effect of process parameters on HA 

morphology, such as temperature [33-36, 84], pH [37, 84], Ca/P ratio [37], and starting solution 

concentration [35-37].  In the literature, reactant addition rate has been studied in terms of HA 

purity [85,86] and effect on particle shape factor [85].  It is the author’s belief that the work 
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presented in this chapter is the first study of the effect of reactant addition rate on size and 

morphology that considers a wide range and large number of rates. 

 

2.2 Materials and Methods 

2.2.1. Solution Preparation: 

 Two solutions were prepared for the production of HA. Solution 1 contained 600 mL of 

deionized water and 12 grams of calcium nitrate tetrahydrate (99%, Fisher). Solution 2 contained 

200 mL of deionized water, 4 grams of ammonium phosphate (99+%, Acros), and 80 mL of 

ammonium hydroxide (~30%, Fisher). The ammonium phosphate was added to the deionized 

water, with the ammonium hydroxide being added after the ammonium phosphate completely 

dissolved. This solution was then titrated into Solution 1. Solution 1 was maintained under 

constant stirring of about 200 rpm. 

 

2.2.2 Performing the Titrations 

Solution 2 was added dropwise to Solution 1. The final combined solution was held for 3 

hours under constant stirring and at a set temperature to promote the aging process.  All of the 

samples generated in this work were held at about 75°C. The resulting HA precipitates were 

collected by filtration and washed with deionized water until the filtrate became neutral.  The 

collected HA was dried at 90°C for 12-16 hours and ground manually into powder.  For fast 

titration rates (>20 mL/min) a separatory funnel was utilized.  For titrations from 5-15 mL/min, 

capillary tubing was used. The tubing was inserted into the mouth of the separatory funnel and 

secured in place with Teflon tape.  Finally, a low speed peristaltic pump was used to achieve 

flow rates from 0.66 to 2.5 mL/min. 
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2.2.3 Characterization of Synthesized HA 

 Namely, field emission scanning electron microscopy (FESEM) and x-ray diffraction 

(XRD) were used to characterize the morphology and crystal structure of the HA samples. A 

JEOL JSM 6335F field emission scanning electron microscope (FESEM) was used to examine 

the morphology of sputter coated powder samples with an accelerating voltage of 10 kV.  

Sample powders were dispersed in ethanol and sonicated for 20 minutes to reduce agglomeration 

before being collected on copper microscopy grids.  Samples were then sputter coated with gold 

palladium for 1 minute prior to imaging.  The micrographs were analyzed using ImageJ to 

quantitatively determine particle size and aspect ratio.  Particle size measurements are presented 

as averages, where n=50.  FESEM micrographs were also used to qualitatively determine particle 

shape. 

 Powder samples were examined using a Bruker D2 Phaser X-ray diffractometer with a 

copper target, and voltage and current conditions of 40 kV and 40 mA, respectively.  Conditions 

used were a 0.02° 2-theta step size and a scan speed of 4°/min with a 2-theta range of 10-90°.  

Resulting XRD spectra were compared to HA reference pattern, JCPDS card number 9-432, as 

well as each other.   

 

2.3 Results and Discussion 

 HA particle morphology for varying titration rates is summarized in Table 2.1.  A clear 

trend emerges when comparing both particle size and particle aspect ratio with titration rate.  An 

increase in titration rate leads to a decrease in both size and aspect ratio.  For the titration rates 

tested, the largest particles and highest aspect ratios were produced with a 0.80 mL/min titration 



17 
 

rate (255 nm length, 4.7 aspect ratio).  The smallest particles were produced at a titration rate of 

140 mL/min (27 nm diameter).   

 

Table 2.1  Particle morphology measurements for varying titration rates 

Titration 
speed 

(mL/min) 

Particle 
Shape 

Avg. 
Length 

(nm) 

Min. 
Length 

(nm) 

Max. 
Length 

(nm) 

Stdv. Avg. 
Aspect 
Ratio 

Min. 
Aspect 
Ratio 

Max. 
Aspect 
Ratio 

Stdv. 

0.80 Rod 255 75 529 98.732 4.7 1.8 9.0 1.568 
1.66 Rod 171 42 355 71.389 3.9 1.5 6.9 1.317 
2.33 Rod 192 59 445 90.056 3.7 1.7 9.9 1.816 
5.60 Rod 123 38 250 43.878 3.0 1.0 6.2 1.068 
14.0 Rod 103 42 185 35.809 2.2 1.1 4.4 0.724 
23.3 Sphere 50 12 103 23.503 1 - - - 

35.0 Sphere 36 6 84 16.064 1 - - - 

140 Sphere 27 11 59 10.624 1 - - - 

 

An increase from 1.66 to 2.33 mL/min did result in a slight increase in average particle 

size from 171 to 192 nm, however, this is likely the result of a few outlying particles in the 2.33 

mL/min batch which were unusually large, as indicated by the difference in maximum length 

values (355 nm compared to 445 nm).  This hypothesis is supported by the fact that the 2.33 

mL/min group has the particle with the single highest aspect ratio measured (9.9, as compared to 

9.0 for the 0.8 mL/min batch), but the third-highest average aspect ratio, in accordance with it 

being the third slowest titration rate.  The aspect ratio decreased with increasing titration rate for 

all sample groups.  An ANOVA F-test analysis was conducted on the mean length values for 

each of the titration rates considered.  This analysis resulted in an F-value of 33.4 compared to an 

Fcrit-value of 2.4, thus verifying that titration rate does affect particle size over the range of 

titration rates considered in this study.   
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All titration rates above 20 mL/min (23.33, 35, 140 mL/min) resulted in spherical shaped 

particles with aspect ratios of about 1.  Slower titration rates resulted in needle- or rod-shaped 

particles.  For spherical shaped sample groups the aspect ratio is assumed to be about 1 for all 

particles and only diameter, not length and width, measurements were made.  As a result, no 

minimum or maximum aspect ratio values are reported for these groups.  ANOVA F-test 

analysis was also conducted on aspect ratios for titration speeds of 0.08 mL/min to 14.0 mL/min 

(rod-shaped particles) and it was verified that titration rate does have a statistically significant 

effect on aspect ratio (F=24.0, Fcrit=2.41).  

Representative FESEM images for samples with the slowest (0.80 mL/min) and fastest 

(140 mL/min) reactant addition rates are shown in Fig. 2.1.  The difference between particle 

morphologies of the two samples is clear.  The sample generated with a slow reactant addition 

consists of distinctly rod-shaped particles with a defined aspect ratio.  The samples generated 

with a fast titration rate, on the other hand, are spherical and considerably smaller than the 0.80 

mL/min sample particles.  There is also a higher degree of agglomeration in the 140 mL/min 

sample particles, and in fact individual spherical particles can be hard to locate due to their 

extremely small size.   

Faster reactant addition rates result in smaller HA particles due to greater amounts of 

local supersaturation.  Crystallization is driven by the thermodynamics and kinetics of a system.  

When crystallization occurs in solution, the smallest possible particle size (critical size) is limited 

to the size at which the surface free energy of the particle is greater than the energy of the 

solution (Gibb’s Thompson effect).  Below the critical size the crystal nucleus is unstable and re-

dissolves.  In cases of local supersaturation, nucleation and growth occur simultaneously.  A 

larger supersaturation, such as increasing the reactant addition rate, can reduce the critical 
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particle size and therefore increase the probability of nucleation compared to the probability of 

crystal growth.  This mechanism explains why faster reactant addition rates yielded smaller size 

HA particles in the system tested. 

 

 

Figure 2.1 FESEM micrographs of HA prepared using 0.8 mL/min. reactant addition rate (left) 

and 140 mL/min reactant addition rate (right).  Note, the scale bar for 0.8mL/min is 500 nm, and 

the scale bar for 140 mL/min is 200 nm. 

 

 In addition to FESEM, XRD was employed to study the purity and crystal structure of the 

HA. In this study, the synthesized HA matched the reference peaks well at all reactant addition 

rates. This indicates that the titration rate does not affect the purity of the HA created, and is 

therefore a reliable method for HA morphology control.  XRD spectra for several HA samples 

are shown in Fig. 2.2.  With the fastest reactant addition rate, there is an apparent decrease in 

peak intensity and corresponding peak broadening.  This can be attributed to a decreased HA 

crystallinity and local inhomogeneity from rapid addition of the phosphate containing solution 

into the calcium containing solution, as well as a particle size effect.  
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Figure 2.2 XRD spectra for HA generated using various reactant addition rates ranging from 

0.08 mL/min. to 140 mL/min. 

 

2.4. Conclusions 

 By changing variables in a controlled manner, the effect of a single variable on the aspect 

ratio and size of HA particles generated via wet synthesis can be determined. In this study the 

variable examined was reactant addition rate, and it was found that as reactant addition rate 

decreases, particle size and aspect ratio increase.  Furthermore, it was shown that the 

morphology could be tailored in such a way without generating additional calcium phosphate 

crystal phases.   Thus, controlling reactant addition rate is a practical approach to control HA 

morphology allowing HA particle characteristics to be tailored to a specific application. 
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Chapter 3 

Synthesis and Characterization of Iron Substituted Hydroxyapatite via a Simple Ion-

Exchange Procedure 

 

3.1. Introduction 

  Bone fracture and bone related disorders are increasing in prevalence, largely due to an 

aging global population [87-89]. As a result, demand has increased for improved techniques and 

materials for bone repair and regeneration. Bone serves as the structural support system for the 

body and is a composite material with a complex hierarchical structure.  The basic building block 

of natural bone is the mineralized collagen fibril, with the main mineral phase being 

hydroxyapatite (HA) [1, 2].  Due to its biocompatibility and bioactivity, synthetic HA is well 

suited to bone related biomedical applications [5]. 

  HA, Ca10(PO4)6(OH)2, is a hexagonal material, from space group P63/m [90].  A wide 

variety of substitutions can be made into the HA lattice by large number of anions, cations, and 

functional groups with examples including, but not limited to, F- [46, 47], Fe2+/3+ [62-67], and 

CO3
2- [48].  The wide variety of these possible substitutions can be attributed to the fact that the 

apatite structure is both flexible and highly stable [44].  In the case of cationic metal ions, such as 

iron, there are two distinct calcium sites in the HA lattice where substitutions can occur [62].  

Iron as a substituted cation may be of interest in bone related applications due to the fact it is 

present naturally in trace amounts in both teeth and bone [63].  Additionally, its presence 

provides iron substituted apatite (FeHA) with paramagnetic properties that can be applied 

clinical uses other than bone repair, such as drug delivery, medical imaging, or hyperthermia 

based cancer therapies [64, 68-72]. 
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  All previous aqueous iron substitutions in HA have been done during apatite synthesis or 

via controlled temperature and pH ion-exchange [62, 64-67, 56].  In these studies, iron was 

incorporated into hydroxyapatite during wet synthesis procedures, in which iron containing 

solutions were mixed with calcium and phosphate containing solutions at controlled 

temperatures and pH values.  These values ranged from temperatures of 37°C [66] to 95°C [67], 

and pH values ranging from 8.5 [64] to 9.4 [66].  In addition, Li et al. incorporated iron into their 

apatite powders by employing an ion-exchange during the aging step of the wet synthesis process 

[56].  The pH and temperature were both well controlled and samples were aged for 2 hours at 

98.5°C and an additional 24 hours of aging at room temperature.  These procedures all resulted 

in a pure apatite crystal structure in the resulting as dried powder.  A change to a hematite phase 

(Fe2O3) was observed after sintering at 1150°C by Morrisey et al. [65].  In cases where magnetic 

properties were examined, all resulting powders also showed a change from the diamagnetic 

properties of pure HA to para- or superpara-magnetic properties for iron incorporated HA [56, 

64, 67].    Despite the success achieved by earlier studies, the objective of this work in this 

chapter was to achieve iron-substituted hydroxyapatite with magnetic properties using a simple 

and efficient procedure.  The procedure discussed in this chapter is a room temperature ion-

exchange effective with soaking times as short as 1 hour. 

 

3.2 Materials and Methods  

3.2.1 Synthesis of Hydroxyapatite Powder 

  Hydroxyapatite powder was prepared via a wet precipitation method based on previous 

work done by Kothapelli et al. [48].  Briefly, a volume of 200 mL ammonium phosphate (99+%, 

Acros) 2 g/dL aqueous solution was added dropwise at a moderate dropping rate under vigorous 
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stirring to 600 mL of an aqueous calcium nitrate tetrahydrate (99%, Fisher) solution of the same 

concentration at 75°C.  An 80 mL volume of ammonium hydroxide (~30%, Fisher) was also 

added to the mixed solution to bring up the pH to 11-12.  After 3 hours of stirring at 75°C, the 

HA particles were collected by filtration and washed thoroughly with deionized water.  The 

collected HA precipitates were vacuum dried for 48 hours at room temperature and ground by 

mortar and pestle into a fine powder. 

 

3.2.2 Ion Substitution  

  HA powder was subjected to a simple soaking procedure to achieve iron substitution for 

calcium in the HA crystal lattice.  Initial tests were conducted using two distinct iron containing 

solutions: one was a dilute ferric chloride solution (40% w/v, Fisher) and the other was a dilute 

ferrous chloride solution (99%, Acros) in deionized water.  Each solution had an iron 

concentration of 0.01 M.    HA powder was soaked in the iron solutions, at an amount of 200 mL 

of solution per gram of HA, under moderate stirring for one hour, and then collected by filtration 

and washed thoroughly by deionized water.  The powder was dried overnight and ground by 

mortar and pestle.   

  After initial EDX and magnetic characterizations to check for iron content in the resultant 

sample powders, further experiments were conducted using the ferric (Fe3+) solution.  HA was 

soaked in ferric solution under moderate stirring at room temperature for various lengths of time 

ranging from 1 hour to 24 hours, then collected, washed, dried and ground. 
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3.2.3 EDX Characterization 

  An EDAX CDU/SUTW Leap Detector coupled to Philips ESEM 2020 was used to verify 

the presence of iron in the sample powders as well as qualitatively assess the effect that the ion-

exchange procedure had on the Ca:P ratio of the powders.  Sample powders were pressed onto 

carbon tape and affixed to sample holders for insertion into the microscope. 

 

3.2.4 FESEM Characterization 

  A JEOL JSM 6335F field emission scanning electron microscope (FESEM) was used to 

examine the morphology of sputter coated powder samples with an accelerating voltage of 10 

kV.  Sample powders were dispersed in ethanol and sonicated for 20 minutes to reduce 

agglomeration before being collected on copper microscopy grids.  Samples were then sputter 

coated with gold palladium for 1 minute prior to imaging. 

 

3.2.5 XRD Characterization 

  A Bruker AXS D5005 X-ray diffractometer with a copper target, and voltage and current 

conditions of 40 kV and 40 mA, respectively, was used to examine the crystal structure of the 

FeHA powder samples.  Conditions used were a 0.02° 2-theta step size and a scan speed of 

1°/minute with a 2-theta range of 10-60 for broad-range XRD patterns, and 31.5-32° for short-

range patterns. 

 

3.2.6 FT-IR Characterization 

  A Niclotet Magna 560 Fourier transform infrared spectrometer was used to compare the 

functional groups of pure HA and the FeHA samples.  This characterization was carried out 
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using classic KBr pellet technique in transmission mode.  Each FT-IR spectrum was an average 

of 32 scans with a resolution of 4.0 cm-1 in the range 400-4000 cm-1.   

 

3.2.7 VSM Characterization 

  A vibrating sample magnetometer (VSM, connected with the Evercool Physical 

Properties Measurement System from Quantum Design) was used to measure magnetization at 

room temperature in a magnetic field range of 0-15 kOe.   

 

3.2.8 ICP-AES Characterization 

  The elemental analyses of the materials were carried out by inductively coupled plasma 

atomic emission spectroscopy (ICP-AES, Thermo Jarrell Ash) using an ICAP 61E Trace 

Analyzer instrument.  ICP-AES was calibrated by standard solutions for iron and the sample 

solutions were prepared by dissolving 25 mg of powder in 0.01 volume % HCl in DIW. 

 

3.2.9 EPR Characterization 

  Electron paramagnetic resonance experiments were performed on a Bruker EMX X-band 

spectrometer at a temperature T = 100 K.  Samples were loaded into quartz tubes and evacuated 

for 30 minutes prior to analysis.   

 

3.2.10 XPS Characterization 

  A PHI Multiprobe with an X-ray photoelectron spectrometer was used to measure the 

binding energies in the FeHA powder.  A 1 eV step size was used for survey experiments and 0.1 

eV step size for higher resolution experiments focusing on iron peaks only.  The hydrocarbon 
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peak in the C1s spectra was set to 284.6 eV as a reference for the binding energy scale for the 

samples.  

 

3.2.11 Degradation Study 

FeHA powder (1-hour soaking time), as well as HA, was uniaxially pressed into pellets 

using a bench top laboratory press (Carver Model C).  For each pellet, 0.25 g of powder was 

pressed into a 13 mm pellet die well lubricated with stearic acid (97%, Acros) in acetone (99.9%, 

J.T. Baker) at a pressure of 100 MPa for 10 seconds.  Un-sintered pellets were subjected to a 

dynamic (shaking) degradation study in 0.9% NaCl solution at 37°C and 50 rpm.  The starting 

pH of the saline solution was 6.2.  

For each powder type, 3 pellets were examined at each time point, 1 day, 1 week, 2 

weeks, 3 weeks, and 4 weeks.  The saline was collected and separated from the pellet for each 

time point using a pipette and placed into clean vials, and pH was measured using a pH meter 

(Accumet XL15 pH meter).   The concentration of iron in the saline solution for each time point 

was measured using atomic absorption spectrometry (AAS) (Perkin-Elmer, 3100 AAS). 

 

3.2.12 TEM Sample Preparation 

  FeHA powder samples were also subjected to transmission electron microscopy (TEM) 

observations.  As the size of HA particles produced by the wet synthesis approach is at the 

nanometer level, it is difficult to study iron distribution within a single HA particle.  As such, HA 

was synthesized using a urea decomposition procedure, which produces HA particles in the tens 

of micrometers range.  A solution containing 7.88 g calcium nitrate in 200 DIW was adjusted to 

pH of 2 using nitric acid.  This solution was mixed with 2.64 g ammonium phosphate in 200 mL 



27 
 

DIW (also adjusted to pH 2 with nitric acid).  Additionally, 3.12 g of urea were added to the 

system (Fisher, 99+%).  The mixture was stirred at 60 rpm at 95°C for 48 hours.  The resulting 

precipitate was collected via centrifugation and washed thoroughly with DIW, dried, and ground 

by mortar and pestle.  

  The resulting HA powder was then soaked in 0.01M ferric chloride solution at room 

temperature under moderate stirring for 1 hour.  The FeHA was collected by filtration and 

washed thoroughly by deionized water.  The powder was dried overnight and ground by mortar 

and pestle.    

 

3.2.13 TEM EDX Line Scan Characterization 

  FeHA powder synthesized as described in the above section was dispersed on copper 

TEM grids.  A Tecnai T12 S/TEM equipped with an EDAX EDX system was then used, with 

drift correction, to obtain line scans of iron content across FeHA particles to examine iron 

distribution in a single HA particle. 

 

3.3 Results 

3.3.1 EDX Analysis of the Presence of Iron in the Soaked Powders 

  EDX patterns were collected for pure HA, HA soaked in ferrous chloride, and HA soaked 

in ferric chloride.  These spectra are shown in Fig. 3.1.  Iron is present in a significant amount in 

the ferric chloride soaked HA sample (as shown in Fig. 1 c), but not in the ferrous chloride 

soaked sample (Fig. 1 b).  There is no iron present in the pure HA control (Fig.1 a), as expected.  

In addition, the Ca:P ratios in the control HA and the ferrous chloride soaked HA samples are 

comparable, with Ca:P being greater than 1 (approximately 1.7 in each case), but the Ca:P ratio 
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in the ferric chloride soaked sample (FeHA) is greatly decreased.  In the ferric chloride soaked 

HA, Ca:P is approximately 0.4, or in other words there is more P present in the powder than Ca.  

There is a small amount of iron present in the ferrous chloride soaked sample, as well as small 

amounts of chlorine present in both soaked samples.  Additionally, there are carbon peaks of 

varying intensity in each of the EDX spectrum from the carbon tape used to fix the powders in 

place. 

 

 

 

Figure 3.1  EDX results for (a) pure HA, (b) samples soaked in ferrous chloride solution, and (c) 

samples soaked in ferric chloride solution. 

 

3.3.2 FESEM Analysis of Powder Morphology. 

  Morphologies of pure HA and HA powder immersed in FeCl3 for 1, 12 and 24 h are 

shown in Fig. 3.2. It was observed that the pure HA starting particles have a rod-like morphology 

with a length in the range 100-300 nm.  The FeHA particles inherited a similar morphology and 

size from the pure HA particles.  It seems that the soaking time does not have significant impact 
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on the resulting morphology of FeHA particles.  All nanoparticles, pure HA and FeHA, are 

agglomerated even after sonication.   

 

 

Figure 3.2  FESEM micrographs of (a) HA, (b) FeHA with 1 hour soaking time, (c) FeHA with 

12 hour soaking time, and (d) FeHA with 24 hour soaking time powders. 

 

3.3.3 XRD Analysis  

  The XRD patterns of synthesized HA and FeHA (1, 12, and 24 hour soaking times) from 

10-60° 2θ are shown in Fig. 3.3.  All patterns are in agreement with the hexagonal HA reference 

pattern, JCPDS card number 9-432.  No notable diffraction peaks appeared other than those 

attributed to HA.  Additionally, no obvious changes in relative peak intensities between the 

various apatite peaks after ion exchange were observed.  The pure HA starting powder is not 
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highly crystalline, due to the fact the powder was not calcined, and although the apatite crystal 

structure was maintained without any second phase detected, the FeHA sample showed peak 

broadening and decrease in intensity.  This can be due to poor FeHA crystallinity as compared to 

HA.  

 

 

Figure 3.3 XRD diffraction patterns of (a) HA synthesized by a wet precipitation method and 

FeHA obtained via (b) a 1-hour simple soaking procedure, (c) 12 hour simple soaking 

proceduring, and (d) 24 hour simple soaking procedure. 

 

  A short-range XRD study from 31.5-32° 2θ of the (211) peak that occurs at 31.8°, was 

conducted as a function of FeHA soaking time.  These results are shown in Fig.3.4.  With an 

increase in soaking time there is a drastic decrease in peak intensity, as well as a peak 

broadening, and a slight peak shift left. 
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Figure 3.4  Short angle range XRD patterns for (a) HA, (b) FeHA with 1 hour soaking, (c) 

FeHA with 4 hour soaking, and (d) FeHA with 24 hour soaking. 

 

3.3.4 FT-IR Analysis of the Molecular Structure of HA and FeHA 

  Fourier transform infrared spectroscopy was conducted on pure HA control powder, as 

well as FeHA sample powders with 1, 12, and 24 hour soaking times. The FT-IR spectra, in Fig. 

3.5, show that there is no significant difference between the HA and the FeHA samples.  Each 

peak can be assigned to a characteristic peak of hydroxyapatite.  Peaks between 660-520 cm-1 as 

well as around 1040 cm-1 can be attributed to phosphate groups.  There are carbonate peaks 

between 1650-1300 cm-1, and also an obvious hydroxyl bending mode around 3570 cm-1.  There 

are no peaks appearing in the FeHA sample spectra that cannot be identified as peaks 
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corresponding to functional groups found in pure HA.  This further indicates that the FeHA 

maintained a similar structure to the pure HA.  The only noticeable difference between HA and 

FeHA spectra is an increase in the hydroxyl peak at 3570 cm-1.   

 

 

Figure 3.5  FT-IR spectra of (a) HA, (b) FeHA with 1 hour soaking, (c) FeHA with 4 hour 

soaking, and (d) FeHA with 24 hour soaking. 

 

3.3.5 Magnetic Properties of FeHA by VSM Analysis 

  VSM was used to measure the magnetization of HA, and both ferric and ferrous chloride 

soaked HA at room temperature in a 10 kOe field, as shown in Fig. 3.6.  Both pure HA and HA 

soaked in ferrous chloride were shown to have diamagnetic properties by the negative slope of 

the magnetization-magnetic field curve.  In the case of HA soaked in ferric chloride, the positive 

slope indicated paramagnetic properties of the powder. 
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  Additionally, VSM measurements on FeHA at various soaking times were examined, and 

a selection of them is shown in Fig. 3.6.  All samples soaked in ferric chloride showed 

paramagnetic properties.  The FeHA samples whose magnetization curves are plotted in Figure 6 

are representative of the magnetization behavior of ten distinct FeHA samples that were 

measured.  Although all samples showed that iron substitution led to magnetic properties, there 

was no apparent pattern between soaking time and magnetic properties.   

 

 

Figure 3.6  Room temperature mass magnetization measurements of (a) HA, (b) ferrous chloride 

soaked HA, (c) 1 hour ferric chloride soaked HA (FeHA with 1 hour soaking), (d) FeHA with 12 

hour soaking, and (e) FeHA with 24 hour soaking. 
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3.3.6 Iron Quantification of FeHA by ICP-AES 

  ICP was used to measure the concentration of iron in FeHA samples from 1 to 24 hours 

soaking time.  In terms of concentration, iron content generally increased with increased soaking 

time.  Results are summarized in Table 3.1.  The iron concentration is expressed as g Fe/ g FeHA 

(total powder).  For 1 hour soaking time, there are 0.064 g Fe/g FeHA.  This number increased to 

0.096 for 4 hours soaking, 0.103 for 12 hours, and 0.114 for 24 hours soaking.   

 

Table 3.1  ICP iron concentration measurements as a function of FeHA soaking time 

ICP Elemental Analysis of Iron in FeHA Samples 

FeHA Soaking Time Iron Concentration (g Fe/ g FeHA) 

1 hr .064 

4 hr .096 

12 hr .103 

24 hr .114 

 

 

3.3.7 EPR Analysis of FeHA  

  Electron paramagnetic resonance spectroscopy scans were run on FeHA samples soaked 

for 1, 12, and 24 hours.  All scans were run at 100 K.  Results are shown in Fig. 3.7 (presented as 

the first derivative of the absorption spectra), and the g value for all three samples tested was 

2.00.  EPR spectra are specifically related to the number of unpaired electrons as well as the 

local environment of the paramagnetic species, so the g value would remain the same for each 

sample containing iron ions in the same configuration, regardless of the amount of the iron in 

each sample. 
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Figure 3.7  EPR spectra for (a) FeHA 1 hour soaked sample, (b) FeHA 12 hour soaked sample, 

and (c) FeHA 24 hour soaked sample.  g=2.00213 for all 3 spectra. 

 

3.3.8 XPS Characterization 

  XPS was conducted on FeHA powder samples soaked for 1, 4, and 24 hours.  For the 3 

samples, surveys were run and the Fe/Ca ratio increased with soaking time, but the bonding 

remained the same.  Fig. 3.8 shows high resolution spectra of FeHA powders.  The binding 

energy for the 2p states of iron are located at 712.4 and 725.5 for Fe2p 3/2 and Fe2p 1/2 

respectively for the 1 hour soaked sample (Figure 9a), 712.6 and 725.7 for the 12 hour soaked 

sample (Figure 9b), and 712.9 and 725.9 for the 24 hour soaked sample (Figure 9c).  This 

corresponds to FePO4 bonds, which have a 2p 3/2 binding energy of 712.8 eV, indicating that 

iron bonded to phosphate groups is predominant.   
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Figure 3.8  XPS response of Fe 2p in FeHA (a) 1 hour soaked sample, (b) 12 hour soaked 

sample, and (c) 24 hour soaked sample. 
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3.3.9 Degradation Study 

FeHA sample pellets and HA control pellets were soaked in saline solution at 37°C and 

50 rpm in a shaking water bath for up to a month.  Samples were removed at 1 day, 1 week, 2 

weeks, 3 weeks, and 4 weeks and the remaining saline solution they had been soaking in were 

analyzed.  The pH was measured at each time point.  Fig. 3.9 is a plot of the average pH value of 

the soaking solution for each soaking time point.   

 

 

Figure 3.9 pH as a function of pellet soaking time in a degradation study. 

 

 The pH curves for both pellet types remain relatively stable for the duration of the study.  

The pH of the soaking solution for HA fluctuates slightly between 7 and 7.5 from 1 day to 1 

month.  The pH for the FeHA soaking solution fluctuates between about 5.3 and 5.7 for the 

entire time period. 
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 Iron ion concentration at each time point was measured using AAS.  It was found that the 

concentration of free iron in solution at each time point tested was less than 0.1% of the total iron 

in pellet. 

 Visual inspection of the pellet morphology of the samples was conducted at each time 

point.  For both sample types, pellets remained essentially intact through the 2 week soaking 

time point.  At 3 and 4 weeks, some pellets breakage started to occur.  At 3 weeks there were 

small pieces broken away from the HA pellets, and by 4 weeks both pellet types were breaking 

apart. 

   

3.3.10 TEM EDX Line Scan 

  FeHA synthesized by the urea decomposition method was examined using TEM due to 

the fact that the FeHA particles generated by wet synthesis and used in the rest of this study had 

dimensions that were too small to generate useful line scans in the TEM.  A representative 

particle was imaged using TEM (Fig. 3.10a), and EDX was employed to measure iron content at 

a point near the particle center (point A) and a point near the particle edge (point B).  The results 

showed about 0.2 atomic% iron at the center point, and 3 atomic% iron near the particle edge. 

An EDX line scan was the conducted across the particle (represented by the white line in Fig. 

3.10a) and the results of the line scan (Fig. 3.10b) indicate that the levels of iron are much higher 

near the edges of the particle, and plateau to a much lower level near the center.  Line scans were 

conducted on 5 particles, and the same pattern was seen repeatedly. 
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Figure 3.10 A TEM micrograph (a) of a FeHA particle and the accompanying EDX line scan for 

iron (b). 

 

 

3.4 Discussion 

  In this work, HA as well as FeHA were synthesized.  The HA powder was white, 

whereas the FeHA powder samples were yellow.  Based on EDX and VSM results, iron 

substitution occurred only in the ferric chloride soaked samples, and not in those samples soaked 

in ferrous chloride.  This may be because at room temperature ferric ions in an aqueous 

environment are less thermodynamically stable than ferrous ions, and as such there would be a 

greater driving force for ferric ions to interact with the HA lattice than for ferrous ions.  EDX 

showed a Ca:P ratio of less than 1 for the ferric chloride soaked powder.  Stoichiometric HA has 

a Ca:P of 1.67, and this unusually low Ca:P ratio can likely be attributed to the fact that some of 

the calcium in that sample has been replaced by iron.  The (Ca+Fe):P ratio of FeHA is about 1.0, 
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which is lower than the Ca:P ratio of the starting pure HA powder.  If a one-for-one substitution 

was occurring between iron and calcium then the (Ca+Fe):P ratio would be expected to be equal 

to the starting Ca:P ratio.  This observed change in ratio likely derives from the fact that a 

trivalent ion is replacing a divalent one.  In order to compensate for this resulting lattice charge 

imbalance calcium vacancies may have been formed.   Ferrous chloride soaked HA powder, on 

the other hand, maintained a similar Ca:P ratio as the pure HA control.  The small amounts of 

iron present in the ferrous chloride soaked sample, as well as the small amounts of chlorine 

present in both ferrous and ferric soaked samples, can be explained by small amounts of ion 

adhesion to the powder surface from the aqueous iron chloride soaking solutions that was not 

removed by the powder rinsing step.  In the case of chlorine, it is also possible that small 

amounts of substitution for hydroxyl groups occurred simultaneously with the iron substitutions.  

The carbon peaks in each of the EDX spectra are derived from the carbon tape used to affix the 

powders to SEM stubs.  In addition to the differences in EDX spectra, the ferrous chloride 

soaked powder, like pure HA, had diamagnetic properties when measured using VSM, whereas 

the ferric chloride soaked power had paramagnetic properties.  Therefore, Fe3+ is more active in 

the exchange of Ca2+ ions in the hydroxyapatite lattice than Fe2+ at room temperature.   

  The goal of this study was to achieve a single-phase material after substitution without 

any formation of impurities or a second phase.  Single phase is desirable because phase purity 

influences the bioactivity, solubility, and in vivo behavior of bioceramics [91].   

  A single-phase substituted powder was achieved, as demonstrated by the fact that no 

obvious differences were observed between HA and FeHA in either XRD or FT-IR data, shown 

in Figure 3 and Figure 5, respectively.  A formation of a second phase would have resulted in 

extraneous peaks in both of these analysis types.  However, XRD data did show broadened 



41 
 

diffraction patterns in FeHA as compared to HA (Fig. 3.4).  This can be attributed to the fact that 

FeHA is more amorphous than HA.  The increase of the amorphous character of the iron-

substituted apatite in our study corresponds to results reported by Wang et al. [63] and Li et al. 

[56].  There was also a slight (211) peak shift left with increasing iron content, apparent in Fig. 4, 

indicating a change in lattice parameters when calcium is replaced by iron  This lattice parameter 

distortion can be explained by the difference in radius between Fe3+ ions (0.64 Å) and Ca2+ ions 

(0.99 Å).  This peak shift phenomena was also observed by Wang et al. [63].  Wang et al. 

reported not only a peak shift left, but also an increase in that shift with increasing iron content.  

This similar difference in our XRD data with an increase in soaking time suggests an increase in 

iron content in the powder.  This idea of an increase in iron content was supported quantitatively 

by results of ICP measurements.   

  As with XRD, FT-IR similarly indicates that no second phase was formed, indicating the 

iron was incorporated into the system, and there was no significant change to the apatite 

structure.  These results indicating that the HA crystal structure was maintained and no 

secondary iron containing phases were formed compare favorably with those observed by other 

groups working on iron substituted hydroxyapatites.  For example, Li et al. replaced Ca2+ with 

Fe3+ ions in hydroxyapatite up to 20 wt%, which is significantly greater than the substitution 

amount we achieved (about 11 wt%), without revealing a change in crystal structure or formation 

of secondary iron-based compounds in XRD patterns [56].   

  Although FT-IR and XRD results provided information about crystal structure and phase 

purity, they do not help determine how and where the iron substitution occurs in the lattice.  For 

this, EPR analysis was conducted to clarify the situation.  EPR scans were run at 100 K, and a g 

value of 2.00 was obtained for each sample tested.  Based on previous work done by other 
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groups, these results could indicate a number of iron location conditions [58, 62, 92-94].  EPR 

results related to Fe3+ where g≈2 have been attributed to iron in cation-exchange sites (g=2.0), 

surface iron attachment (g=2.05), iron in bulk octahedral or tetrahedral sites (g≈2), iron 

attachment to the lattice in an iron-oxyhydroxide (FeOOH) phase (g=2.01), and iron present in 

hematite nanoparticles (g=2.1).  In cases where g≈2 is attributed to a separate hematite phase, not 

only is the g value 2.1 as opposed to 2.0, but a hematite phase is readily identified in XRD [93]; 

therefore, we can eliminate the possibility that our material includes a hematite second phase.  

Iron present in the bulk apatite framework can be indicated by a g value of about 2, but this g 

value is typically also accompanied by a second peak corresponding to g=4.3 [92].  There is no 

g=4.3 peak in the EPR spectra from our FeHA samples, or this peak is severely suppressed, so 

most of the iron in our FeHA powder is not present in bulk lattice sites either.  Thus, we have 

concluded from EPR results that of the possible locations for iron ions in our FeHA samples are 

iron in cation-exchange sites as well as FeOOH conjugated to the apatite lattice.  When further 

considering XPS results that indicate iron-phosphate binding were formed in our FeHA, 

combined with EDX results that demonstrate a decrease in Ca:P ratio in substituted samples 

compared to HA control, the majority of the iron substitution has occurred in cation-exchange 

sites where Fe3+ has replaced Ca2+.  

  As is indicated by EDX and ICP results, an increase in soaking time generally leads to an 

increase in iron content; however, the magnetic susceptibility of the FeHA powder did not 

increase proportionally.  Since a similar magnetic behavior and susceptibility was obtained for 

the HA soaked for 1 hour and 24 hours, one would choose one-hour-soaking at room temperature 

as a quick and efficient procedure to prepare FeHA with paramagnetic properties.  Alternatively, 

increasing the initial iron concentration or raising the reaction temperature may result in 
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enhanced magnetic property of the resulting FeHA via a significant increase of iron content, but 

the effect that vigorous reaction conditions (e.g. high concentration or high temperature) might 

have on phase purity or crystallinity is unclear. 

  The degradation behavior of FeHA as compared to HA can be hypothesized to be similar.  

The trend of the pH curves for the soaking solution for each powder type was similar.  The 

overall pH in the FeHA soaking solution was lower.  This is likely a result of an initial iron burst 

release when the FeHA is initially introduced to the aqueous conditions.  Direct measurement of 

the amount of iron released at each time point using AAS was shown to be incredibly low, below 

0.1% of total iron content of the pellets for the duration of the study, despite the fact that the 

pellets were breaking apart by the end of 1 month of soaking.  This suggests that direct 

measurement of iron release cannot be successfully measured using this technique.  Due to the 

pH of the system (pH > 5, Fig. 3.9), it is likely that any iron ions would precipitate from solution 

as iron oxide, which are removed prior to AAS measurement.  In vivo conditions would result in 

similar behavior, based on body pH. 

  The results from the TEM line scan provide insight into the mechanism that is occurring 

during ion exchange.  The ion exchange procedure limits substitution to predominantly surface 

calcium sites.  Ion exchange is a predominantly surface reaction because in aqueous conditions a 

hydrated layer of loosely bound mineral ions exists in HA, and these loosely bound ions can be 

easily exchanged [48].   In  acidic conditions, the Ca2+ ions dissociate from the apatite crystal 

lattice at the surface of the HA particle [46, 47], further facilitating an exchange between the 

Ca2+ ions in the apatite lattice and the Fe3+ ions in solution due to calcium-deficient HA being 

particularly subject to ionic substitutions [95].  Additionally, because the ion exchange procedure 

is diffusion driven, and it is being conducted at room temperature, there is not a high driving 
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force for the iron ions to penetrate into the apatite particles past the loosely bound surface layers.  

It is possible that increasing the soaking temperature could drive more iron into the particle, and 

increase the thickness of the iron substituted shell, but experiments would need to be conducted 

to verify this hypothesis.     

   

3.5 Conclusion 

  Using a ferric chloride solution and a simple soaking procedure, FeHA was prepared with 

no apparent formation of a second phase.  This procedure was not successful when using a 

ferrous chloride solution.  Iron is likely present in cation-exchange sites in the apatite lattice.  As 

indicated by XRD, ICP, and EDX results, an increase in soaking time results in higher iron 

content.  The substitution of Fe3+ into the HA lattice results in FeHA powders with paramagnetic 

properties.   This novel simplified room temperature soaking procedure can be applied in the 

future to synthesize magnetic apatite based nanoparticles for biomedical applications. 
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Chapter 4 

 

A comparative study of the sintering behavior of pure and iron-substituted hydroxyapatite 

 

4.1  Introduction 

Iron has been incorporated into the HA lattice during apatite synthesis, via controlled 

temperature and pH ion-exchange procedures, and via a simple room temperature ion exchange 

procedure with soaking time as short as 1 hour [62,64-67, 56, 97].  These procedures all resulted 

in powders with pure apatite crystal structure.  All powders in which magnetic properties were 

measured also showed a change from the diamagnetism of pure HA to para- or superpara-

magnetic properties for iron substituted HA [64, 67, 56, 97].  The change in magnetic properties 

allows for a wider range of clinical uses of HA. 

Clinically, HA may be used in a variety of forms, including as a coating, as the 

reinforcement of a polymer-ceramic composite, and as a sintered ceramic.  HA powder 

properties, such as crystallinity, surface area, and particle size, determine its effectiveness for 

specific applications.  Additionally, powder properties and chemical composition affect HA 

sinterability [98]. During HA sintering reversible dehydroxylation occurs at all elevated 

temperatures yielding oxyhydroxyapatite, and occurs at a temperature generally above 1200°C 

[99, 100].  Sometimes, the dehydroxylation of HA can occur as low as 800°C when impurities 

are present in the powder [100]. During the dehydroxylation process, HA decomposes to 

tricalcium phosphate (TCP) and CaO.  This decomposition creates strain due to volume changes 

associated with the formation of new phases, and lowers the mechanical integrity of the sintered 

body [100].  
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Although some systematic studies regarding the sintering behavior of substituted apatites 

have been conducted, such as the work done by Kim et al. [101] and Qiu et al. [102], to the best 

of the author’s knowledge there has been little work conducted on the sintering behavior of 

FeHA. Wang et al. did report that iron containing HA nanoparticles calcined at temperatures well 

below 1000°C showed decomposition [63].  Additionally, work done by Morrissey et al. and 

Gross et al. [65, 66] sintered FeHA with a pure apatite structure in air at 1150°C.  After sintering 

at this temperature β-TCP and hematite phases were present [65, 66] and the pellets displayed a 

brown to red color change accompanying the formation of the hematite phase [66].  The 

objective of the work presented in this chapter was to provide an evaluation of the 

biocompatibility of FeHA powder, as well as a systematic study of the sintering behavior and 

corresponding mechanical properties at a series of temperatures, to determine the appropriateness 

of FeHA for biomedical applications.  

 

4.2 Materials and methods 

4.2.1 Hydroxyapatite and Iron-Substituted Hydroxyapatite Synthesis 

 Hydroxyapatite powder was prepared via a wet precipitation procedure in which an 

aqueous solution of 2 g/dL ammonium phosphate (99+%, Acros) was added dropwise at a 

moderate dropping rate of about 75 drops per minute under vigorous stirring to a 2 g/dL aqueous 

calcium nitrate tetrahydrate (99%, Fisher) solution at 75°C.  Ammonium hydroxide (~30%, 

Fisher) was also added to the mixed solution to bring up the pH to 11-12.  After 3 hours of 

stirring at 75°C, the HA particles were collected by filtration and washed thoroughly with 

deionized water.  The collected HA precipitates were dried at 90°C for 12-16 hours and ground 
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by mortar and pestle into a fine powder.  This resulting powder was then milled (SPEX 8000 

Mixer/Mill) for 10 minutes in a steel canister with alumina milling balls.   

Iron-substituted hydroxyapatite (FeHA) was produced using a simple ion exchange 

procedure [97].  HA powder, prepared as described above, was soaked in dilute ferric chloride 

solution (40% w/v, Fisher), at a concentration of 5 g/L, under moderate stirring for one hour, and 

then collected by filtration and washed thoroughly by deionized water.  The powder was dried 

overnight and ground by mortar and pestle, and then SPEX milled for 10 minutes. 

 

4.2.2 Pellet Preparation and Sintering 

Milled HA and FeHA powders were uniaxially pressed into pellets using a bench top 

laboratory press (Carver Model C).  For each pellet, 0.35 g of powder was pressed into a 13 mm 

pellet die well lubricated with stearic acid (97%, Acros) in acetone (99.9%, J.T. Baker) at a 

pressure of 150 MPa for 10 seconds. This yielded pellets with a thickness of approximately 1.63 

mm for HA and 1.60 mm for FeHA. 

Pellets were sintered at a selection of temperatures (900, 1000, 1100, 1200, and 1300°C 

for HA samples, and 600, 700, 900, 1000, and 1100°C for FeHA samples) and soaked at peak 

temperature for 2 hours in a chamber furnace (MXI model Z14) in air.  Lower sintering 

temperatures were selected for the FeHA samples because initial results for samples run at the 

same temperatures as pure HA indicated that decomposition began for FeHA at temperature 

below 900°C.  Samples were heated to the soaking temperature at a ramp rate of 5°C/min and 

allowed to cool naturally within the furnace to room temperature.  A total of 10 pellets of each 

type of powder were sintered for each temperature point investigated.   
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4.2.3 Starting Powder Characterization 

FeHA powder synthesized using the procedure described above was thoroughly 

characterized and reported in the previous chapter [97].  The SPEX milled pure HA and FeHA 

powders were also examined via a JEOL JSM 6335F field emission scanning electron 

microscope (FESEM) prior to pressing into pellets.  Powder was dispersed in ethanol, sonicated 

for 20 minutes to reduce agglomeration, dried on a copper transmission electron microscopy 

(TEM) grid, and sputter coated with gold palladium for 1 minute prior to imaging with an 

accelerating voltage of 10 kV.  Sintered HA and FeHA pellets were then characterized using a 

variety of techniques.   

 

4.2.4 Density and Biaxial Flexural Strength 

Density measurements were performed on green and sintered pellets using an Ohaus 

digital balance accurate to 1 mg and a caliper (Mitutoyo) accurate to 0.01 mm.  Three diameter 

and three thickness measurements were taken for each pellet and the respective averages were 

used when calculating pellet density.  A Tinius Olsen (150KS model) was used to determine the 

pellet biaxial flexure strength (modulus of rupture) on 13 mm diameter pellets using a 1000 N 

load cell at a crosshead speed of 0.01 mm/minute and a pin-on-disc test fixture set up per ASTM 

F 394 [103].  The modulus of rupture (MOR) was calculated based on the following equations: 

S = -0.2387 P(X-Y)/d2                                               (1) 

where S = maximum center tensile stress (MPa), P = total load causing fracture (N), 

X = (1+ν) ln[(B/C)2] + [(1-ν)/2](B/C)2,                  (2) 

Y = (1+ν)[1+ln[(A/C)2]] + (1-ν)(A/C)2,                  (3)   
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where ν = Poisson’s ratio, 0.27, A = radius of support circle (mm), B = radius of loaded area or 

pin tip (mm), C = radius of specimen (mm), and d = specimen thickness at point of fracture 

(mm). 

 

4.2.5 XRD Characterization 

As-prepared HA and FeHA, and those sintered at different temperatures were examined 

for phase purity and crystal structure using a Bruker D2 Phaser X-ray diffractometer (XRD) with 

a copper target, and voltage and current conditions of 40 kV and 40 mA, respectively.  

Conditions used were a 0.02° 2-theta step size and a scan speed of 4°/min with a 2-theta range of 

10-60.   

 

4.2.6 FESEM Characterization 

Field emission scanning electron microscopy (FESEM) was used to examine the polished 

surface morphology and cross-section morphology of sintered pellets with an accelerating 

voltage of 10 kV.  To observe the surface morphology of the pellets, the samples were polished 

using 1200/P4000 grit sandpaper for 3 minutes at 150 rpm, and then for an additional 20 minutes 

at 100 rpm using polishing cloth and 1 μm diamond paste.  Polished pellets were then sputter 

coated with gold palladium for 1 minute prior to imaging.  Pellet cross-sections were left 

unpolished and sputter coated with gold palladium for 1 minute prior to imaging. 

 

4.2.7 Cell Culture Studies 

Mouse calvaria 3T3-E1 cells were used to assess the biocompatibility of iron substituted 

hydroxyapatite (FeHA).  Cells were grown in alpha modified eagle’s medium (α-MEM) 
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supplemented with 10 % fetal bovine serum (Cellgro, FBS) and 1 % penicillin-streptomycin 

under an atmosphere of 5 % CO2 at 37 ºC. At 90 % confluence, cells were harvested and seeded 

at a density of 2 x 104 cells per well in a 24 well plate. Four hours were allotted for cell 

attachment after which the medium was changed to medium containing particles dispersed at 

concentrations of 20 µg/ml or 50 µg/ml HA or FeHA. Powders were sterilized by immersion in 

70 % ethanol for 30 minutes while under sonication. The powders were collected by 

centrifugation and rinsed with sterile filtered DIW three times and re-dispersed in supplemented 

α-MEM.  

Cellular proliferation was assessed at 1, 3 and 7 days via alamar blue assay. In brief, cells 

were rinsed with phosphate buffer saline and the medium was refreshed with 1 ml of powder-

free medium. Alamar blue was added at 1/10th the medium volume and incubated at 37 ºC for 4 

hours. Aliquots, 200 µl, were taken from each specimen in triplicates and the absorbance was 

measured at 570 and 600 nm. The percent reduction in alamar blue was calculated by: 

Percent Reduced = (A570 – RoA600)*100 

 

4.3 Results 

4.3.1 Starting Powder Characterization 

As was reported in our previous work, using a ferric chloride solution and a simple 

soaking procedure a phase pure FeHA material can be achieved in which iron substitutes into 

cation-exchange sites in the apatite crystal lattice replacing calcium ions.  This material was 

thoroughly characterized using methods including XRD, energy dispersive X-ray spectroscopy 

(EDX), inductively couple plasma atomic emission spectroscopy (ICP-AES), Fourier transform 

infrared spectroscopy (FT-IR), and vibrating sample magnetometer (VSM) and superconductive 
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quantum interference device (SQUID) analysis [97].  These previous results showed that after 

iron substitution the powder retained characteristic apatite crystal structure and functional 

groups, but the iron doped samples displayed paramagnetic properties, as opposed to the 

diamagnetism of pure HA.  The effect of soaking time on iron content was also examined, and 

collectively X-ray diffraction and inductively coupled plasma atomic emission spectroscopy 

results suggested that an increase in soaking time led to an increase in iron content in the sample 

powder.  An increase in iron content resulted in a decrease in sample crystallinity and a decrease 

in crystal lattice parameters.  For a 1-hour soaking, such as used in this study, there were 0.064 g 

Fe/g FeHA, as measured by ICP-AES [97].  

In this study, the starting powder was SPEX milled, and then characterized using 

FESEM.  The FESEM images of the SPEX milled pure HA and FeHA samples in Fig. 4.1 

indicate that after SPEX milling pure HA for 10 minutes there is a wide particle size distribution 

ranging from about 30-300 nm length rod shaped particles.  After ion exchange and an additional 

10 minutes of SPEX milling the resulting particle morphology is mostly spherical shaped 

particles less than 100 nm in diameter. 

 

 

Figure 4.1 FESEM micrographs of SPEX milled HA and FeHA powders. 
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4.3.2 Density and Biaxial Flexural Strength  

Both green and sintered density measurements were performed on HA and FeHA pellet 

samples.  Ten pellets per sintering temperature were measured for both types of powders, and the 

densities were recorded as the average values of these measurements.  Both green and sintered 

densities are listed in Table 4.1, and Fig. 4.2 shows the sintered densities of both pellet types 

(HA and FeHA) as a function of sintering temperature. 

 

Table 4.1 Diameter, thickness, and density measurements of sample pellets before and after 
sintering, and MOR of sintered pellets 

Sample Avg. Green 
Diameter 

(mm) 

Avg. Green 
Thickness 

(mm) 

Avg. 
Green 

Density 
(g/cm3) 

Avg. 
Sintered 
Diameter 

(mm) 

Avg. 
Sintered 

Thickness 
(mm) 

Avg. 
Sintered 
Density 
(g/cm3) 

Avg. 
Sintered 

MOR 
(MPa) 

HA 900°C  
 

12.81 

 
 

1.63 

 
 

1.65 

10.66 1.43 2.50 36.50 
HA 

1000°C 
10.33 1.38 2.73 56.50 

HA 
1100°C 

10.23 1.34 2.86 54.34 

HA 
1200°C 

10.17 1.33 2.92 50.41 

HA 
1300°C 

10.21 1.37 2.80 29.13 

FeHA 
600°C 

 
 

12.78 

 
 

1.60 

 
 

1.71 

12.38 1.56 1.70 7.38 

FeHA 
700°C 

12.30 1.51 1.70 7.85 

FeHA 
900°C 

12.00 1.47 1.78 8.92 

FeHA 
1000°C 

10.93 1.43 2.15 16.87 

FeHA 
1100°C 

10.91 2.94 1.06 4.43 

 

The average green density of HA pellets was 1.65 g/cm3 and the average green density of 

FeHA pellets was 1.71 g/cm3.  Table 4.1 summarizes the thickness, diameter, and density 

measurements of the HA and FeHA pellets sintered at different temperatures.  For HA, the 
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sintered densities increased with sintering temperature up to a maximum density of 2.92 g/cm3 at 

1200°C, and then dropped at 1300°C.  The peak density achieved was 93% the theoretical 

density of HA.  For FeHA, sintered densities also increased with sintering temperature up to a 

point, before dropping.  The highest density, 2.15 g/cm3, was achieved at 1000°C.  There is a 

decrease in diameter with an increase in sintering temperature for every sample measured with 

the exception of the HA pellets sintered at 1300°C, and also a decrease in thickness compared to 

the green pellets for every sample measured with the exception of the HA pellets sintered at 

1300°C and the FeHA pellets sintered at 1100°C.  The FeHA pellets sintered at 1100°C 

experience a greater than 100% increase in thickness as compared to the FeHA pellets sintered at 

1000°C. 

 

 

Figure 4.2 Post-sintered density of HA and FeHA sample pellets. 
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After pellet densities were measured, the pellets were subjected to a modulus of rupture 

(MOR) test to study mechanical properties of the sintered pellets.  The results of the MOR test 

are summarized in Table 4.1 and Fig. 4.3.  The values are presented as averages plus/minus 

standard deviations.  

 

 

Figure 4. 3 Modulus of rupture averages for sintered HA and FeHA pellets. 

 

The MOR of the sintered HA samples ranged from the lowest value of 29.13 MPa for 

pellets sintered at 1300°C to a peak value of 56.50 MPa for pellets sintered at 1000°C.  An 

ANOVA F-test analysis was conducted on the mean MOR values resulting from 6 measurements 

per each of the 5 temperature points considered.  This analysis resulted in an F-value (10.9) 
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larger than Fcrit (2.76), thus there is a significant difference  between the MOR values for the HA 

pellets sintered at different temperatures.  The MOR of the FeHA sintered samples ranged from 

the lowest value of 4.43 MPa for pellets sintered at 1100°C to a peak value of 16.87 MPa for 

pellets sintered at 1000°C (as shown in Fig.4.3).  An ANOVA analysis of these sample groups 

resulted in an F-value of 79.6 compared to an Fcrit of 2.76, thus there is also statistical 

significance between the MOR values for the FeHA pellets sintered at different temperatures.  In 

addition to the MOR as a function of sintering temperature displayed in Fig. 4.3, Fig. 4.4 

displays the MOR values for each pellet tested as a function of pellet density.  Results for pure 

HA samples are shown in Fig. 4.4a, and FeHA pellet results are displayed in Fig. 4.4b. 
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Figure 4.4 MOR as a function of density for (a) HA pellets and (b) FeHA pellets. 

 

4.3.3 XRD Characterization 

XRD analysis was used to examine the phase purity and crystal structure of the sintered 

pellets.  The resulting XRD spectra for pure HA and FeHA samples are shown in Fig. 4.5 and 

Fig. 4.6, respectively. 
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Figure 4.5 XRD spectra for as-dried HA compared to HA sintered at 900, 1000, 1100, 1200, and 
1300°C. 

 

As is demonstrated clearly in Fig. 4.5, the peaks present in each of the sintered samples 

are identical to those present in the un-sintered HA control spectrum.  These peaks match well 

with the HA JCPD reference card 9-432.  The figure shows that there is a small extraneous peak 

that appears around 30° starting at 1200°C, which would match with the β-TCP peak at 29.68° 

2θ.   



58 
 

 

Figure 4.6 XRD spectra for FeHA compared to FeHA sintered at 600, 700, 900, 1000, and 
1100°C. 

 

Fig. 4.6 shows that un-sintered FeHA results in pure apatite peaks matching with JCPD 

9-432, although the broad peaks indicate that FeHA is more amorphous than un-substituted HA.  

FeHA sintered at 600°C also results in pure apatite peaks, but samples sintered at 700°C and 

above demonstrate the emergence of extraneous peaks, most notably at about 27.8°, 30.1°, 31.1° 

and 34.5° 2θ.  These peaks can be matched to β-TCP, which has significant characteristic peaks 

at 27.79°, 29.68°, 31.05° and 34.4° 2θ, indicating that these samples are no longer phase pure 

hydroxyapatite.  Another notable extraneous peak which begins to emerge in FeHA samples 

sintered at temperatures above 600°C, and becomes quite noticeable at 900°C, is at about 35.5° 

2θ.  This peak is about one-third to one-half the relative intensity of the TCP peak at 34.5° 2θ, 

and can be assigned to an emerging iron oxide phase.  In both HA and FeHA samples, sintering 
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resulted in sharper XRD peaks, indicating an increase in crystallinity compared to the green 

pellets. 

 

4.3.4 FESEM Characterization 

Unpolished fracture surfaces of the sintered pellets were imaged using FESEM allowing 

the microporosity of these samples and the extent to which the samples have been sintered to be 

examined.  Fig. 4.7 contains the micrographs of the HA pellet cross-sections sintered at different 

temperatures.  It is apparent that at 900°C the pressed HA particles have not started to sinter yet.  

At 1000°C sintering has just started, as evidenced by the consolidation of packed power particles 

to bulk material, and there is a system of interconnected pores at the nanometer scale.  The 

amount of sintering is increased at 1100°C, in which some areas are fully densified while some 

retain the interconnected porosity.  The samples sintered at 1200°C are shown to be highly dense 

with discreet nanometer size pores.  At 1300°C, as in the 1200°C, the HA particles seem fully 

sintered, but discreet pores around micron in size start to appear. 
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Figure 4.7 Cross sections of HA pellets sintered at 900, 1000, 1100, 1200, and  1300°C. 

 

Fig. 4.8 contains the micrographs of the FeHA pellet cross-sections sintered at different 

temperatures.  At 600 and 700°C, sintering has not begun in FeHA pellets, and the samples retain 

the interconnected microporosity seen in the HA samples sintered at 900°C.  At 900°C sintering 

has begun but the interconnected microporosity is preserved and no area is fully 

sintered/densified.  At 1000°C, the FeHA particles are essentially fully sintered and there are 

dense regions interspersed with micron scale pores.  The level of porosity is greater than that 
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seen in the HA sintered at 1200 and 1300°C.  The micrograph of the FeHA sintered at 1100°C 

was taken on one of the walls in the pellets.  This group of samples is fully dense and contains no 

microporosity. 

 

 

Figure 4.8 Cross sections of FeHA pellets sintered at 600, 700, 900, 1000, and 1100°C. 
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FESEM images were also taken to examine the microstructure and porosity of the 

polished surface of the sintered pellets.  The FESEM micrographs in Fig. 4.9 depict that after 

sintering at each temperature point from 900-1300°C, the resulting microstructure of HA was 

dense pellets with pores in the micron range.  At all sintering temperatures from 900°C up to 

1300°C pores were comparable in size, up to about 10 µm.  Pellets sintered at 900, 1000, and 

1100°C show no obvious differences in microstructure or porosity.  Pellets sintered at 1200°C 

have increased porosity as compared to the pellets sintered at lower temperatures.  Pore number 

was greatest in the pellets sintered at 1300°C.   
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Figure 4.9 FESEM micrographs of polished HA pellets sintered at 900, 1000, 1100, 1200, and 
1300°C. 

 

The FESEM micrographs in Fig. 4.10 depict the polished FeHA pellets sintered at 

temperatures from 600-1100°C. The pellets sintered at 600 and 700°C exhibit many pores, 

indicating they are hardly densified.  In the pellets sintered at 900 and 1000°C, they are relatively 

denser but still with many pores.  The bottom two micrographs in Fig. 4.10 show the 

microstructure of the FeHA pellets sintered at 1100°C, which is drastically different from any of 
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the other microstructures observed at lower sintering temperatures.  The pores in these pellets are 

at least an order of magnitude larger than the pores seen in the FeHA samples sintered at lower 

temperatures.  The pores are separated by dense walls that are tens of microns thick.  The 

micrograph in which the outer shell of the FeHA pellet sintered at 1100°C was left intact shows 

that the shell structure of these samples is essentially completely dense. 

The FeHA sintered pellets exhibit distinctly different morphologies than the HA sintered 

pellets.  The FeHA samples sintered at 600 and 700°C are less dense than any of the sintered HA 

samples.  FeHA pellets sintered at 900 and 1000°C have similar microstructures to those seen in 

the HA pellets sintered at 1100 and 1200°C, respectively.  These samples are dense but with 

pores in the micron size range; however, the numbers of pores in these samples are higher than 

those  in the HA samples sintered at 1100 and 1200°C or FeHA pellets sintered at lower 

temperatures (e.g. 600 or 700°C).  The microstructure observed in the FeHA samples sintered at 

1100°C is not only drastically different from any other FeHA samples, but it is significantly 

different from any microstructures observed in the HA samples sintered at any temperature as 

well.   
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`  

Figure 4.10 FESEM micrographs of polished FeHA pellets sintered at  600, 700, 900, 1000, and 
1100°C (bottom left), and a micrograph of an unpolished FeHA pellet sintered at 1100°C with its 
outer shell intact (bottom right). 

 

Fig. 4.11, which consists of a micrograph of a cross-section of a FeHA pellet sintered at 

1100°C, further examines the unique structure of this particular sample group.  It is apparent that 

the pellet consists of a dense shell of a few hundred microns thick enclosing a porous core. The 
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microstructure of this core consists of pores that are hundreds of microns large separated by 

walls that are tens of microns thick.  The pores are not interconnected. 

 

 

Figure 4.11 Cross-section of FeHA pellet sintered at 1100°C showing dense outer shell and 
highly porous interior of pellet. 

 

4.3.5 Cell Culture Study 

Biocompatibility of FeHA was assessed by monitoring the proliferation of MC3T3-E1 

cells over the course of a week with the alamar blue assay. Alamar blue monitors the metabolic 

activity of cells, which can be related to the number of cells present. Healthy cells readily take up 

and reduce the active ingredient resazurin and reduce it to resorufin; damaged cells can reduce 

resazurin but at a slower rate. Fig. 4.12 illustrates the biocompatibility of FeHA relative to HA. 

Cell proliferation is inhibited from 1 to 3 days at higher administered dosages of sample powder, 
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for both HA and FeHA.  Over the course of 7 days cell viability with FeHA was comparable to 

HA when applied at the same dosage, and the viability of cells exposed to higher dosages of HA 

recovered to be comparable to the viability of cells exposed to lower HA dosages.  

 

Figure 4.12 Alamar blue cell culture assay results at 1, 3, and 7 day time points. 

 

 
4.4 Discussion 

In general, HA can be sintered up to 1200°C or above before it is decomposed to TCP 

and CaO [99, 100].  In this chapter, HA was sintered from 900°C up to 1300°C.  Ion substitution 

was also used to synthesize FeHA, an iron substituted material which maintains an apatite crystal 

structure but with paramagnetic properties [2].  FeHA was sintered from 600°C up to 1100°C.  

The HA pellets underwent shrinkage (from an average diameter of 12.81 mm for the green 
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pellets down to an average diameter of 10.17 mm for pellets sintered at 1200°C) but otherwise 

retained their white appearance with flat top and bottom surfaces.  The FeHA pellets, on the 

other hand, underwent an obvious visual change upon sintering.  As is seen in Fig. 4.13, the un-

sintered FeHA pellets were yellow.  After being sintered at 600°C the FeHA was darkened, but 

remained yellow.  The pellets sintered at 700°C developed a muddy brown color, which became 

redder up to 1000°C.  Despite the distinct color changes present at the aforementioned 

temperatures the pellets retained the typical flat top and bottom surfaces that was seen in all of 

the pure HA samples, with shrinkage from 12.78 mm in diameter of the green pellets to 10.93 

mm in the pellets sintered at 1000°C.  However, the samples sintered at 1100°C changed 

drastically in appearance.  These samples displayed a shiny outer shell with a dark metallic 

brown color.  Upon breaking the pellets open, the inside was a matte dark brown color, with 

large pores visible to the naked eye.  Additionally, although the pellet diameter shrank 

dramatically, the thickness increased significantly. As a combination of these two facts, the final 

density of the pellets actually dropped significantly compared to those sintered at 1000°C.  It was 

also observed that both the top and bottom surfaces of the pellets became bumpy, as opposed to 

the flat surfaces that were observed at lower sintering temperatures for FeHA samples.   

 

 

Figure 4.13 Photograph of FeHA pellets sintered at various temperatures. 
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In addition to obvious visual differences between the pure HA pellets and the FeHA 

pellets, densification behavior and mechanical properties were also significantly different 

between the two material types.  The initial green density for the FeHA pellets was higher than 

that of the pure HA pellets, 1.71 g /cm3 as compared to 1.65 g/cm3, as the starting FeHA powder 

was finer and easier to pack.  Despite this higher initial density, the sintered densities of the 

FeHA pellets were considerably lower than those of the HA pellets.  Although a lower density is 

to be expected at lower sintering temperatures since densification typically increases with 

sintering temperature prior to the onset of decomposition [104], even when comparing FeHA and 

HA samples sintered at the same temperature the FeHA pellet densities are much lower.    At 

their peak density, the HA pellets attain a density of 2.92 g/cm3 sintered at 1200°C, which is 93% 

of the theoretical density of HA (3.156 g/cm3).  The density of FeHA on the other hand, never 

approaches the theoretical density of HA.  It peaks at 2.15  g/cm3, or 68% theoretical density, 

after sintering at 1000°C before decreasing drastically at higher temperatures. 

The MOR of the FeHA pellets are also considerably lower than that of the HA pellets, 

which is unsurprising considering the lower densities observed for the FeHA pellets.  The HA 

pellets achieve a high MOR value of 56.50 MPa, which compares favorably to the mechanical 

properties of bulk HA achieved by others in the literature [105, 106] as well as the mechanical 

properties of natural bone, which has flexural modulus values ranging from 35 to 283 MPa, 

depending on factors such as patient age, overall health, and location in the body [107]. 

The MOR is displayed as a function of sintering temperature in Fig. 4.2, and as a function 

of density in Fig. 4.3 as well as Table 1.  It is shown in Fig. 4.2 that the MOR roughly plateaus 

between 1000 and 1100°C, with a slight decrease at 1200°C and a significant decrease (along 
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with a decrease in density) at 1300°C.  This may be due to the start of decomposition of HA to 

TCP at high temperatures (e.g. 1200 and 1300°C).  The poor mechanical properties of the FeHA 

pellets may also be partially explained by decomposition of the HA to TCP and the formation of 

an iron oxide phase, as phase transformations induce volume changes and the resultant stresses 

decrease the mechanical integrity of the sintered body. 

The FESEM images of polished sintered HA pellets (Fig. 4.6) show a dramatic increase 

in porosity at 1300°C, corresponding to the decrease in density shown in Fig. 4.1 and Table 1.  

The size of the micropores for the HA pellets sintered at 1300°C are also larger than those seen 

in the pellets sintered at 1200°C.  This may be due to increased HA decomposition occurring at 

the higher temperature.  Initially, sintering causes the close of pores and concurrently 

dehydroxylation results in the formation of an internal vapor pressure that exceeds the 

mechanical strength of the solid.  This results in the formation of blowholes.  At higher 

temperatures with the onset of decomposition a large amount of irreversible dehydroxylation 

occurs concurrently with decomposition, of which water vapor is a product, leading to a collapse 

of the hydrated HA structure, and a large increase in blowhole area [108].   

The FeHA pellets were shown to have increased porosity from 900-1000°C (Fig. 4.10) 

followed by a dramatic change in structure at 1100°C, corresponding with dramatic decreases in 

density and MOR at this temperature.  At 1100°C the walls separating the large discreet pores in 

the FeHA pellet are seen to be fully dense with no microporosity.  A dramatic phase change 

between 1000 and 1100°C may account for the drastic microstructural change observed.  No 

such drastic change was seen at any of the studied temperature points in the HA pellets.  The 

core/shell structure seen in Fig. 4.11, in which the pellets have a thin fully dense outer shell and a 

highly porous interior core, can likely be explained by the fact that the outside surface of the 
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pellet is abundant in oxygen, forming a thick iron oxide layer which becomes the dense outer 

shell of the pellet.  Then, as decomposition releases significant amounts of gas, the gas is trapped 

inside the pellet due to the dense shell, resulting in large pores observed in the FeHA pellets 

sintered at 1100°C.    

It is clear from visual inspection, as well as density and mechanical property 

measurements, that the FeHA pellets have significantly different sintering behavior than the pure 

HA pellets.  This is likely caused by the presence of iron ions in the HA lattice causing reduced 

stability of the apatite crystal lattice and initiation of decomposition and formation of second 

phases at significantly lower temperatures than those which induce decomposition in pure HA.  

XRD analysis has confirmed this hypothesis. 

A single-phase HA was achieved at sintering temperatures up to 1200°C, which was 

indicated by no extraneous peaks being present in the relative XRD spectra (Fig. 4.5).  Thermal 

stability up 1200 °C is typical in pure HA [98, 99].  Decomposition to β-TCP began at around 

1200°C, as indicated by the emergence of a peak at 30° 2θ.  The onset of decomposition explains 

the decrease in density and MOR in the HA pellets sintered at 1200 and 1300°C.   The FeHA 

pellets were shown to be considerably less thermally stable than HA, and decomposition and the 

emergence of second phases started at temperatures as low as 700°C (Fig. 4.6).  In FeHA 

sintered at 700°C and above, extraneous peaks indicating the presence of TCP emerge at about 

27.8°, 30.2°, 31.1° and 34.5° 2θ.  There is also an extraneous peak observed at 35.5° with a 

relative intensity about one-third to one-half that of the β-TCP peak seen at 34.5° 2θ.   The TCP 

reference peak at 34.4° has a relative intensity of 65, but HA and β-TCP peaks in the area of 

35.5° (35.51° and 35.02°, respectively) each have low relative intensities of 6.  The possibility 

should be investigated, therefore, that the peak located at 35.5° may come from a different 
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second phase, most likely an iron oxide phase.  In fact, magnetite (Fe3O4),  maghemite (γ-Fe2O3), 

and hematite (α-Fe2O3) are possibilities.  Magnetite and maghemite each have a significant peak 

around 30° which may be overlapping with the β-TCP peak at that location.  Additionally, the 

mineral magnetite has a peak at 35.45° with a relative intensity of 100 according to JCPD 

reference card 19-629 and maghemite has a peak at 35.66° with a relative intensity of 100 (JCPD 

39-1346), either of which could potentially account for the extraneous peak seen at 35.5° in the 

spectra of the FeHA samples sintered above 700°C.  Careful examination of the FeHA pellet 

spectra in Fig. 4.5 shows that in pellets sintered at 900°C and above a small peak is present at 

about 57.0° 2θ.  Additionally, there is a small but obvious peak at 33.5° which is most prevalent 

in the FeHA sample sintered at 1000°C.  Magnetite has a reference peak with a relative intensity 

of 30 at 56.99° and hematite has a reference peak with a relative intensity of 100 at 33.31° 2θ, 

therefore the sintered FeHA pellets likely contain a mixture of calcium phosphate (HA and 

TCP), α-Fe2O3 and Fe3O4 phases.  The presence of the iron oxide phases would account for the 

color change seen in the sintered FeHA pellets as well.  Hematite is often a red color whereas 

magnetite is a dark color.  Based on the change in pellet appearance, as well as the XRD data we 

can conclude that FeHA pellets sintered at temperatures below 700°C in air contain pure apatite 

phase (and have a resultant yellow color due to the presence of iron ions), and samples sintered 

at higher temperatures undergo various phase transformations.  Pellets sintered from 700-900°C 

contain a mixture of calcium phosphate phases (HA and TCP) and iron oxides, mostly in the 

form of hematite (resulting in reddish colored pellets) pellets sintered at 1000°C contain calcium 

phosphate phases and a mixture of hematite and magnetite, and samples sintered at 1100°C 

mostly contain a mixture of calcium phosphate phases and magnetite (Fe3O4) (resulting in dark 

brown colored pellets).   
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The incorporation of iron ions into the hydroxyapatite lattice results in a FeHA material 

that is less stable than pure HA, as proven by their difference in sintering behavior.  The FeHA 

selected for use in this study was soaked in the ion exchange solution for 1 hour, and as such had 

the lowest iron content of the powders studied in the author’s previous work [97].  Because 

increasing iron content results in decreased lattice parameters and crystallinity, it can be 

hypothesized that with an increase in iron content, the differences in sintering behavior as 

compared to the pure HA would be even more dramatic.    The low sinterability and low MOR of 

FeHA as compared to pure HA makes the FeHA unsuitable for bulk applications.  It can, 

however, be useful in applications which call for biocompatible nanoparticles in a powder form.  

Cell culture studies indicated that there was no significant limitation in cell viability after 1 week 

of exposure to FeHA when compared to pure HA.  The initial decrease in cell viability at days 1 

and 3 may be due to the fact that although HA is biocompatible, some recent studies have shown 

that calcium phosphates can have an inhibitory effect on osteoblast in vitro [109-111]. Although 

in vitro cell culture studies are useful tools for initial-stage biological screening of biomaterials, 

behavior in vivo is completely different.  Results from an in vitro degradation study (Chapter 3) 

suggest solubility of both FeHA and HA is minimal after 1 week, which was the maximum time 

point considered in the cell culture study presented in this work, and as such the different 

material solubilities should have a minimal influence on cell proliferation after 1 week.  The 

lower thermal stability of the FeHA material suggests that it may degrade in the body faster than 

pure HA.  A faster degradation rate than that experienced by pure HA may be a desirable trait, 

depending on the specific application.  Possible applications which may call for a shorter in vivo 

dwell time may include use as a drug delivery vehicle or for cancer hyperthermia.  
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4.5 Conclusion 

This chapter successfully examined the sintering behavior of magnetic, biodegradable 

FeHA nanoparticles in a systematic and thorough manner.    HA was sintered to a maximum 

density of 2.92 g/cm3 and a peak MOR of 56.50 MPa.  It did not begin to decompose until 

1200°C.  Sintering FeHA at temperatures as low as 700°C caused its decomposition into a multi-

phase material containing HA, TCP, hematite, and magnetite.  The maximum density and MOR 

achieved by FeHA were 2.15 g/cm3 and 16.87 MPa, respectively.  It was discovered, through the 

use of density measurements, mechanical testing, FESEM, and XRD analysis, that FeHA has 

lower thermal stability than pure HA thus, it is expected that FeHA will degrade faster in vivo 

than pure HA.  This fact, combined with material biocompatibility and the paramagnetic 

properties of FeHA suggest that it is suitable for applications which require fast biodegradable 

magnetic nanoparticles. 
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Chapter 5 
 

Synthesis and Characterization of Cobalt-Substituted Hydroxyapatite Powders 

 

5.1 Introduction 

Among the HA properties that can be modified by substitutions are magnetic properties.  

Pure HA is diamagnetic, but the substitution or incorporation of metal ions with magnetic 

properties can yield HA with paramagnetic properties. Currently, the most commonly applied 

method to yield HA with paramagnetic properties is the fabrication of iron-substituted apatite 

[62-67].  Another possible substitution that may result in paramagnetic properties is the 

substitution of cobalt ions for calcium ions in the HA crystal lattice.  There have been limited 

studies recently on the substitution of cobalt into the HA lattice.  Stojanovic et al.  and 

Veselinovic et al. synthesized CoHA via hydrothermal treatment where Co2+ substituted for Ca2+ 

up to about 12 atomic % [112, 113].  Careful analysis was conducted on the crystal structure of 

the resulting material, but limited results were reported regarding the effect that cobalt 

substitution had on other material properties.  Tank et al. used a surfactant mediated wet 

synthesis approach to substitute cobalt into HA up to about 3.7 wt %.  At that level, the 

formation of a secondary brushite phase was evident, although there was no evidence of this 

phase at lower substitution levels [114].  Moseke et al. also synthesized HA in the presence of 

cobalt, in order to examine the effect of metal ions on phase composition and crystallinity of HA 

and predict the effect that metal ions leaching from biomedical implants would have on 

biomineralization and bone remodeling [115].  Jia et al. formed mineralized collagen composites 

by soaking collagen type I in a simulated body fluid containing Co2+ and were able to form HA 

coating on collagen with no evidence of secondary phase formation [116]. The main objectives 
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of this chapter were to synthesize cobalt substituted HA (CoHA) powder and characterize the 

effects that this substitution had on materials properties including morphology, crystal structure, 

and magnetic properties.  

Cobalt is an essential trace element naturally found in the human body.  It is essential to 

animal nutrition and is contained in vitamin B12 [117].  On average, an individual intakes about 

300 μg of cobalt daily from food and fluids [118].  An average 70 kg human has a total body 

burden of about 1.5 mg of cobalt, distributed in such a way that the majority of the cobalt is 

found in the liver.  Excess cobalt is excreted mainly via the kidneys [118].  Although cobalt is 

naturally present in the human body, and the body is equipped to excrete moderate amounts of 

excess cobalt, too many cobalt ions are potentially toxic [119].  A degradation study was 

conducted in this chapter to predict whether the amount of cobalt released from CoHA would be 

excessive, or if the rate of cobalt release was low enough to partially address and alleviate 

toxicity concerns.   

  

5.2 Materials and Methods  

5.2.1 Synthesis of Hydroxyapatite Powder 

Hydroxyapatite powder was prepared via a wet precipitation method based on work done 

by Kothapalli et al. [36].  A 200 mL ammonium phosphate (99+%, Acros) solution at a 

concentration of 2 g/dL was added dropwise under vigorous stirring to 600 mL of an aqueous 

calcium nitrate tetrahydrate (99%, Fisher) solution of the same concentration at 75°C.  An 80 mL 

volume of ammonium hydroxide (~30%, Fisher) was also added.  After 3 hours of stirring at 

75°C, the HA particles were collected by filtration and washed with deionized water until the 
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filtrate became neutral.  The collected HA was dried at 90°C for 12-16 hours and ground 

manually into powder. 

 

5.2.2 Ion Substitution  

Cobalt was incorporated into HA in this study using two different approaches.  In the first 

case, cobalt was substituted into the lattice via a simple ion exchange procedure.  In the second 

case, cobalt was incorporated during HA powder synthesis.  In both cobalt substitution methods, 

the cobalt source used was cobalt (II) chloride hexahydrate (>95%, Acros). 

  

5.2.2.1 Co Substitution via Ion Exchange 

HA powder was subjected to a simple soaking procedure to achieve cobalt substitution 

for calcium in the HA crystal lattice.  HA powder was soaked in a cobalt chloride solution at a 

concentration of 0.02 M under moderate stirring for one hour at room temperature, and then 

collected by filtration and washed by deionized water.  The resulting powder was dried and 

ground manually.   

 

5.2.2.2 Co Substitution During HA Synthesis 

Cobalt was incorporated during HA synthesis using the synthesis procedure as described 

above.  A quantity of cobalt (II) chloride that would allow for 10 wt% substitution was added to 

the phosphate containing solution.  The rest of the synthesis was conducted exactly as described 

in section 2.1.  The cobalt (II) chloride hexahydrate (>95%, Acros) was added to a 200 mL 

ammonium phosphate (99+%, Acros) 2 g/dL aqueous solution.  This solution was then added 

dropwise under vigorous stirring to 600 mL of an aqueous 2 g/dL calcium nitrate tetrahydrate 
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(99%, Fisher) solution at 75°C.  An 80 mL volume of ammonium hydroxide (~30%, Fisher) was 

also added.  After 3 hours of stirring at 75°C, the CoHA particles were collected by filtration and 

washed with deionized water until the filtrate became neutral.  The collected CoHA was dried at 

90 °C for 12-16 hours and ground by hand into a powder. 

 

5.2.3 EDX Characterization  

Energy dispersive X-ray spectroscopy (EDX) was used to verify the presence of cobalt in 

the sample powders.  A Thermo Noran EDS detector coupled to a JEOL JSM 6335 field 

emission scanning electron microscope (FESEM) was used for chemical analysis.  Powder 

samples were attached to a microscope stub with carbon tape, and then inserted into the 

microscope chamber as is for analysis. 

 

5.2.4 FESEM Characterization 

A JEOL JSM 6335F field emission scanning electron microscope was used to examine 

the morphology of sputter coated powder samples with an accelerating voltage of 10 kV.  

Sample powders were dispersed in ethanol and sonicated for 20 minutes to reduce agglomeration 

before being collected on copper microscopy grids.  Samples were then sputter coated for 1 

minute prior to imaging.  Image-J software was used to measure particle width and length for 

each powder type.  A total of 20 particles for each sample type were measured. 

 

5.2.5 XRD Characterization 

Powder samples of HA, CoHA via ion exchange and CoHA via wet synthesis were 

examined using a Bruker D2 Phaser X-ray diffractometer with a copper target, and voltage and 
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current conditions of 40 kV and 40 mA, respectively.  Conditions used were a 0.02° 2-theta step 

size and a scan speed of 4°/min with a 2-theta range of 10-90.   

 

5.2.6 FT-IR Characterization 

A Niclotet Magna 560 Fourier Transform Infrared (FT-IR) Spectrometer was used to 

compare the functional groups of pure HA and the CoHA samples.  This characterization was 

carried out using classic KBr pellet technique in a transmission mode.  Each FT-IR spectrum was 

the average of 32 scans with a resolution of 4.0 cm-1 in the range of 4000-400 cm-1.   

 

5.2.7 XPS Characterization 

X-ray photoelectron spectroscopy (XPS) was employed using a VG X-ray Photoelectron 

Spectrometer with Al Kα radiation source operating at 10-11 kV and 150 watts. Survey spectra 

from 1100-0 eV were acquired with a pass energy of 100 kV and a step size of 1 eV. High 

resolution XPS spectrums were acquired for the Co 2p peaks using a pass energy of 50 kV and a 

step size of 0.1 eV. To account for sample charging, spectra were calibrated by setting the 

adventitious carbon peak to 284.7 eV. High resolution XPS spectra were de-convoluted with 

CasaXPS software. 

 

5.2.8 SQUID Characterization 

Powder sample magnetization measurements were carried out for magnetic fields – 50 

kOe < H < + 50 kOe at 300 K.  Measurements were conducted using a Quantum Design MPMS-

5 superconducting quantum interference device (SQUID) magnetometer. 
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5.2.9 Cobalt Quantification 

Cobalt content in each of the respective powder types (pure HA, CoHA synthesized via 

ion exchange, and CoHA synthesized directly via wet synthesis) was quantified using a 

colorimetric method with nitroso-R salt (Acros, pure), which forms a red colored compound with 

cobalt under appropriate conditions.  The powders were dissolved in HCl and mixed with 

nitroso-R in the presence of a sodium citrate buffer (Fisher, 99+%), and then the concentration of 

cobalt in the solution was determined using a standard curve of known concentrations developed 

using a plate reader (Biotek MQX200) to measure absorbance at 500 nm.   

 

5.2.10 Degradation Study 

CoHA powders of both types, as well as HA, were uniaxially pressed into pellets using a 

bench top laboratory press (Carver Model C).  For each pellet, 0.25 g of powder was pressed into 

a 13 mm pellet die well lubricated with stearic acid (97%, Acros) in acetone (99.9%, J.T. Baker) 

at a pressure of 100 MPa for 10 seconds.  Un-sintered CoHA pellets were subjected to a dynamic 

(shaking) degradation study in simulated body fluid (SBF) at 37°C and 50 rpm.  The simulated 

body fluid prepared for this test was 1xSBF.  Table 5.1 lists the ion concentrations of different 

reagents in SBF, which are compared with those in human blood plasma [120].  However, the 

composition of this SBF is slightly different from the commonly used SBF.  In our study, 

phosphate containing salt was removed in order to prevent formation of a calcium phosphate 

coating on the CoHA pellets, as the purpose of the study was to determine degradation behavior 

and not the effect of the substitution on biomineralization.  Reagents were added in order; NaCl 

(Fisher, >95%), MgCl2-6H2O (Fisher, 99.9%), HEPES buffer (Fisher, 99%), CaCl2 (Fisher, 

>95%), and NaHCO3 (Fisher, 99%), ensuring that the previous reagent was completely dissolved 



81 
 

before adding the next.   The pH of the SBF was adjusted to 7.4 prior to immersing each pellet 

into 10 mL of SBF for the degradation study. 

 

Table 5.1 Comparison of ion concentrations of different elements in SBF and human blood 
plasma 

Ion Concentration in 1xSBF 

(mM) 

Concentration in blood 

plasma (mM) 

Na+ 109.5 142 

Mg2+ 1.5 1.5 

Ca2+ 2.5 2.5 

Cl- 110.0 103.0 

HCO3
- 17.5 27.0 

K+ 0 5.0 

SO4
2- 0 0.5 

HPO4
2- 0 1.0 

 

A total of 18 pellets of each powder type were used for this experiment, with 3 pellets of 

each type examined at each time point, 1 day, 3 days, 1 week, 2 weeks, 3 weeks and 4 weeks.  

The SBF was collected and separated from the pellet for each time point using a pipette and 

placed into clean vials, and pH and cobalt content were measured using a pH meter (Accumet 

XL15 pH meter) and spectrophotometry (Biotek MQX200) with nitroso-R, respectively.    

Absorbance of each collected sample solution was measured in duplicate at a wavelength of 500 

nm.  A standard curve, prepared from known concentrations of cobalt chloride in SBF, was used 

to calculate the concentration of cobalt released from the pellets at each time point.  The 
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degraded pellets were sputter coated for 1 minute with gold palladium and their surface 

morphologies were examined via FESEM using 10 kV accelerating voltage.   

 

5.3 Results  

5.3.1 EDX Characterization 

The presence of cobalt in each of the CoHA sample powder types was confirmed using 

EDX.  EDX spectra of CoHA via ion exchange and via wet synthesis are shown in Fig. 5.1.  

EDX confirmed that there is cobalt present in small amounts (about 5 atomic % or less) in both 

CoHA powder samples. 

 

 

Figure 5.1 EDX spectra of CoHA via ion exchange (left), and CoHA via wet synthesis (right). 

 

5.3.2 FESEM Analysis of Powder Morphology. 

FESEM imaging was used to compare the particle morphology of HA, CoHA via ion 

exchange, and CoHA via wet synthesis.  Representative micrographs of each powder type are 
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shown in Fig. 5.2.  All three powder types consist of rod-shaped particles, largely with lengths of 

about 100-400 nm, and widths of about 25-60 nm.  Image-J measurements of each powder type 

are summarized in Table 5.2.  HA has the largest average length, at 284 nm.  There is also the 

greatest deviation between lengths for HA compared to the CoHA powders.  CoHA via ion 

exchange and CoHA via wet synthesis have similar average lengths, of 205 nm and 209 nm, 

respectively.  Average widths are all comparable, at 45, 47, and 44 nm for HA, CoHA via ion 

exchange, and CoHA via wet synthesis.  All HA and CoHA nanoparticle types are agglomerated 

even after sonication. 

 

  Table 5.2 Image-J measurements of HA and CoHA powder sizes 

Powder type Length measurements (nm) Width measurements (nm) 

HA Mean 284 Mean 45 

STD 96 STD 9 

Min. 79 Min. 26 

Max. 440 Max. 60 

CoHA via ion 

exchange 

Mean 205 Mean 47 

STD 56 STD 13 

Min. 138 Min. 24 

Max. 342 Max. 62 

CoHA via wet 

synthesis 

Mean 209 Mean 44 

STD 71 STD 13 

Min. 108 Min. 24 

Max. 347 Max. 63 
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Figure 5.2 FESEM micrographs of HA, CoHA via ion exchange, and CoHA via wet synthesis.  

The scale bar represents 500 nm. 

 

5.3.3 XRD Pattern Analysis and Comparison of HA and CoHA 

The XRD patterns of synthesized HA and CoHA synthesized via both ion exchange and 

wet synthesis from 10-90° 2θ are shown in Fig. 5.3.  All patterns are in agreement with the 

hexagonal HA reference pattern, JCPDS card number 9-432.  There are no notable diffraction 

peaks present in any of the spectra that are not attributed to HA, and no obvious changes in 

relative peak intensities between the various apatite peaks after ion exchange were observed.  

Since none of the three powders are calcined, we see poor crystallinity in all three powder 

samples.  Although the apatite crystal structure was maintained without any second phase 

detected, the CoHA samples showed peak broadening and decrease in intensity, occurring to a 

greater extent in the CoHA sample synthesized via wet synthesis as compared to the CoHA 

synthesized via ion exchange.  According to the XRD spectra neither CoHA sample powder type 

contained any obvious second phases. 
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Figure 5.3 XRD spectra for HA, CoHA synthesized via ion exchange, and CoHA synthesized 

via wet synthesis. 

 

5.3.4 FT-IR Analysis of the Molecular Structure of HA and CoHA 

Fourier transform infrared spectroscopy was conducted on pure HA control powder, as 

well as both CoHA powder types.  The FT-IR spectra, in Fig. 5.4, show that there is no 

significant difference between the HA and the CoHA via wet synthesis samples.  Each peak can 

be assigned to a characteristic peak of hydroxyapatite.  Peaks between 660-520 cm-1 as well as 

around 1040 cm-1 are attributed to phosphate groups.  There are carbonate peaks between 1650-

1300 cm-1, and also an obvious hydroxyl bending mode around 3570 cm-1.  There are no peaks 

appearing in the CoHA sample spectra that cannot be identified as peaks corresponding to 

functional groups found in pure HA.  This further indicates that the CoHA via wet synthesis 

sample type maintained a similar structure to the pure HA.  The CoHA synthesized via ion 
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exchange, on the other hand, has a small extraneous doublet peak between 2400 and 2300 cm-1.  

CO2 has a characteristic absorption doublet around 2350 cm-1 that may be the source of the 

extraneous peak in the CoHA via ion exchange spectra. 

 

 

Figure 5.4 FT-IR spectra for HA, CoHA synthesized via ion exchange, and CoHA synthesized 

via wet synthesis.  Labels on the HA spectrum also apply to the identical peaks in the CoHA 

spectra. 

 

5.3.5 XPS Characterization 

The survey scans revealed the presence of C, O, Ca, Co and P in both CoHA via wet 

synthesis and CoHA via ion exchange. High resolution spectra of the Co 2p peaks (Fig. 5.5) 

revealed multiple peaks for CoHA prepared by ion exchange and wet synthesis.  For CoHA via 

wet synthesis peaks are observed around 782.93, 788.20, 799.14, and 804.89 eV. The peaks at 

782.93 and 799.14 are the 2p peaks pairs from spin orbit splitting, 2p 3/2 and 2p 1/2, these 

positions correspond well with Co2+ in the HA lattice which has been previously observed in the 
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range of 782.3-783 eV [121].  The spin orbit splitting of the peaks is 16.2 eV which is 

characteristic of Co2+ [121].  The peaks at 788.20 and 804.89 are also 2p peak pairs from spin 

orbit splitting but are a shakeup satellite of Co2+. The strong nature of the shakeup satellite can 

be attributed to the Co2+ oxidation state with paramagnetic properties [122]. The CoHA via ion 

exchange spectrum has observed peaks similar to CoHA synthesis with peaks observed at 

781.56, 787.34, 797.33, and 803.47 eV. The peak pairs at 781.56 and 797.33 are attributed to 

Co2+ in the HA lattice; the spin orbit splitting of 15.7 eV is further indication of the Co2+ 

oxidation state.  

 

 

Figure 5.5  XPS response of Co 2p in CoHA (a) via wet synthesis and (b) via ion exchange. 
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5.3.6 Magnetic Properties of CoHA by SQUID Analysis 

The magnetization of CoHA via ion exchange and wet synthesis were measured at 300 K 

between -50 and 50 kOe magnetic fields as shown in Fig. 5.6.  Both CoHA sample types were 

shown to have paramagnetic properties by the positive slope of the magnetization-magnetic field 

curve.  This is in contrast to pure HA, which has diamagnetic properties [97]. 

 

 

Figure 5.6 Mass magnetization measurements of HA, CoHA via ion exchange, and CoHA via 

wet synthesis. 

 

 

5.3.7 Co Quantification 

The cobalt concentration in SBF was measured using spectrophotometry, and is 

expressed as g Co/ g CoHA.  The cobalt concentration is higher in the CoHA powder obtained 
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via wet synthesis than the powder obtained via ion exchange, and the values are 0.063 g Co/ g 

CoHA and 0.045 g Co/ g CoHA, respectively.   

 

5.3.8 Degradation Study 

CoHA sample pellets and HA control pellets were soaked in 1xSBF at 37°C and 50 rpm 

in a shaking water bath for up to a month.  Samples were removed at 1 day, 3 days, and one 

week intervals from 1 to 4 weeks and the SBF they had been soaking in were analyzed.  Both the 

pH and the concentration of cobalt present in the SBF were measured at each time point.  Cobalt 

concentration was immeasurably low for all time points for HA samples.  Fig. 5.7 is a plot of the 

average pH for each soaking time point.   

 

 

Figure 5.7 pH as a function of pellet soaking time in a degradation study. 

6.2

6.4

6.6

6.8

7

7.2

7.4

0 5 10 15 20 25 30

pH

Degradation time (days)

HA

CoHA_IE

CoHA_syn



90 
 

 

Initially, pH decreased sharply from 7.4 to 6.76, 6.74, and 6.81 for HA, CoHA via ion 

exchange, and CoHA via wet synthesis.  At day 3 the pH of the SBF further decreased to 6.31, 

6.38, and 6.46.   After 1 week the pH of the SBF had an average value of 6.43 for HA pellets, 

6.49 for ion exchange pellets and 6.43 for CoHA pellets synthesized via wet synthesis.  At two 

weeks, the average pH values remained roughly the same for the three sample groups, at 6.39, 

6.53, and 6.54, respectively.  At 3 and 4 weeks of soaking, pH has a steadily increasing trend.  

For HA pellets, the pH increased to 6.81 at 3 weeks and then further increased to 7.16 at 4 

weeks.  For CoHA via ion exchange and via wet synthesis the pH increased to 6.86 then 7.23, 

and 6.87 then 7.18. 

In Fig. 5.8, cobalt ion concentration in the SBF is plotted as a function of soaking time.  

The concentration of cobalt in the SBF was measured and is reported in terms of cobalt released 

per gram of CoHA sample powder.  SBF was also collected from HA degradation samples and 

measured for cobalt content, but the resulting cobalt concentration was essentially zero, below 

the range that could be measured using this test (about 10 μg/mL).  The amount of cobalt ions 

accumulated in the SBF over the course of the one-month degradation study ranged from 

hundreds (in the case of CoHA via wet synthesis after 1 day) to thousands of micrograms per 

gram of powder.  At every time point there was less cobalt ion accumulation in the SBF 

containing CoHA via wet synthesis than the SBF containing CoHA via ion exchange.  The 

degradation of CoHA via synthesis resulted in an increase in cobalt content in SBF from about 

920 μg/ g CoHA after 1 day of soaking to about 2130 μg/ g CoHA at 2 weeks.  The total amount 

of ionic cobalt accumulated in the SBF then decreased at 3 and 4 weeks of degradation down to 

about 1024 μg/ g CoHA at 4 weeks.  CoHA via ion exchange increased from about 1630 μg/ g 
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CoHA at day 1 to a peak value of about 3662 μg/ g CoHA at 3 weeks.  Cobalt content in the SBF 

then decreased to about 1838 μg/ g CoHA after 4 weeks of CoHA degradation in SBF.         

 

Figure 5.8   Cobalt concentration in SBF collected during a degradation study. 

 

Pellet morphology pre- and post-degradation was examined.  CoHA via wet synthesis 

was selected as representative, and the morphology change over a 4 week degradation study is 

shown in Fig. 5.9.  All three pellet types displayed comparable morphology changes over the 

course of the degradation study.  Prior to degradation, all pellets were smooth, with HA pellets 

being white and CoHA bright purple.  Through one week of degradation, pellet appearance 

remains the same.  After 2 and 3 weeks the pellets have begun to break apart, with severe 

breakage occurring by 4 weeks of soaking.  The intensity of the purple color in the CoHA pellets 

also decreases from 2 to 4 weeks.  FESEM micrographs in Fig. 5.9 show a homogenous, clean 
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surface before degradation.  After 4 weeks of degradation, the pellet surface is less homogenous.  

There are areas of pitting and a large amount of detached debris on the surface of the pellets. 

 

 

Figure 5.9 Photograph of CoHA via wet synthesis pellets after degradation (a) and FESEM 

micrograph of CoHA via wet synthesis pellet morphology before degradation (b) and after 4 

weeks (c) of degradation. 

 

5.4  Discussion   

CoHA is not a widely studied material.  It has previously been synthesized via a 

hydrothermal procedure by Stojanovic et al. and Veselinovic et al. as a material with great 

potential in both catalytic and biomedical applications [112, 113].  Preliminary studies in 

osteoporotic alveolar bone tissue in the lower jaw of female Wistar rats have shown positive 

results in osteoporotic bone tissue regeneration.  CoHA with 12 wt% cobalt resulted in improved 
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tissue regeneration compared to pure HA [123]. However, despite the success of this study, the 

scope of research on CoHA available in the literature is limited. As a material with paramagnetic 

properties, CoHA may be applied to a wide range of biomedical applications, and therefore 

further study of CoHA and detailed characterization of its properties is worthwhile.  

In this chapter, HA and CoHA were synthesized.  CoHA was synthesized via two distinct 

methods.  In both cases, CoHA via ion exchange and via wet synthesis, the resulting powder was 

purple, whereas pure HA power was white.  Based on EDX results, cobalt was present in small 

quantities in both CoHA powder types.  Cobalt levels were quantified as being about 0.063 g/ g 

Co in CoHA via wet synthesis and 0.045 g/ g Co in CoHA via ion exchange.  The CoHA via wet 

synthesis contained a greater amount of cobalt than that synthesized via ion exchange, even 

though a higher initial concentration of cobalt is used in the ion exchange procedure.  There may 

be greater cobalt content in the powder synthesized via wet synthesis, as opposed to ion 

exchange, because the ion exchange procedure limits substitution to predominantly surface 

calcium sites, as opposed to potential bulk substitutions that may be occurring during wet 

synthesis.  Ion exchange is a predominantly surface reaction because in aqueous conditions a 

hydrated layer of loosely bound mineral ions exists in HA, and these loosely bound ions can be 

easily exchanged [48].   Additionally, in acidic conditions, the Ca2+ ions dissociate from the 

apatite crystal lattice at the surface of the HA particle [46, 47], further facilitating an exchange 

between the Ca2+ ions in the apatite lattice and the Co2+ ions in solution due to calcium deficient 

HA being particularly subject to ionic substitutions [95].  The combined loosely bound and 

calcium deficient nature of the outer layer of HA particles in acidic aqueous conditions make it 

highly likely that the majority of Co2+ will substitute into the surface regions of HA in ion 

exchange.  Evidence was presented supporting this mechanism for ion exchange being limited to 
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surface and near surface lattice sites in FeHA (Chapter 3), and the concept can be applied to 

CoHA as well.  

The goal of this study was to achieve a single-phase CoHA after substitution without any 

formation of impurities or a cobalt-oxide second phase.  Single phase is desirable because phase 

purity influences the bioactivity and in vivo behavior of bioceramics [91].   In addition to 

obtaining an apatite structured material, it was also desirable to synthesize a material with 

paramagnetic properties. 

XRD results indicate that a single-phase substituted powder was achieved due to the fact 

that no obvious differences were observed between HA and CoHA spectra, shown in Fig. 5.3.  A 

formation of a second phase would have resulted in extraneous peaks in an XRD analysis.  

However, XRD data did show broadened diffraction patterns in CoHA as compared to HA.  This 

peak broadening and decrease in intensity is more severe in the CoHA via wet synthesis than in 

the CoHA via ion exchange.  A decrease in peak intensity and an increase in peak broadening 

indicate a material with more amorphous character.  A more amorphous substituted HA versus 

the pure HA is consistent with results seen in previous work done with FeHA [97].  The CoHA 

via wet synthesis may be more amorphous than the CoHA via ion exchange due to the higher 

amount of cobalt present in the material.  This also mimics the trend seen in our previous work 

with FeHA [97].  XPS spectra confirmed that Co2+ was successfully incorporated into the HA 

lattice in both CoHA via wet synthesis and CoHA via ion exchange. 

FT-IR results also indicate, by the absence of extraneous peaks, that there was no second 

phase formation in the CoHA via wet synthesis sample.  The CoHA material synthesized via ion 

exchange, however, shows an extraneous doublet peak around 2350 cm-1 that is not present in 

the pure HA or HA via wet synthesis spectra.  A doublet around 2350 cm-1 can be attributed to 
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CO2 adsorption.  An explanation for why there would be increased CO2 adsorption in the CoHA 

via ion exchange powder as compared to the other powder tested is that the amount of CO2 

adsorbed by HA differs with varying surface compositions [124].  Since the ion exchange 

procedure in a slightly acidic cobalt chloride environment likely occurs via a mechanism that 

results in predominantly surface substitutions [46, 47], the surface composition of this material 

potentially has a significantly different surface composition than HA or CoHA via wet synthesis, 

and thus lends itself to a greater amount of CO2 adsorption.  The acidic environment in which the 

ion exchange procedure occurs also provides an explanation for why the size of the CoHA via 

ion exchange particles are smaller than those of the starting pure HA particles, decreasing from 

an average length of 284 nm to an average length of 205 nm.  HA dissolves in aqueous acidic 

solutions, and as such the acidic nature of the cobalt chloride soaking solution may result in 

partial apatite dissolution and decreased particle size.  Fig. 5.10 shows a pH curve of the ion 

exchange procedure for preparation of CoHA.  At time=0, the initial pH of the cobalt chloride 

solution is 5.817.  At time=1 minute, once HA is added to the system, the pH increases to 6.172.  

This pH jump may be caused by the partial dissolution of HA and the resulting release of 

hydroxyl groups into the solution.  For the rest of the 1 hour soaking time the pH remains 

roughly constant between 6.04 and 6.07. 
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Figure 5.10 pH curve of the one-hour cobalt ion exchange procedure at room temperature. 

 

SQUID measurements prove that a material with an apatite crystal structure and a small 

amount of cobalt substituted into the lattice will yield a paramagnetic material. The magnetic 

susceptibilities for both CoHA materials, determined by taking the slope of the magnetization 

plot, are on the same order of magnitude, with susceptibilities of 4x10-6 emu/(g*Oe) for the 

CoHA via ion exchange and 2x10-6 emu/(g*Oe) for the CoHA via wet synthesis.  The presence 

of cobalt gives each material paramagnetic properties, but there seems to be no distinct pattern 

between the total cobalt content and the magnetization.  

The preceding characterizations determined that cobalt substituted HA with magnetic 

properties can be achieved, but in order to use such a material in biomedical applications toxicity 

concerns need to be addressed.  The results from the degradation study that was conducted 

indicate that very small amount of cobalt is released after allowing CoHA to degrade for 4 

weeks.  The pH of the surrounding environment initially decreases during early time points of 

degradation.  This pH decrease over the first 3 days of the study is likely due to the fact that the 

pellets were pressed in a stearic acid lubricated die.  As the residual stearic acid is released from 

the pellet surfaces to the SBF the pH of the SBF changes accordingly.  Typically, the apatite will 
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be used in powder form for applications such as drug delivery, cancer hyperthermia, or as a MRI 

contrast agent, in which case stearic acid would not be added.  In applications in which the 

apatite is used in bulk form, it would be sintered, in which case the stearic acid be coated onto 

the surface of the pellet but will have burned off.  Therefore, the pH change of CoHA used for a 

biomedical application might be much smaller in reality than the values presented here.  The 

increase seen at time points after 2 weeks likely results from the release of hydroxide groups as 

the bulk apatite material begins to degrade.  Significantly, the overall pH profile for the CoHA 

materials mimics the pH profile for the pure HA, indicating that the small amounts of cobalt 

present in the sample materials are not high enough to greatly affect the degradation behavior of 

the apatite or cause local acidic conditions.  The amount of cobalt ions released into the SBF was 

measured quantitatively, and found to be low.  The quantification of cobalt in SBF revealed 

some interesting behavior.  Although the CoHA via wet synthesis has higher total initial cobalt 

content, the amount of cobalt released into the SBF is greater in the CoHA via ion exchange 

samples.  This is likely due to the fact that a higher percentage of cobalt ions are located on the 

surface of the CoHA via ion exchange and are released more rapidly than bulk substituted cobalt 

(such as in CoHA via wet synthesis), which requires degradation of an entire CoHA particle to 

release the majority of its cobalt content.   Furthermore, after 2 weeks soaking time for CoHA 

via synthesis and 3 weeks for CoHA via ion exchange, the amount of cobalt accumulated in the 

SBF decreases despite the decreased intensity of the purple pellets, as seen in Fig. 5.9, indicating 

continued cobalt release with time.  The apparent decrease in cobalt in the SBF is probably a 

result of simultaneous HA degradation.  As the HA degrades it releases hydroxide groups, 

resulting in the increase in pH seen in Fig. 5.7.  It also releases phosphate groups, which will 

easily react with cobalt ions to form cobalt phosphate precipitates.  These precipitates will thus 
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fall out of solution, decreasing the amount of loose cobalt ions in SBF.  This behavior makes it 

difficult to determine exactly how much cobalt would be released from our sample powders after 

a month, but it is also reflective of conditions in the human body. 

In the case of CoHA via ion exchange, it seems there is an early “burst release” of cobalt, 

with day 1 cobalt levels being about 1631 μg/ g CoHA.  After 3 days, however, only about an 

additional 250 μg of cobalt is present in this SBF per gram of CoHA.  After this burst release, the 

release of cobalt is on the order of 100 μg/ day/ g CoHA.  This means that in a one month time 

period less than 10% of the total cobalt content in the pellet will be released.   CoHA via wet 

synthesis has a similar behavior pattern, but the initial burst release is about 919 μg/ g CoHA, an 

order of magnitude lower than that of the CoHA via ion exchange.   

An average person intakes about 300 μg of cobalt per day and a 70 kg adult has a total 

body burden of about 1.5 mg cobalt [118].  Furthermore, excess cobalt, in reasonable levels, can 

be excreted by the kidneys.  Therefore, this rate of cobalt release should be low enough for the 

body to be able to clear with minimal toxic effect, assuming a CoHA dose comparable to the 250 

mg used in this study.  This is a reasonable dose assumption to make for potential biomedical 

applications.  For example, in cancer hyperthermia it is expected that 5-10 mg of material per 

cm3 of tumor tissue will be a therapeutically effective dose [68].  The dose of CoHA used in this 

study would, therefore, be enough to treat a 25 cm3 tumor. 

 

5.5 Conclusions 

Using a cobalt chloride solution and a simple soaking procedure, we were able to prepare 

CoHA with no apparent formation of a second phase, as verified by XRD and FT-IR 

characterization.  Incorporation of cobalt during the HA wet synthesis procedure was also 
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accomplished.  In the case of CoHA via ion exchange, the cobalt likely occupies calcium sites at 

and near the apatite particle surface.  For CoHA via wet synthesis cobalt may be present in bulk 

calcium sites.  The substitution of small amounts of Co2+ into the HA lattice results in CoHA 

powders with paramagnetic properties.   As indicated by degradation study results, the amount of 

cobalt released from these CoHA particles should not result in a high concern of toxicity.  After 

further study, CoHA may be an attractive apatite based magnetic material to be applied to future 

biomedical applications. 
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Chapter 6 

 

A comparative study of the sintering and cell behavior of pure and cobalt-substituted 
hydroxyapatite 

  

6.1  Introduction 

Biomaterials are widely studied for applications related to traditional medical devices, 

diagnostic products, smart drug delivery systems, and tissue engineering and regenerative 

medicine systems.  Biomaterials research takes advantage of developments in traditional 

materials science fields, but is also concerned with the biocompatibility and biofunctionality of 

candidate biomaterials [125].  The ceramic class of biomaterials has been studied in the past 

particularly for use in applications in bone augmentation and replacement [5, 125].  Ceramic 

powder properties, such as crystallinity, surface area, and particle size, determine their 

effectiveness for specific applications.  Additionally, powder properties and chemical 

composition affect material sinterability [98].  A study of a ceramic’s sintering behavior can 

provide insight into material stability and bulk mechanical properties, thereby determining which 

applications are appropriate for the material. 

Previous chapters have dealt with the substitutions of both iron and cobalt into the HA 

lattice.  A sintering study was also presented for FeHA, in order to illuminate information 

regarding the stability and mechanical properties of FeHA, and thus predict what types of 

applications the material may be used for. 

There have been limited studies recently on the substitution of cobalt into the HA lattice 

where careful analysis was conducted on the crystal structure of the resulting material, but 

limited results were reported regarding the effect that cobalt substitution had on other material 
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properties including sintering behavior [112, 113].  The objective of this chapter is to provide a 

systematic study of the sintering behavior and corresponding mechanical properties at a series of 

temperatures, to determine the appropriateness of CoHA for various types of biomedical 

applications.  In vitro biocompatibility was also assessed via cell culture. 

 

6.2 Materials and Methods 

6.2.1 Hydroxyapatite and Cobalt-substituted Hydroxyapatite Synthesis 

 Hydroxyapatite powder was prepared via a wet precipitation procedure in which an 

aqueous solution of 2 g/dL ammonium phosphate (99+%, Acros) was added dropwise at a 

moderate dropping rate of about 75 drops per minute under vigorous stirring to a 2 g/dL aqueous 

calcium nitrate tetrahydrate (99%, Fisher) solution at 75°C.  Ammonium hydroxide (~30%, 

Fisher) was also added to the phosphate containing solution to bring up the pH to 11-12.  After 3 

hours of stirring at 75°C, the HA particles were collected by filtration and washed thoroughly 

with deionized water.  The collected HA precipitates were dried at 90°C for 12-16 hours and 

ground by mortar and pestle into a fine powder.   

Cobalt was incorporated during HA synthesis using the synthesis procedure as described 

above.  A quantity of cobalt (II) chloride that would allow for 10% substitution was added to the 

phosphate-containing solution.  The rest of the synthesis was conducted exactly as described for 

pure HA.  The CoHA powder obtained via wet synthesis that was to be used for cell culture was 

then sterilized with 70% ethanol and used as is.  The resulting powders to be used for the 

sintering study were milled (SPEX 8000 Mixer/Mill) for 10 minutes in a steel canister with 

alumina milling balls.  
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Cobalt was also incorporated via ion exchange for use in the cell culture study.  HA 

powder was subjected to a simple soaking procedure to achieve cobalt substitution for calcium in 

the HA crystal lattice.  HA powder was soaked in a cobalt chloride solution at a concentration of 

0.02 M under moderate stirring for one hour at room temperature, and then collected by filtration 

and washed by deionized water.  The resulting powder was dried and ground manually, and the 

sterilized with 70% ethanol.   

 

6.2.2 Pellet Preparation and Sintering 

Milled HA and CoHA powders were uniaxially pressed into pellets using a bench top 

laboratory press (Carver Model C).  For each pellet, 0.35 g of powder was pressed into a 13 mm 

pellet die well lubricated with stearic acid (97%, Acros) in acetone (99.9%, J.T. Baker) at a 

pressure of 150 MPa for 10 seconds. The resultant HA pellets had a thickness of approximately 

1.63 mm and the CoHA pellets had a thickness of 1.80 mm. 

Pellets were sintered at a selection of temperatures for each sample type using a ramp rate 

of 5°C per minute and soaked at peak temperature for 2 hours in a chamber furnace (CM, 

1610FL). The sintering temperatures used were 900, 1000, 1100, 1200, and 1300°C for the HA 

samples, and 700, 800, 900, 1000, 1100 and 1200°C for the CoHA samples.  Lower sintering 

temperatures were selected for the CoHA samples after preliminary results for samples run at the 

same temperatures as pure HA indicated that decomposition began for CoHA at temperatures 

below 900°C.  A total of 10 pellets of each type of powder were sintered for each temperature 

point investigated. 
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6.2.3 Starting Powder Characterization 

The starting powder was characterized in Chapter 5 using energy dispersive X-ray 

spectroscopy (EDX) to verify the presence of cobalt in the sample powders.  A Thermo Noran 

EDS detector coupled to a JEOL JSM 6335 field emission scanning electron microscope 

(FESEM) was used for chemical analysis.  Powder samples of HA and CoHA were examined 

using a Bruker D2 Phaser X-ray diffractometer with a copper target, and voltage and current 

conditions of 40 kV and 40 mA, respectively.  Conditions used were a 0.02° 2-theta step size and 

a scan speed of 4 °/min with a 2-theta range of 10-90.  XRD was used to analyze sample crystal 

structure.  Additionally, a Niclotet Magna 560 Fourier Transform Infrared (FT-IR) Spectometer 

was used to compare the functional groups of pure HA and the CoHA samples.  This 

characterization was carried out using classic KBr pellet technique in a transmission mode.  Each 

FT-IR spectrum was the average of 32 scans with a resolution of 4.0 cm-1 in the range of 400-

4000 cm-1.  CoHA powder magnetic properties were analyzed using a Quantum Design MPMS-5 

superconducting quantum interference device (SQUID) magnetometer.  Powder sample 

magnetization measurements were carried out for magnetic fields – 50 kOe < H < + 50 kOe at 

300 K.   

 

6.2.4 Density and Biaxial Flexural Strength 

Density measurements were performed on green and sintered pellets using an Ohaus 

digital balance accurate to 1 mg and a caliper (Mitutoyo) accurate to 0.01 mm.  Three diameter 

and three thickness measurements were taken for each of the 10 pellets sintered at each 

temperature and the respective averages were used when calculating pellet density.  A Tinius 

Olsen (150KS model) was used to determine the pellet biaxial flexure strength (modulus of 
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rupture) on 13 mm diameter pellets (n=8) using a 1000 N load cell at a crosshead speed of 0.01 

mm/minute and a pin-on-disc test fixture set up per ASTM F 394 [103].  The modulus of rupture 

(MOR) was calculated based on the following equations: 

S = -0.2387 P(X-Y)/d2                                               (1) 

where S = maximum center tensile stress (MPa), P = total load causing fracture (N), 

X = (1+ν) ln[(B/C)2] + [(1-ν)/2](B/C)2,                  (2) 

Y = (1+ν)[1+ln[(A/C)2]] + (1-ν)(A/C)2,                  (3)   

where ν = Poisson’s ratio, 0.27, A = radius of support circle (mm), B = radius of loaded area or 

pin tip (mm), C = radius of specimen (mm), and d = specimen thickness at point of fracture 

(mm). 

 

6.2.5 XRD Characterization 

As-prepared HA and CoHA, and those sintered at different temperatures were examined 

for phase purity and crystal structure using a Bruker D2 Phaser X-ray diffractometer (XRD) with 

a copper target, and voltage and current conditions of 40 kV and 40 mA, respectively.  

Conditions used were a 0.02° 2-theta step size and a scan speed of 4°/min with a 2-theta range of 

10-60.   

 

6.2.6 FESEM Characterization 

Field emission scanning electron microscopy (FESEM) was used to examine the cross-

section morphology of sintered pellets with an accelerating voltage of 10 kV.  Ruptured pellets 

from the MOR test were used for FESEM imaging.  Pellet cross-sections were left unpolished 

and sputter coated with gold palladium for 1 minute prior to imaging at 10,000x. 
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6.2.7 Cell Culture Study 

The biocompatibility of CoHA was assessed through cell proliferation and damage to cell 

membranes. Proliferation was monitored through the reduction of a tetrazolium dye, and the 

integrity of the cell membrane was quantified through released lactate dehydrogenase (LDH).  

Mouse calvaria 3T3-E1 cells were used for the study. Cells were grown in alpha modified eagles 

medium (MEM) supplemented with 10 % fetal bovine serum and 1 % penicillin-streptomycin at 

37°C under an atmosphere of 5 % CO2 with changes in medium every other day until 90 % 

confluence, at which point, cells were harvested and seeded at 10,000 cells per well in a 48 well 

plate for proliferation assays and 10,000 cells per well in a 96 well plate for LDH assay. A period 

of 24 hours were allotted for cell attachment, after which cells were treated with the supernatant 

of a HA or CoHA, prepared via synthesis or ion exchange, solution. The HA and CoHA 

supernatant solutions were prepared by dispersing particles, that were previously dispersed in 70 

% ethanol and rinsed three times with sterile de-ionized water, at concentrations of 20, 50 or 100 

μg/ml in alpha-MEM.  Each condition was tested in quadruplicate. 

 For the proliferation assay the medium was changed every day and the amount of used 

solution was replaced with an equal volume of alpha-MEM. At day 1, 3 and 7 the proliferation 

was assessed by replacing the medium with fresh alpha-MEM and adding a 5 mg/ml MTT 

working solution equal to 1/10th the medium volume. The treated cells were incubated for 4 

hours at 37°C. The medium was then removed and a solution of 0.04 N HCl in isopropanol was 

added to dissolve the formed crystals. Aliquots of 200 μl were measured using a microplate 

reader (Biotek) at 560 nm and the background absorbance was measured at 680 nm. 
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 LDH activity was evaluated with a LDH assay kit from Thermo Scientific. In brief, after 

the cell attachment period cells were treated with 100 μl of supernatant medium from day 3 and 

7 and for controls one set of cells were treated with the provided lysis solution for maximum 

LDH release and another set of cells were treated with medium only. After incubation for 24 

hours 50 μl of working solution was added to the medium and the plate was incubated for 30 

minutes at room temperature in the dark. The stop solution, 50 μl, was then added to the medium 

and 150 μl aliquots were taken for measurement. The absorbance of the aliquots was measured at 

480 nm and the background was measured at 680 nm. 

 

6.3 Results 

6.3.1 Starting Powder Characterization 

The CoHA powder was characterized thoroughly Chapter 5 and the findings are briefly 

summarized here.  EDX confirmed the presence of cobalt in the CoHA sample powder.  The 

powder was analyzed for crystal structure and phase purity using X-ray diffraction and Fourier 

transform infrared spectroscopy. Additionally, magnetic properties were studied using 

superconducting quantum interference device analysis.  The results showed that after cobalt 

substitution the powder retained characteristic apatite crystal structure and functional groups.  

Additionally, cobalt substituted samples displayed paramagnetic properties, as opposed to the 

diamagnetism of pure HA.   

 

6.3.2 Density and Biaxial Flexural Strength 

 Both green and sintered densities were measured for HA and CoHA, with 10 pellets 

being measured at each sintering temperature examined for each powder type.  Density values 
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were recorded as the average of these measurements (with standard deviations reported).  Green 

and sintered densities, as well as thickness and diameter measurements, are listed in Table 6.1, 

and sintered densities as a function of sintering temperature for both HA and CoHA pellets are 

shown in Fig. 6.1. 

 

Table 6.1 Diameter, thickness, and density measurements of sample pellets before and after 

sintering 

Sample Avg. 
Green 

Diameter 
(mm) 

Avg. 
Green 

Thickness 
(mm) 

Avg. 
Green 

Density 
(g/cm3) 

Avg. 
Sintered 
Diameter 

(mm) 

Avg. 
Sintered 

Thickness 
(mm) 

Avg. 
Sintered 
Density 
(g/cm3) 

HA 900°C  
 

12.81 

 
 

1.63 

 
 

1.65 

10.66 1.43 2.50 
HA 1000°C 10.33 1.38 2.73 
HA 1100°C 10.23 1.34 2.86 
HA 1200°C 10.17 1.33 2.92 
HA 1300°C 10.21 1.37 2.80 

CoHA 
700°C 

 
 

12.81 

 
 

1.80 

 
 

1.41 

12.29 1.72 1.46 

CoHA 
800°C 

11.59 1.71 1.61 

CoHA 
900°C 

11.54 1.66 1.70 

CoHA 
1000°C 

10.70 1.54 2.15 

CoHA 
1100°C 

10.14 1.50 2.45 

CoHA 
1200°C 

10.09 1.48 2.46 
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Figure 6.1 Density as a function of sintering temperature for HA and CoHA pellets. 

  

 The average green density for pure HA pellets was 1.65 g/cm3 and the average green 

density of CoHA pellets was 1.42 g/cm3.  The HA sintered densities increased with sintering 

temperature up to a maximum density of 2.92 g/cm3 at 1200°C, and then dropped at 1300°C.  

The peak density achieved was 90% the theoretical density of HA.  CoHA sintered densities 

increased with sintering temperature, to a maximum density of 2.46 g/cm3 at 1200°C.   There is a 

decrease in diameter with an increase in sintering temperature for every sample measured with 

the exception of the HA pellets sintered at 1300°C, and also a decrease in thickness compared to 

the green pellets for every sample measured with the exception of the HA pellets sintered at 

1300°C.  

After pellet densities were measured, the pellets were subjected to a modulus of rupture 

(MOR) test to study mechanical properties of the sintered pellets.  The results of the MOR test 

are summarized in Table 6.2 and Fig. 6.2.  The values are presented as averages plus/minus 

standard deviations.  
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Table 6.2 Comparison of density and MOR values for HA and CoHA samples 

Sample Avg. Density (g/cm3) Avg. MOR (MPa) 

HA 900°C 2.50 ±.05 36.50 ±11.1 

HA 1000°C 2.73 ±.04 56.50 ±8.78 

HA 1100°C 2.86 ±.03 54.34 ±6.80 

HA 1200°C 2.92 ±.05 50.41 ±7.26 

HA 1300°C 2.80 ±.03 29.13 ±5.19 

CoHA 700°C 1.46 ±.06 10.02 ±1.59 

CoHA 800°C 1.61 ±.07 11.80 ±3.36 

CoHA 900°C 1.70 ±.08 15.89 ±4.58 

CoHA 1000°C 2.15 ±.07 23.18 ±3.47 

CoHA 1100°C 2.45 ±.06 28.86 ±9.19 

CoHA 1200°C   2.46 ±.08 24.08 ±6.29 
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Figure 6.2 MOR as a function of sintering temperature for HA and CoHA pellets. 

 

The MOR of the sintered HA samples ranged from the lowest value of 29.13 MPa for 

pellets sintered at 1300°C to a peak value of 56.50 MPa for pellets sintered at 1000°C.  Samples 

sintered at 900, 1100, and 1200°C had MOR values of 36.5, 54.34, and 50.41 MPa respectively 

(as shown in Figure 3).  The MOR of the CoHA sintered samples were at a low of 10.02 MPa for 

the samples sintered at 700 °C and a high of 28.86 MPa for the samples sintered at 1100 °C.  At 

sintering temperatures of 800, 900, 1000, and 1200°C, MOR values were 11.80, 15.89, 23.18, 

and 24.08 MPa, respectively. 

An ANOVA F-test analysis was conducted on the mean MOR values resulting from 6 to 

8 measurements at each temperature for both HA and CoHA.  This analysis resulted in an F-

value of 10.93 for the HA samples, greater than the Fcrit-value of 2.76, thus there is a significant 

difference between the MOR values for the HA pellets sintered at different temperatures.  

ANOVA analysis for the CoHA samples resulted in an F-value of 12.59 (Fcrit=2.46), indicating 
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significant difference between the MOR values for the CoHA pellets sintered at different 

temperatures. 

 

6.3.3 XRD Characterization 

Crystal structure and phase purity of the sintered HA and CoHA pellets were examined 

using XRD.  The resulting XRD spectra are shown in Fig. 6.3 for HA and Fig. 6.4 for CoHA. 

HA sintered samples resulted in XRD spectra containing peaks that are identical to those present 

in the un-sintered HA control spectrum and match well with the HA JCPD reference card 9-432 

for temperatures up to 1200°C.  At 1200°C, an extraneous peak emerges at about 30° 2θ which 

would match with the TCP peak at 29.68° 2θ. 
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Figure 6.3 XRD spectra for as-dried HA compared to HA sintered at 900, 1000, 1100, 

1200 and 1300°C 

CoHA sintered samples result in XRD spectra that do not match completely with the 

unsintered control sample.  Extraneous peaks at about 13.7, 28.0, and 31.3° 2θ, which can be 

matched to TCP, emerge at sintering temperatures as low as 800°C.  Additionally, starting at 

700°C, there is an extraneous peak that emerges at about 36.5° 2 θ, which can likely be assigned 

to a cobalt oxide phase.  In both HA and CoHA sintering led to sharper XRD peaks, indicating 

improved crystallinity as compared to the green samples. 

 

 

Figure 6.4 XRD spectra for as-dried CoHA compared to CoHA sintered at 700, 800, 900, 1000, 

1100 and 1200°C. 
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6.3.4 FESEM Characterization 

Unpolished fracture surfaces of the sintered pellets were imaged using FESEM allowing 

the observation of the microporosity of these samples and the extent to which the samples have 

been sintered to be examined.  Fig. 6.5 contains the micrographs of the HA pellet cross-sections 

sintered at different temperatures.  It is apparent that sintering does not start until 1000°C, at 

which temperature sintering has just started, as evidenced by the consolidation of packed powder 

particles to bulk material, and there is a system of interconnected pores at the nanometer scale.  

At 1100°C the amount of sintering is increased and some areas are fully densified, but some 

retain the interconnected porosity as seen at 1000°C.  The samples sintered at 1200°C are shown 

to be highly dense with discreet nanometer sized pores.  At 1300°C, as in the 1200°C, the HA 

particles seem fully sintered, but discreet pores around micron in size start to appear. 
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Figure 6.5 Cross sections of HA pellets sintered at 900, 1000, 1100, 1200 and  1300°C. (Repeat 

of Fig. 4.7) 

 

Fig. 6.6 contains the micrographs of the CoHA pellet cross-sections sintered at different 

temperatures.  At 700°C, sintering has not begun in CoHA pellets, and the samples retain the 

interconnected microporosity seen in the HA samples sintered at 900°C.  At 800 and 900°C 

sintering has begun, as demonstrated by the clear merging starting to occur between particles, but 
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the interconnected microporosity is preserved, and the pellets still retain a morphology that is 

mostly reflective of a packed powder.  At 1000°C, sintering is well underway and the CoHA 

particles are no longer clearly differentiated. The pellets at 1000°C contain dense regions but are 

still highly porous with seemingly interconnected pores.  The CoHA pellets sintered at 1100 and 

1200°C are essentially a fully dense material interspersed with micron sized pores. The level of 

porosity is greater than that seen in the HA sintered at 1200 and 1300°C.  Additionally, pore 

number decreases from 1100 to 1200°C, but pore size increases. 

 

 

Figure 6.6 Cross sections of CoHA pellets sintered at 700, 800, 900, 1000, 1100 and  1200°C. 
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6.3.5 Cell Culture Study 

The effect of CoHA on cellular proliferation was inhibitive, while HA supported cell 

proliferation, as seen in Fig. 6.7. The HA treated cells proliferated at the same rate over the 

course of one week. In contrast the CoHA treated cells did not proliferate from day 1 to 3 with 

the optical density (O.D.) remaining the same while the cell number decreased from day 3 to 7 

with a decrease in O.D.. The LDH assay results are presented in Fig. 6.8. Compared to the 

spontaneous release of LDH from cells treated with medium alone there is no statistical 

difference between the spontaneous release and the release from HA or CoHA treatments for 3 

and 7 days.  

 

 
Figure 6.7 Cellular proliferation of cells treated with HA and CoHA supernatants in a 48 well 

plate. 
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Figure 6.8 LDH release of cells incubated with supernatant from HA and CoHA for 24 hours. 

Supernatants were collected from 3 and 7 days after the powders were immersed in medium. 

 
 

6.4 Discussion 

HA can generally be sintered up to 1200°C or above before it is decomposed to TCP and 

CaO [99, 11].  In this study, HA was sintered from 900°C up to 1300°C and cobalt substituted 

HA was sintered from 700°C up to 1200°C.  The HA pellets underwent shrinkage (from an 

average diameter of 12.81 mm for the green pellets down to an average diameter of 10.17 mm 

for pellets sintered at 1200°C) but otherwise retained their white appearance with flat top and 

bottom surfaces.  The CoHA pellets, on the other hand, underwent not only shrinkage but also an 

obvious color change upon sintering.  
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  Fig. 6.9 is a photograph of green and sintered CoHA pellets showing the change in color 

that accompanied the sintering procedure at each temperature point.  Un-sintered CoHA pellets 

demonstrate a bright purple color, but upon sintering this changes drastically.  Pellets sintered at 

700°C exhibit such a dark color that they look essentially black.  Sintering at 800°C results in 

dark charcoal grey.  Pellets sintered at temperatures from 900 to 1200°C all display grey 

coloring, which gets darker with increasing temperature.  In addition to getting darker, the grey 

becomes increasingly muddy and brownish.  Although the CoHA pellets undergo distinct color 

changes, they also retain the typical flat surfaced appearance of the HA pellets, and diameter 

shrinks with increasing sintering temperature. 

 

 

Figure 6.9 Photograph of CoHA pellets sintered at various temperatures 

 

CoHA sintered pellets have obvious visual differences compared to the pure HA pellets, 

but densification behavior and mechanical properties show similar trends, although the actual 

densities and MOR achieved are different.  HA pellet density increased until 1200°C, and at 

1300°C began to drop.  CoHA pellet density also increased to 1200°C, with the largest increase 

coming between 900 and 1000°C, but the actual densities achieved were lower than those 
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achieved with pure HA at the same temperatures.  For example, for pellets sintered at 900, 1000, 

and 1100°C, the density of HA samples are 2.50, 2.73, and 2.86 g/cm3, respectively, but CoHA 

pellets sintered at the same temperatures have average densities of 1.70, 2.15, and 2.45 g/cm3, 

respectively.  This is unsurprising considering that the green density of CoHA was also lower 

than that of pure HA.  The overall trend of increasing density is to be expected, since 

densification typically increases with sintering temperature prior to the onset of significant 

decomposition [106]. At their peak density, the HA pellets attain a density of 2.92 g/cm3 sintered 

at 1200°C, which is 93% of the theoretical density of HA (3.156 g/cm3).  The density of CoHA 

on the other hand, never approaches the theoretical density of HA within the temperature range 

tested.  CoHA density in this study peaked at 2.46 g/cm3, which is only 78% the theoretical 

density of HA. 

Considering the lower achieved densities, the MOR of the CoHA pellets are also lower 

than that of the HA pellets.  The HA pellets achieve a maximum MOR value of 56.50 MPa, a 

value that compares favorably to the mechanical properties of bulk HA achieved by other groups 

in the literature [105, 106], and is also within the mechanical properties range of natural bone, 

which possesses flexural modulus values ranging from 35 to 283 MPa [107]. CoHA achieved a 

maximum MOR value of 28.86, slightly below the low end of the range of flexural modulus 

values for natural bone.   

The MOR is displayed as a function of sintering temperature in Fig. 6.3 and as a function 

of density in Table 6.2.  For pure HA, the MOR roughly plateaus between 1000 and 1100°C, 

with a slightly decrease at 1200°C.  A significant decrease in MOR at 1300°C corresponds to a 

decrease in pellet density.  This decrease may be due to the onset of decomposition of HA at 

high temperatures.  The MOR of the CoHA pellets increase steadily to 1100°C and begins to 
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decrease significantly at 1200°C, despite the fact that density has not yet begun to decrease at 

that temperature point. 

The porosity of the sintered HA pellets dramatically increased at 1300°C, as shown by 

the FESEM images and corroborated by the decrease in density shown in Fig. 6.2 and Table 6.1.  

The increase in both number and size of micropores at 1300°C compared to 1200°C may be due 

to increased decomposition.  Sintering initially causes the close of pores, but concurrent 

dehydroxylation results in the formation of an internal vapor pressure that eventually overcomes 

the mechanical strength of the solid, resulting in the formation of blowholes.  At higher 

temperatures a large amount of irreversible dehydroxylation occurs coupled with decomposition, 

of which water vapor is a product, leading to a collapse of the hydrated HA structure, and a large 

increase in blowhole area [108]. 

The CoHA pellets were shown to have increased porosity at 1200°C, as compared to 

1100°C.  This increase in porosity was accompanied by a decrease in MOR, despite a slight 

increase in overall density.  At no sintering temperature are the density and porosity of the HA 

sintered at 1200°C approximated by the CoHA pellets.  This is likely a result of an earlier onset 

of decomposition and formation of blowholes in CoHA than in HA.  A similar result was also 

observed for iron-substituted HA, which decomposed at temperatures are low as 700°C (Chapter 

4). In addition to the density and mechanical property measurements, it is clear from visual 

inspection that the CoHA pellets have a different sintering behavior than the pure HA.  It is 

likely caused by the presence of cobalt ions in the HA lattice resulting in a less stable crystal 

structure, thereby resulting in decomposition and formation of second phases at lower 

temperatures than those initiating decomposition in HA.  XRD analysis was conducted and 

confirmed this hypothesis. 
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A single-phase HA was achieved at sintering temperatures up to 1200°C, which was 

indicated by no extraneous peaks being present in the relative XRD spectra in Figure 4, which 

mimics typical sintering behavior in pure HA [99, 100].  The emergence of an extraneous peak at 

30° 2θ, which can be assigned to TCP, indicates the onset of decomposition. This explains the 

decrease in density and mechanical properties observed in the HA pellets sintered at 1200 and 

1300°C.  CoHA pellets were found to be less thermally stable than the HA, and emergence of a 

secondary cobalt containing phase indicating cobalt oxidation started as low as 700°C, with 

emergence of TCP peaks indicating hydroxyapatite decomposition occurring as low as 800°C. 

In CoHA sintered at 800°C and above extraneous peaks emerged at about 13.5, 28, and 

31° 2θ.  Each of these three peaks can be assigned to TCP, which has major peaks at 13.64, 

27.79, and 31.05° 2θ.  At 700° C and above there is also an obvious extraneous peak at about 

36.5° 2θ.  Neither HA nor TCP have XRD peaks at this location, so the possibility must be 

investigated that this peak belongs to an emerging cobalt containing phase, likely a cobalt oxide 

or hydroxide.  Possibilities, determined by which cobalt oxide and hydroxide phases have 

significant peaks around 36.5° 2θ, include CoO, Co3O4, and Co(OH)3.  Unfortunately, other 

significant peaks for these materials overlap with HA and TCP peaks, so direct identification 

based on extraneous peaks is difficult. Sintered CoHA pellets likely contain varying mixtures of 

calcium phosphate (HA and TCP) and cobalt oxide and hydroxide phases.  From 600-700°C, 

CoO is readily oxidized in air to Co3O4.  This behavior, combined with the fact that Co3O4 is 

characterized by a typical black color accounting for the color change seen in the CoHA pellet 

sintered at 700°C, allows us to conclude that Co3O4 is present in the CoHA pellets sintered at 

700°C.  Examination of the calcium phosphate peaks in the XRD spectra for this sample 

indicates that at 700°C the Co3O4 is present mostly in combination with HA.  Beginning at 
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800°C we see a change in pellet color away from black and towards an increasingly muddy 

greyish brownish color.  Our XRD results suggest that TCP also starts to emerge at this 

temperature.  Samples sintered at 800°C and above are therefore combinations of HA, TCP, and 

various cobalt oxide or hydroxide phases.  Above 900°C CoO is thermally stable (as opposed to 

Co3O4), but can be readily oxidized to Co(OH)3.  CoO has a characteristic olive color, whereas 

Co(OH)3 is grayish brownish in color.  From 800°C to 1200°C there is probably a phase change 

from Co3O4 to Co(OH)3.  This conclusion is based on an inspection of the color change seen in 

the pellets combined with knowledge about cobalt oxide and hydroxide relative thermal 

stabilities, oxidation behaviors, and characteristic XRD spectra.  In summary, we can conclude 

that CoHA samples sintered in air undergo various phase transformations from pure CoHA to 

apatite plus cobalt oxide, then further transform to a combination of calcium phosphate phases 

(mostly HA and TCP) plus a combination of cobalt oxide and hydroxide phases, with cobalt 

hydroxide dominating at higher temperatures. 

The incorporation of cobalt ions into the HA lattice in the form of CoHA results in a 

material that is less thermally stable than pure HA, as proven by the difference in decomposition 

behavior as a result of sintering.  Additionally, the relatively lower density and MOR of CoHA 

compared to HA make CoHA less suitable for bulk applications, particularly those which are 

load bearing, since a MOR within the range of natural bone was not achieved by the CoHA 

material.  Even bulk HA is typically used only in low-load-bearing situations, and the 

mechanical strength of CoHA is even more poor.  The CoHA material may, however, be useful 

in biomedical applications which call for nanoparticles in powder form, or as a coating or filler 

phase in a composite, specifically applications which utilize paramagnetic properties.  The lower 

stability of the CoHA material compared to the HA control suggests that degradation in vivo 
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may be quicker.  A faster degradation rate may be a desirable trait for certain applications which 

call for short-term use of nanoparticles. 

Prior to utilization in biomedical applications, the biocompatibility of CoHA needs to be 

evaluated.  While the results from the proliferation experiment may initially suggest that CoHA 

is not biocompatible, the findings from the LDH assay, Fig. 6.8, suggest differently.  The 

discrepancy between these results suggests that either a catalytic reaction occurs between CoHA 

and the cell culture medium or the release of cobalt ions inhibits cell proliferation.  Although a 

degradation study indicated the total cobalt release over the course of a month (Chapter 5) is 

extremely low, there was a burst release of cobalt ions at day 1.  It may be beneficial to include 

an extended 24 hour washing step in DIW in the CoHA synthesis protocols, to remove loosely 

bound cobalt ions responsible for the burst seen in the degradation study.  The cell culture 

studies presented in this chapter are also limited in that a single cell line was used.  Various cell 

lines may react differently to differing culture conditions.  For example, Wu et al. established 

that low amounts of cobalt incorporation into a scaffold resulted in no cytotoxicity in human 

bone marrow stromal cells (BMSCs).  Additionally, cobalt ion release from the scaffold induced 

VEGF protein secretion, HIF-1α expression, and bone-related gene expression in BMSCs, 

indicating that while cobalt ions result in a response that mimics hypoxic conditions, they did not 

induce toxicity or cell death [126].  Additionally, in vitro cell culture conditions are simple and 

static, as compared to in vivo conditions.  In vivo response to cobalt release from CoHA may 

differ from that seen in vitro.  The cell culture results obtained in this chapter are not sufficient to 

draw any strong conclusions, and the CoHA material needs to be further investigated for its 

biocompatibility. 
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6.5 Conclusion 

The sintering behavior of CoHA, a paramagnetic biodegradable nanoparticle material, 

was thoroughly examined in this study.  Density measurements, mechanical testing, FESEM, and 

XRD analysis were used to elucidate the sintering behavior of CoHA as compared to pure HA.  

It was found that CoHA has a lower stability than pure HA, and begins to decompose into a 

multi-phase material containing HA and cobalt oxide at temperatures as low as 700°C, and HA, 

TCP, and cobalt oxide and hydroxide at temperatures of 800°C and above.  It is expected, based 

on these results, that CoHA will degrade more quickly in vivo than pure HA.  Thus, together with 

other characterizations of CoHA (magnetic properties and degradation behavior), it is suggested 

that CoHA is a biomaterial suitable for applications which require fast biodegradable magnetic 

materials, although cell culture results in this study were inconclusive. 
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Chapter 7 

 

Conclusions and Future Work 

 

7.1 Conclusions 

 In this work iron- and cobalt-substituted hydroxyapatite powders have been 

synthesized and fully characterized.  Both FeHA and CoHA sample powders were found to be 

phase-pure, with no secondary phase formation.  This is significant because phase purity 

influences the bioactivity, solubility, and in vivo behavior of bioceramics.  Furthermore, all 

samples tested were found to have paramagnetic properties.  The magnetic susceptibility of the 

substituted powders was not a function of iron or cobalt content.  Unlike in bulk materials where 

magnetic susceptibility is an inherent material constant, in nanomaterials magnetic susceptibility 

is a function of a number of factors including particle size and shape [78].  The paramagnetic 

properties displayed by the substituted apatites will allow them to be utilized for a wide range of 

biomedical applications that pure HA nanoparticles are not suitable for.   

FeHA can be achieved using a simple ion exchange procedure.  CoHA can be attained 

using this same ion exchange procedure, or via wet synthesis.  These methods are simple, fast, 

and low-cost procedures for tailoring the material properties of HA. 

A sintering study conducted on FeHA and CoHA sample pellets showed that substituted 

hydroxyapatite is less thermally stable than pure HA.  At temperatures much lower than those 

that induce decomposition in HA the FeHA and CoHA pellets began to decompose to TCP and 

metal oxide phases.  Although CoHA begins to decompose at similar low temperatures as FeHA, 

they demonstrated better mechanical properties than FeHA, achieving density and mechanical 
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strengths closer to HA.  A lower thermal stability suggests that the substituted HA particles 

degrade at a faster rate in vivo than pure HA, a trait which may be desirable to prevent 

accumulation of magnetic nanoparticles for transient and/or repetitive applications.  In vitro 

degradation studies lasting up to a month confirmed that despite the less stable nature of the 

substituted apatites, the release of metal ions (Fe3+ and Co2+) were at low enough levels to be 

tolerated by the human body, thus alleviating some concerns about material biocompatibility.   

Cell viability was also tested for FeHA and CoHA.  The FeHA material resulted in cell 

viability comparable to that of pure HA, a widely used and highly biocompatible material.  

CoHA degradation study results were promising, as only low levels of cobalt were released for 

the duration of the study, but cell culture results were inconclusive.  Thorough characterization 

of these substituted apatite materials indicate that FeHA and CoHA are especially attractive 

materials for use in transient biomedical applications requiring magnetic properties, such as drug 

delivery, MRI contrast, and hyperthermia based cancer treatments.  They may also have potential 

in a wider range of applications including, but not limited to, cell stimulation in bone repair, cell 

labelling and separation, and combined therapies. 

 

7.2 Future Work 

7.2.1 Application-Driven Testing of FeHA and CoHA 

 FeHA and CoHA have been thoroughly characterized, and thus should next be subjected 

to application-driven testing.  This will allow further evaluation of which applications these 

materials are suitable for, and will begin moving these materials towards clinical use.  

Application-driven experiments will also indicate whether the magnetic properties of these 

materials need to be adjusted, which can be done by altering the size or shape of the 
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nanoparticles, or potentially the amount of metal ion doped into the material if necessary [78].  

Materials examined in this work demonstrating paramagnetic behavior may demonstrate 

superparamagnetic behavior if the particle size scale is decreased sufficiently. 

 In order to evaluate whether the FeHA or CoHA materials can be applied as MRI contrast 

agents the T1 and T2 relaxation times can be measured using nuclear magnetic resonance (NMR) 

spectroscopy.  After initial measurements are conducted on nanoparticles in solution, the 

nanoparticles can be introduced to tissue samples, and the resulting relaxation times can be 

compared to those of the tissue without the FeHA or CoHA nanoparticles.  Other paramagnetic 

materials have been shown to be effective as MRI contrast agents, and as such the outlook for 

magnetic substituted HA materials as MRI contrast agents is positive [127, 128]. 

 The ability of FeHA and CoHA nanoparticles to generate heat needs to be examined to 

determine the suitability of the materials for use in hyperthermia related cancer treatments.  The 

materials would need to be exposed to an alternating magnetic field in a thermally insulated 

sample holder equipped with a thermocouple to measure temperature change.  

 The utility of FeHA and CoHA as magnetic drug delivery agents will need to be tested.  

The ceramic nanoparticles should be conjugated to model protein molecules and the distribution 

of the drug-carrier complex should be measured in animal models both with and without external 

magnetic fields.  In order for the magnetic field to successfully concentrate the drug-carrier 

complex, the magnetic force acting on the particles must overcome the hydrodynamic force 

acting on the particle as a result of blood flow.  The magnetic force, Fm, can be described as: 

Fm = VmΔχߘ ቀଵ
ଶ
ܤ ∙ Hቁ, 

where Vm  is the volume of the particle, Δχ is the difference in magnetic susceptibility 

between the particle and the surrounding fluid (blood), B is the magnetic field flux, and H is the 
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magnetic field strength.  The magnetic field used for this application would be static, and 

therefore the field strength is limited only by the strength of magnet that can be obtained.  There 

is no evidence or example of a strong static magnetic field causing negative pathological effects 

[129].  This allows the use of a magnet strong enough to cause a response in paramagnetic 

particles to be used for further testing for drug delivery applications of FeHA and CoHA. 

 

7.2.2 Manganese Substituted Hydroxyapatite 

 Another substituted apatite system of interest may be manganese.  Manganese metals and 

its ions also have intrinsic paramagnetic properties [130].  Manganese has the additional 

attractive feature of improving cellular adhesion [131-134].  As such, MnHA would be an 

excellent candidate for use in bone repair scaffolds where it could potentially magnetically 

stimulate osteoblast cells while also improving cellular adhesion to the implanted scaffold.   

 

7.2.3 Rare Earth Substituted Hydroxyapatite 

 The rare earth elements are also interesting candidates for generating hydroxyapatites 

with magnetic properties.  Among the rare earth elements samarium, europium, gadolinium, and 

terbium may be the most attractive options.  Europium, gadolinium, and terbium have the 

strongest magnetic properties (paramagnetic for europium, and ferromagnetic for gadolinium and 

terbium), while also maintaining acceptable biocompatibility [135-137].  Samarium is also 

paramagnetic, although with a magnetic susceptibility an order of magnitude lower than 

europium, and has been shown to be a favorable substrate for osteoblasts in the oxide form [135, 

136].   
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Appendix: Manganese substituted hydroxyapatite – preliminary results 

 

Trial 1:  

Materials and Methods: Initially, manganese substitution was attempted using the same 

procedure as that detailed for iron substitution.  Hydroxyapatite powder was prepared via a wet 

precipitation method based on previous work done by Kothapelli et al. [48].  Briefly, a volume of 

200 mL ammonium phosphate (99+%, Acros) 2 g/dL aqueous solution was added dropwise at a 

moderate dropping rate under vigorous stirring to 600 mL of an aqueous calcium nitrate 

tetrahydrate (99%, Fisher) solution of the same concentration at 75°C.  An 80 mL volume of 

ammonium hydroxide (~30%, Fisher) was also added to the mixed solution to bring up the pH to 

11-12.  After 3 hours of stirring at 75°C, the HA particles were collected by filtration and washed 

thoroughly with deionized water.  The collected HA precipitates were vacuum dried for 48 hours 

at room temperature and ground by mortar and pestle into a fine powder. 

  HA powder was then subjected to a simple soaking procedure to achieve manganese 

substitution for calcium in the HA crystal lattice.  Manganese (II) chloride (Fisher, 98+%) at a 

concentration of 0.02M was used as the soaking solution.    HA powder was soaked in the 

manganese solution at an amount of 200 mL of solution per gram of HA, under moderate stirring 

for one hour, and then collected by filtration and washed thoroughly by deionized water.  The 

powder was dried overnight and ground by mortar and pestle.   
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 Results: 

 

Figure A.1 XRD plot of MnHA synthesized via simple ion exchange.  The triangles indicate 

extraneous peaks that cannot be matched with HA. 

 

  Conclusion: The attempt to synthesize MnHA via wet synthesis yielded a material with a 

secondary phase, most likely Mn3O4 (JCPD 18-803). 

  

Trial 2:   

  Materials and Methods: Manganese incorporation via wet synthesis was also attempted.  

A quantity of manganese (II) chloride that would allow for 10 wt% substitution was added to the 

phosphate containing solution.  The rest of the synthesis was conducted exactly as described in 

the first paragraph of the Trial 1 section. 

   

 

10 20 30 40 50 60 70

In
te

ns
ity

 (A
rb

. U
ni

ts
)

2θ (°)



145 
 

Results: 

 

Figure A.2 XRD plot of MnHA synthesized via simple ion exchange.  The triangles indicate 

extraneous peaks that cannot be matched with HA. 

 

  Conclusion:  The attempt to synthesize MnHA via wet synthesis yielded a material with a 

secondary phase, most likely Mn3O4 (JCPD 18-803). 

 

Trial 3: 

Materials and Methods: HA powder was synthesized as described above.  The HA was 

then subjected to ion exchange using a slightly modified simple soaking procedure to achieve 

manganese substitution for calcium in the HA crystal lattice.  Manganese (II) chloride (Fisher, 

98+%) at a concentration of 0.02M was used as the soaking solution, with the pH adjusted to 4 

with HCl.    HA powder was soaked in the manganese solution  at an amount of 200 mL of 

solution per gram of HA, under moderate stirring for one hour, and then collected by filtration 
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and washed thoroughly by deionized water.  The powder was dried overnight and ground by 

mortar and pestle.   

 

Results: 

 

Figure A.3 XRD plot of MnHA synthesized via simple ion exchange with controlled pH.  No 

obvious extraneous peaks are present. 

 

Figure A.4 EDX spectra of MnHA synthesized via simple ion exchange with controlled pH 

verifying the presence of manganese in the powder. 
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 Conclusions: Using a simple ion exchange procedure with a controlled acidic pH, MnHA can 

be achieved.  Preliminary characterizations indicate a pure apatite resulting structure using this 

method.  The adjustment of the soaking solution pH likely led to a successful substitution due to 

the fact that Mn2+ is more thermodynamically stable at lower pH compared to Mn3O4, which 

becomes thermodynamically favorable as neutral and alkaline pH is approached.  Additionally, 

the acidic aqueous conditions help facilitate substitutions as surface layers of HA become loosely 

bound and calcium deficient.  This powder needs to be more fully characterized, but it may be an 

attractive material for tissue engineering applications due to manganese’s promotion of cell 

adhesion.  If this material is found to have magnetic properties it can also be applied to a wider 

range of biomedical applications including drug delivery, MRI imaging, and hyperthermia 

treatments. 
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