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Abstract

Hydroxyapatite (HAp) has been widely used as a bone replacement material for biomedical
applications, in particular as a bone graft and coating for implants, because of its similarity in

composition and crystal structure to natural bone.

The present study aims to develop of a novel method to prepare (unsubstituted and
substituted) HAp by hydrolysis of monocalcium phosphate (MCP) using calcium hydroxide
(Ca(OH)2). Different techniques were used to characterize the prepared samples such as
SEM, FTIR, XRD and ICP-MS. The presence of an apatitic phase in the sintered unsubstituted
powders prepared by the hydrolysis of MCP/Ca(OH); was confirmed by FTIR spectra, through
detecting the fundamental vibrational modes of PO43" group as well as by observation of the
typical HAp lattice OH vibrations at 3572 and 631 cm™, so indicating formation of crystalline
material. The XRD diffraction patterns of the sintered unsubstituted HAp powders were in a
good agreement with the HAp patterns reported in the current literature, the standard HAp
(reference card number 01-074-9780) as well as commercial HAp (Fluka) and showed the
characteristic peaks of the HAp phase with a slight presence of the B-TCP phase that would
have formed from the sintering process used to crystallise the HAp powders at 900 °C. The ICP-
MS analyses of unsubstituted HAp powders showed that the Ca/P mole ratios of the
unsubstituted HAp materials produced was 1.40, which is lower than the theoretical value of
stochiometric HAp (1.67). This result can be ascribed to the substitution process of calcium
ions by sodium ions in the HAp crystal lattice as a result of using sodium hydroxide to adjust
pH in the reactions leading to the formation of HAp. The value of the (Ca+Na)/P when
computed using elemental data obtained from the ICP-MS analyses was found to be 1.65
which is very close in value to of the value expected for stoichiometric HAp (1.67). SEM
images showed that the sintered samples of unsubstituted HAp powders consist of particles
with fine grains, spheroidal in shape associated with an irregular distribution of particle sizes.
The degree of crystallinity and the numerical value of the crystallite size of the sintered
unsubstituted HAp materials were 82.6% and 549.8 A, respectively. The Rietveld refined
values of lattice constants of the sintered unsubstituted HAp materials were a= 9.421+0.003

and c= 6.882+0.005 A.



By means of the novel hydrolysis route (hydrolysis of MCP and Ca(OH),), three substituted
“MHAp” materials were prepared with the following chemical formula: Ca10-xMx(POa4)s(OH)2

(M=Zn, Sr and Cu, x=0.5, 1.0 and 1.5). FTIR spectra showed that there was:

e a presence of apatite phase in the prepared powders.

e aclear relation between the amount of M ions, and the intensities of OH vibration
modes at 3572 cm (stretching) and 630 cm™.

e Aclear shift of phosphate bands in the unsubstituted HAp at 572 and 604 cm™ to a
lower wave number due to substitution of Sr?* ions. This shift increases as the
amount of Sr ions increases. Another shift of the OH librational band from 630 to
612 cm™ was also observed with an increase in the percentage of Sr?* ions in the

substituted HAp.

The phase purity, crystallinity, crystallite size and lattice parameters of the prepared MHAp
materials varied with increasing substitution levels. SEM images showed that ZnHAp and
CuHAp materials consisted of agglomerated crystals which are spheroidal in shape.
Spheroidal particles were seen in 0.5 SrHAp and 1.0 SrHAp samples, but a combination of
spheroidal and rod like particles was recorded in the case of the 1.5 SrHAp materials. The
results of ICP-MS measurements displayed clearly the presence of these ions (Zn?*, Sr** and
Cu?* ions) in the HAp samples but did not offer explicit proof of substitution. The measured
(actual) wt.% of Zn?*, Sr?* and Cu?* ions that that were detected by ICP-MS analysis was lower
than the theoretical value indicating how difficult it is for the small ions such as Zn?* and

Cu?*as well as the large ions such as Sr?*to be introduced and hosted by the HAp sample.

Also, in the present study different systems of cationic substituted HAp, namely 1% RbHAp (1
wt.% Rb*), 1%EuHAp (1 wt.% Eu3*) and 1,3 and 5% ScHAp (1, 3 and 5 wt.% Sc3*), were prepared
by using two different methods (precipitation and hydrolysis of MCP/Ca(OH)2). The results of
ICP-MS analysis showed that the presence of Rb*, Eu3* and Sc3* ions in the HAp crystal was

very low. In the case of the Sc-substituted HAp, the level of substitution was negligible.

Various systems of anionic and co substituted HAp, namely 1, 3 and 5% NbHAp, 1% B4O7HAp,
bromapatite, sulfoapatite and NaCIHAp were also prepared by using different preparation
methods (precipitation, hydrolysis of MCP/Ca(OH), and ion exchange routes). There was

found to be a reduction of the intensity of the stretching mode of the OH group at 3572 cm”



! due to the replacement process of phosphate and/or hydroxyl groups by monovalent and

bivalent ions( Br-, S* and B407%).

The mechanical strength and the particle size of specific systems of unsubstituted HAp,
substituted and co substituted HAp powders prepared by the hydrolysis process of MCP and
Ca(OH), were also studied. The results of the mechanical properties in the present
investigation showed clearly that particle size plays a fundamental rule in the value of
mechanical strength, since an enhancement in the mechanical strength was recorded

because of the reduction in particle size that occurred in some preparations.
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Chapter One
Introduction to Hydroxyapatite and Substituted

Hydroxyapatites.

1.1 Background:

Due to factors such as age, disease, congenital birth defects and a growing population, there is
an increasing clinical demand for bone replacement and repair materials. Normally bone
replacement materials use the “gold standard” which is bone harvested from the iliac crest of
the patient concerned. These are known as autologous bone implants and being the patient’s
own tissue constitute the least problematic material in terms of rejection. In previous research,
there have been various efforts made to develop materials for use in biomedical applications,
but which sometimes compromised biocompatibility, porosity, and at the same time a certain or
significant level of strength/bioactivity. The development of suitable biomedical materials to
replace autologous tissue has hence presented many challenges [1]. In the 1970s, when
biomaterials science started to develop, a biomaterial initially was intended to be chemically inert
towards the rest of the organism in which it was implanted. But when the first large-scale known
bioactive material, Bio glass 4555®, was able to produce a positive interaction with the biological
environment: the term of “bioactivity” came into being, and this development led researchers to
conclude that a biomaterial should not be inert but also elicit a positive response from the host
organism [2]. The Consensus Conference of the European Society of Biomaterials [3] define a
biomaterial as : “a material intended to interface with biological systems to evaluate, treat,
augment or replace any tissue, organ or function of the body”. It is clear that the purpose and
goals of biomaterials are to be implanted and/or to interact with living tissue in the recipient

host.

From a chemical point of view, biomaterials could belong to one of the following categories:
ceramics (glasses), metals, polymers and composites. Each category has its own application.
Metals are commonly used to replace hard, load-bearing tissues, The most commonly used

implant metals are the 316L stainless steels. due to their elasticity, Composites have been
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extensively used in dentistry and prosthesis designs, while polymeric materials have been used
as implants or part of implant systems such as polymethyl methacrylate (PMMA) which has been
employed as acetabular cups for hip prosthesis. Ceramics have been more widely used for bone
replacement in non-load-bearing applications, due mostly to their brittleness which hindered
their use in high load bearing areas of the body such as in hip or knee implants. The main
applications of these less strong bioceramics are seen in the reconstruction of smaller sized

bones, as for example in maxillofacial surgery and in dental applications [2].

However, hydroxyapatite as will be discussed extensively later (see chapter two for details) can
be considered as one of the most studied bioactive ceramics for dental and skeletal purposes due
to its biocompatibility and bioactivity behaviors that mimic the biological apatite. On the other
hand, the biological apatites in mammals are characterized by several properties that they are
calcium-deficient, carbonated, substituted and nonstoichiometric powders, therefore the aim of
mimicking biological apatites materials has resulted in different versions of calcium HAp
materials, with chemical and microstructural characteristics resembling those of biological ones

[4].

1.2 Substituted HAp materials:

Many studies have been carried out which have investigated the synthesis and characterization
of various substituted HAps. In certain areas of application (e.g. as in the biomedical sciences)
the utility of generating these substituted HAps has also been discussed. The bone mineral can
be represented as hydroxyapatite (Cai0(POa4)s(OH)2), which is associated with secondary groups
and elements (e.g. CO3% , HPO4? , Na*, Mg?*) and trace elements (e.g. Sr?*, K*, CI- and F’), some
of these elements may be found at ppm level [5], which play a an important role in the
biochemical reactions. The bioactivity of HAp, biological performance, stability and other
properties can be modified and improved through insertion, substitution and incorporation of
other anions, cations, or even functional groups into the crystal structure without destroying the
crystallographic characteristics of HAp. For example, silver can be considered as an antimicrobial
agent [6] against a wide range of microorganisms, therefore, insertion of silver into the HAp
structure enhanced the antimicrobial properties in an obvious manner[7]. Also incorporation of

copper and zinc [8], can lead to reduction in infections after implantation and surgical operations.
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Fe-doped HAp opened up new classes for biodevices to be used as anticancer therapies [9]. A/B
carbonate hydroxyapatite (CHA) biomaterials preparation led to materials that aimed to balance
implant resorption rate and nascent tissue formation for improving bone formation[10].
Improvement of biological efficiency in terms of enhanced bone apposition, bone in-growth and
cell-mediated degradation had been confirmed by Bianco et al. [11]. Preparation of substituted
HAp with 10 wt% of terbium (Tb) content had been proven to be suitable for biolabelling
applications [12]. Also, CI-HAp demonstrates encouraging potential as a bone grafting material
due to its highly enhanced bioactivity and osteoconductivity compared with pure hydroxyapatite
(HAp). This brief summary above serves to show that synthetic versions of substituted and co-
substituted HAP are important biomaterials in dental and orthopedic procedures and have
become an important biomaterial for tissue engineering and other biomedical applications. Also,
substituted HAp materials have many other applications outside the field of biomedical

materials. These have been described elsewhere (see Chapter two for details).

1.3 The Scope of the Present Investigation:

The scope for producing novel substituted HAps still exists with various anions and cations that
are yet to be investigated. This project represents materials science/chemistry-based research
which aimed to develop novel synthetic methods (i.e. “hydrolysis) of preparing substituted and
co-substituted HAps from precursors (namely monocalcium phosphate or MCP) which have not
been extensively considered before in this area of work and to compare these with products from
other more well known methods of synthesis (e.g. precipitation). In addition to the usual cation
(or anion) substituents employed for making substituted HAps, some novel substituents (e.g.
from Nb-based, Sc-based, and others) were also considered and analysed to confirm if

substitution had taken place. Comparisons were made also with unsubstituted HAps

The substituted (and unsubstituted) hydroxyapatite products synthesized in this study were
subject to various spectroscopic, microscopic and mechanical testing characterization regimes in
order to characterize the products (and furthermore to assess the efficacy of the synthesis
method) and to confirm that substituted HAps had been formed. The following table (Table 1-1)

illustrates the cations and anions that were investigated as part of this PhD project.
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Table 1-1: The cations and the anions that were substituted into HAps synthesized via the novel and
conventional synthetic routes considered in this work. Synthetic routes will be described more in detail

later on.
Cations and
anions .
Any previous work
amenable to . . . . .
. involving these cations Possible applications Notes
this study for .
substitution oranions
work
Zn%* No previous works to Biomedical applications [13] | It was reported that the
the author’s knowledge substitution process of Zn?*
through using MCP into HAp crystal is of
(monocalcium particular interest due to its
phosphate) as a diverse biological functions
precursor and hydrolysis such as inhibiting
method as a synthesis osteoporosis [6]
route
Sr2* No previous works to Biomedical applications [13] | Strontium plays a
the author’s knowledge fundamental role in bone
through using MCP mineralization processes [6]
(monocalcium
phosphate) as a
precursor and hydrolysis
method as a synthesis
route
Cu?* No previous work to the | Biomedical applications [13] | Characterized by its ability to
author’s knowledge act as an antimicrobial agent
through using MCP [6]
(monocalcium
phosphate) as a
precursor and hydrolysis
method as a synthesis
route
Sc3* or Sc- No previous works to Optical application( Tite et al. [16] reported that
based the knowledge of the luminescence application) rare — earth metals such as
substituents author by using [15]. lanthanides and scandium
hydrolysis method. but are of great interest in
one work was Catalytic applications biomedical applications
mentioned in the especially in orthopedic
literature using a areas because of their high
precipitation method biological activity as well as
[14] their ability to substitute for
calcium ions in the HAp
structure.
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Rb*

No previous works to
the knowledge of the
author were performed
by using precipitation
and hydrolysis methods.
But, one work had been
achieved by using a
hydrothermal method
[17]

Biomedical applications.

Liu et al. [17] reported that
substitution of Rb* ions into
HAp may enhance
cytocompatibility and
antibacterial ability.

Eu3* Several previous works Biolabelling applications it is well known that doping
[18-22] [12] of HAp compounds with rare
earth elements enhances its
photoluminescent response,
therefore it would be
suitable for biolabelling
applications [12].
Br No previous works Flame Retardants [24]
involving synthesis of
substituted HAps were
performed by using
hydrolysis, ion exchange
or precipitation
methods. But, one work
had been performed
through heating HAp
powders at 900 °Cin a
flow of hydrogen
bromide for 10 hours
[23]
S* No previous works were | Possibly in biomedical Sulfur and sulfates have a

performed by using
hydrolysis, ion exchange
or precipitation
methods. But, one work
had been performed
through a solid state
reaction and also by
flowing of H,S over
Ca3(P0a4); for 2 hours
[25]

applications [26]

great interest in the
biomedical field that they
can be considered as a
biological cement, which is
involved in building and
rebuilding skin cells, hair,
nails as well as cartilage
[5,27].

Na* and CI" co-
substituted

No previous works to
the author’s knowledge
by using hydrolysis

Biomedical applications [6]

While bone mineralization,
bone resorption and cell
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method. but one work
was performed by
precipitation route [28]

adhesion are processes in
which sodium ion can have
important effects [29], the
substitution process of
chloride ion into HAp crystal
has been reported by
Ratnayake et al. [29] to
enhance bioactivity due to
its high solubility and greater
osteoconductivity over
stochiometric HAp

B4O7*

No previous works to
the author’s knowledge

Biomedical applications [30]

Boron has many biological
effects such as modifications
of calcium and bone
metabolism[30]

Nb (substituted
as niobate ion)

Two previous
publications reporting
synthesis by the
precipitation method
[31,32], but no work
done using a hydrolysis
approach.

Biomedical applications [33]

As reported by Tamai et al.
[32], introduction of niobate
ions into biphasic calcium
phosphate (HAp and B-
tricalcium phosphate) can
enhance the calcification of
normal human osteoblasts
due to the enhancement
process of ALP activity.

1.4 Broad objectives of this work:

In this project we aim to achieve the following broad objectives, while the specific objective of

this study will be discussed extensively later (see chapter 2, for details):

1- To prepare new systems of both substituted and co-substituted HAp powders using

different kinds of synthesis routes (precipitation, ion exchange and hydrolysis methods) .

Comparison with “unsubstituted” HAps was also undertaken.

2- Todevelop a new approach (to an extent) to prepare HAp, substituted and co substituted

HAp powders through using a single novel precursor, namely MCP (monocalcium

phosphate) by a one-step synthesis.

3- To characterize the prepared systems of substituted and co-substituted HAp materials

using different kinds of techniques such as Fourier transform infrared (FTIR), scanning
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electron microscopy (SEM), X-ray powder diffraction (XRD) and inductively coupled
plasma mass spectrometry (ICP-MS).

4- To investigate the effect of the substitution process and the substitution levels on the
physiochemical properties of hydroxyapatite.

5- To study (in the case of some selected systems) the effect of the lattice substitutions on

the mechanical properties of the generated HAps
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Chapter Two

Literature review.

2.1 Hydroxyapatite:

Hydroxyapatite (HAp), a member of the family of apatites belongs to the family of calcium
orthophosphates, which can exist in different forms with the difference being attributed to the
Ca: P mole ratios, in addition to the presence of water in their structure (e.g. as in the non-
apatitic compound, brushite CaHPO4.2H;0). The lower the Ca:P mole ratio in the calcium
orthophosphate compound, the more acidic and more soluble is the calcium orthophosphate

material [34].

Hydroxyapatite is the main component of teeth and bone minerals, it has the chemical formula
Ca10(P0O4)6(OH); with a Ca:P mole ratio of 1.67. It shows excellent biocompatibility with both hard
and soft tissues such as skin and muscle. Moreover, bioactivity and osseointegration are
prominent characteristics when directly implanted into bone [35]. Also it is used in
musculoskeletal procedures because of its chemical composition and crystallographic structure
that mimic biological apatites in human bone and teeth [36]. Pure HAp is a stoichiometric apatite
phase and is regarded as the most thermodynamically stable calcium phosphate phase to exist
at normal temperatures. It is stable in liquids from pH 4-12 [37]. Despite these preferred
properties of bioactivity and biocompatibility, the classical issue has been that pure HAp has poor
mechanical properties, especially when used in load bearing areas of the body. However,
biologically, hydroxyapatite differs from synthetic hydroxyapatite in various properties such as
its smaller grain size, exhibiting of carbonate substitution, available lattice vacancies and
increased solubility that is required for bone remodelling [38]. It is also usually present (at least
in bone tissue) interdigitated with collagen which gives the bone, as a living tissue, its flexibility

and strength.

However, the synthetic versions of HAp are important biomaterials for use in dental and

orthopedic procedures. In addition, HAp and apatites are employed as industrial catalysts,
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adsorbents for removing toxic substances, fertilizers and other applications. Below some briefly

described uses of HAp are given in various fields of application:

1- Chromatographic columns: Hydroxyapatite chromatography has been used
extensively for the purification and fractionation of various biochemical
substances such as protein and viruses, due to its high resolution based on the
mixed modes of cation exchange and metal affinity. However, the spread of
infectious diseases has become a global health concern [39] hence in order to
diagnose infectious diseases quickly and with high accuracy , next-generation
DNA techniques for genetic analysis of infectious viruses have been developed.
Unfortunately, it takes a long time to prepare clinical samples for genetic analysis.
On the other hand, clinical samples from patients contain many impurities which
can inhibit the detection of viruses, so purification of viruses allows for sensitive
detection. Additionally, in order to detect a virus infection at an early stage, it is
very important to enrich the low-concentration virus suspension. Therefore,
Niimi et al. [39] developed a method to purify and enrich viruses in samples by
using hydroxyapatite particles packed in a micro-column. The results of their
study revealed that the purification and enrichment of the viruses can be

achieved by using hydroxyapatite chromatography at low cost.

2- Agricultural applications: Low phosphorus (P) availability is a major problem
that reduces crop production in several agricultural areas in the world. It has
been reported that approximately 67% of the arable soils in the world can be
considered as P (phosphorus) deficient [40]. Nanotechnology has been proposed
as a technology that has the ability to enhance fertilizer formulations. Due to the
specific properties of nanoparticles, it is reasoned that nanofertilizers could be
designed to prevent the immobilization of nutrients in the soil in addition to
better release of nutrients with plant demand. However, Liu and Lal [41] reported
that the use of hydroxyapatite nanoparticles, led to improvements in the growth
of soybeans by 33% and in vyield by 20%, compared with conventional

phosphorus-based fertilizers.
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3- Environmental application: Due to the extensive use of new technologies in
several fields, such as in agricultural and industrial fields, soil and groundwater
can become polluted with elements that cause serious problems to the
environment. Therefore, Safatian et al. [42] prepared hydroxyapatite from egg
shells by microwave irradiation technique to remove lead ions from water and
wastewater samples. The effect of the experimental conditions such as pH,
temperature, initial concentration of lead ions as well other variables were
investigated. However, the results indicated that the prepared hydroxyapatite

had high adsorption capacities for removal of lead ion from water samples.

4- Optical application (luminescence application): it has been reported that
doping HAp and HAp-based, compounds with rare earth elements especially
those of trivalent lanthanide ions (which have strong luminescence), such as (
La3*), (Eu®*), (Ce3*), (Tb3") and erbium (Er3*)enhances its photo luminescent
response. Therefore, these biomaterials could be used for biolabelling

applications [43].

5- Catalytic applications: Many studies have revealed that the synthesis of gold
supported hydroxyapatite catalysts and gold nanocrystals loaded on phosphate
containing supports prevent the agglomeration of Au crystals and increase the
activity for the oxidation of Dominguez et al. [44] fabricated gold/hydroxyapatite
catalysts for CO oxidation, with the results revealing that the Au-supported
catalyst shows an excellent activity for the oxidation of CO even at room

temperature.

6- Fire retarding application: Polymer nanocomposites [45]have attracted much
attention recently. Polycarbonate (PC) is an important thermoplastic and one with
the most interest is bisphenol A PC which is widely used in many fields such as
electrical and electronic devices, automobiles, and construction. For electronic
and electric applications, higher flame retardancy is required. Dong et al. [45]

studied the thermal properties, in addition to flame retardancy of both PC and
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PC/HAp. The results revealed an improvement in thermal properties of PC/HAp
composites due to the existence of HAp. They also suggested further study of this

area to elaborate the flame retardancy mechanisms involved.

Table 2-1 Physico-chemical parameters of synthesized hydroxyapatite [34,46,47]

Parameters Values Notes

Composition can be varied depending

Chemical formula [Ca10(PO4)s(OH)2 on substitution levels

This value corresponds to that for

Ca:P mole ratio 1.67 stoichiometric HAp

The major differences between these
structures ( hexagonal and monoclinic
)were discussed elsewhere [48,49].

P63/m (hexagonal)

Spatial groups P21/b (monoclinic)

. a=b=9.432,c=6.881A [These are the typical values for the
Lattice parameters

o=p=90°y=120° hexagonal structure.
Theoretical density [3.16 g/cm?3 Varies with HAp composition
Solubility at 25 °C, 0 0003

ing/L

2.2 Structures of Hydroxyapatite:

The physico-chemical properties of HAp are summarized in Table 1 above. The crystal structure
of HAp is hexagonal, having the P63/m space group symmetry with lattice parameters of a =
b=9.432, c= 6.881 A, and y =120° [37]. The other form of HAp is the monoclinic structure with
space group P21/b and unit cell parameters a = 9.4214(8), b= 2a, c = 6.8814(7) A, and y =120",

where y is the interaxial angle between length a and b as shown in Fig 2.1 below [50]:
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b

Figure 2.1: Definition of the lattice parameters and their use in hexagonal crystal system [50].

The letters a, b and c represent the lattice parameters, which can be considered as the axial
length of the unit cell, whereas the angles between these axial lengths are defined as the
interaxial angles [50], and the Greek letters a, B and y are used to describe these angles. As
shown in Figure 2.1, a represents the angle between b and c lengths, whereas B is the angle

between a and ¢, and y is the angle between a and b.

The major difference between monoclinic and hexagonal HA is the orientation of the hydroxyl
group, also the hexagonal HA is usually formed by precipitation from solutions of calcium ions
and orthophosphate at 25-100°C, while the monoclinic form can be made by heating of the
hexagonal form at 850°C in air and cooling to room temperature [37]. Although, the monoclinic
phase of hydroxyapatite[49] is thermodynamically stable, the hexagonal form is the preferred
phase, since the monoclinic form is destabilized by the presence of small amounts of foreign ions

in the lattice [51] .

The hexagonal unit cell of HAp consists of Ca?* and PO4* groups distributed within the unit cell
as shown in Fig. 3.2 [35]. There are two types of Ca?* cations residing within the unit cell, the
first one is represented as a Ca(l) site which includes four calcium cations while the remaining
six calcium cations are represented as Ca(ll) sites, the Ca(l) can be substituted by smaller cations,

whereas the other site of calcium, i.e. the Ca(ll) ions, can be substituted by larger cations.
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Figure 2.2: The atomic arrangement of calcium ions in Ca1o(PO4)s(OH): [35]

2.3 Sources of HAp:

There are several sources for HAp materials, such as bio waste bovine bone which is considered
as the most commonly available source, marine products such as shells and catfish, in addition
to other types of calcium phosphates, that are easily transformed into HAp phases through
various procedures [52]. The following HAp sources should also be added to this mix: oyster
shell, and pig bone. Even extracted human teeth has been used for HAp fabrication into other

forms [52].

2.4 Some methods used for the preparation of Hydroxyapatite :

As discussed in the current literature hydroxyapatite materials can be prepared through using
different synthesis routes, various kinds of reactants as well as several processing conditions
[35,53-59] . Below are described some of these methods: the final phase and composition of the

hydroxyapatite product are highly dependent on the reaction conditions under which the

47



synthesis takes place [53]. Impurity elements or compounds present can become incorporated

into the HAp lattice through substitution.

2.4.1 Precipitation method:

This is considered a simple and inexpensive method [53] to make HAp. It is usually performed in
solutions at relatively high values of the pH (predominantly pH 8-11), with the temperature of
reaction varying from room temperature to temperatures close to the boiling point of water (80-
95 °C). It involves the reaction of calcium and orthophosphate ions which are produced from
different sources of starting materials by dropwise addition of one reagent into another with
stirring and controlling of the pH value. The final composition of the produced materials depend
on many variables such as pH, the reactant addition rate, concentration, and temperature,
therefore, all these parameters have to be controlled to form a homogeneous product of the

correct phase.

2.4.2 Solid state route :

Solid-state reaction routes are simple and inexpensive methods of synthesis. They are based on
solid diffusion of ions in powdered raw materials which require high temperatures (<1250°C) to
initiate the diffusion reactions. The solid precursors can be various calcium- and phosphate-
containing salts and oxides [54]. The main drawback of this method is the phase heterogeneity
of the produced powder, due to low diffusion coefficients of ions within the solid phase [30].
Also, this method is characterized by low phase purity because of the high temperature that is
required for the reaction to take place [54] . However, to prepare homogeneous powders,
another step is required which can be achieved by the action of ball milling the starting materials
for 16 hours although, some additives might also be used such as silicon dioxide, a binder (PVA)
and an organic vehicle (acetone), to produce a slurry before milling. The slurry must then be
dried and the resulting powder pressed into pellets at pressures of up to 135 MPa. Finally,

sintering is performed up to 1250°C to crystallize the product [54].

2.4.3 Mechanochemical method:

While heterogeneous particles with irregular shape are usually obtained by the solid state

method, a well-defined structure can be considered as a major characteristic of the
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mechanochemical process [60]. The principle of the mechanochemical approach is attributed
to the energy transfer by impaction that mill balls exert on powder particles toward the internal
wall of the jar [61], whereas the temperature can vary from a few degrees Celsius to a hundred

degrees Celsius in the collision region.

In other words, the mechanochemical route combines mechanical and chemical phenomena on
a nano scale solid material, since chemical processing is obtained through the mechanical force.
However, long processing times, contamination from the deformation instrument ( e.g. the
milling media), in addition to the lack of control of particle morphology generated are the major

drawbacks of the ball milling process [59].

2.4.4 Sol-gel synthesis:

The first stage of the sol-gel synthesis method is to form a sol (colloids in a liquid). Metal alkoxides
(such as tetraethoxysilane to produce silicon) and metal salts (calcium nitrate and ammonium
phosphate) are used as the calcium and phosphorus precursors. Hydrolysis and
polycondensation reactions occur to form the M-O-M bonds within the sol causing the viscosity
to increase. The last step which is required to remove the liquid phase, can be executed by a
drying process. This method has several advantages over the more conventional synthetic
methods such as the ability to carry out homogeneous molecular mixing, the use of low
processing temperatures (<400°C), and the ability to generate nano-sized particles [54].
However, the energy saving which is obtained from the low temperatures is offset by the high
cost of the reactants involved in sol-gel processing. Major drawbacks of the sol-gel synthesis
route are the existence of secondary phases, most often CaO, the high cost of starting materials
(especially alkoxide based precursors) in addition to the long period of reaction required —this
being 24 h or longer which has been reported as being needed to form the desired product
[62]. The reasons for this long duration of reaction is due to the slow reaction between the

calcium and phosphorus precursors in the sol-gel phase.

2.4.5 Hydrothermal processes:

Hydrothermal routes to synthesis of HAp use a solvent (water), which is heated in a sealed vessel
capable of high pressures. The temperature of the solvent can be brought above its boiling point

while the autogenous pressure within the vessel exceeds the ambient pressure [54]. These
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methods have several advantages in that they can be performed at lower temperatures
compared to solid-state reactions. Also, in comparison, other low temperature methods such as
the precipitation route and sol-gel synthesis still require additional heat treatments to crystallize
the HAp, but crystalline HAp can be produced in one step by a hydrothermal synthesis. Low cost
reagents and short reaction times have also been reported for these hydrothermal processes,
which is an advantage. The most notable drawbacks of the hydrothermal method is the poor
capability to control the morphology and size distribution of any nanoparticles that may be

produced [53].

2.4.6 Hydrolysis:

HAp may be prepared also by the hydrolysis of other (precursor) CaP solid phases, such as
dicalcium phosphate dihydrate (DCPD, CaHPQ4.2H,0) otherwise known as “brushite” and TCP
(tricalcium phosphate, Casz(PO4)2, among other CaP phases. Historically, this type of conversion
has not been considered to be of great interest as a method for the preparation of HAp particles,
due to the slow rate of OCP [octacalcium phosphate] hydrolysis and the ability of OCP to
incorporate impurity species, including additives and foreign ions used for its transformation to
HAp. Hydrolysis of CaP phases into HAp can be realized via dissolution and reprecipitation

processes [53].

2.5 Substituted Hydroxyapatites:

One of the most interesting properties of HAp is the flexibility/lability of its structure which gives
it the ability to accept ionic substituents into the lattice and into vacancies [63]. The chemical
formula of HAp is described as M10(X0a4)s(Y)2, where M, XOa4, and Y are bivalent, trivalent, and
monovalent ions respectively all of which can be substituted or co-substituted by using different
techniques with different cations and anions. The present study delineated in this proposal will
be focused on this lability of the HAp structure. Fig. 2.3 shows [64] the various kinds of cations

and anions that can substitute into the apatite structure.
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Figure 2.3 : Schematic representation of substitution elements in apatites. The inner layer shows anionic
substitutions, while outer layer — monovalent, divalent and trivalent cationic substitutions [64].

Substitutions in the HAp lattice have significant effects on many properties such as physical
properties due to noticeable changes in lattice parameters, crystal structure, morphology,
solubility, and thermal stability relative to unsubstituted (stoichiometric) HAp [6]. Significant
research has been performed on several cationic and anionic elements that have been
substituted into the HAp lattice. Also biological HAp is calcium-deficient (Ca: P molar ratio is <
1.67) and is always carbonate substituted [35]. This may be attributed to the substitution of OH"
by CO3% which leads to type A substitution or the charge balance due to the replacement of PO4*
with COs? which can be expressed as type B substitution [51]. Such substituted HAps occur in
the body because these ions are inevitably made available in body fluids through various
nutritional sources. Any substitution of any group in the hydroxyapatite will result, as highlighted
earlier, in the changing of several properties, such as lattice parameters, crystallinity,

morphology, solubility, in addition to physical, chemical and biological properties [65].

The changes in properties induced can be interesting and may offer improvements in properties

exhibited by the stoichiometric HAp for example when fluoride or chloride ion substitute [2] for
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the OH groups in the apatite structure, fluoro and chloro apatite would be produced. Therefore
the positions of OH, Cl, or Fin the crystal structure of each produced apatite, are completely
different depending on the ionic radii of the substituted ions as shown below in Fig. 4 [2], which
reveals that ( F )is the smallest one to be located in the triangle plane (created by the Ca ions),
that will affect the ionic interaction with the Ca(ll),so that as a result, stronger interactions are
produced, leading to the lower observed solubility of fluorapatite compared with the chloro
substituted HAp and the stoichiometric HAp. The decrease in solubility provides the rationale for

why fluoridated toothpaste is used to prevent dental caries in human teeth.

i
|
F-apatite p
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OH-apatite o
I 0o

Cl-apatite

Figure 2.4: The relative positions of F, OH and Cl atoms at the centre of the Cajtriangles in F-apatite,
OH-apatite and Cl-apatite [35]

2.6 Summary of Synthetic Approaches to forming Substituted Hydroxyapatites:

During the past decade, several methods and routes have been investigated as being an effective
way to prepare CaP powders. These methods can be divided into two groups: the first groups can
be referred to as dry methods such as mechanochemical and solid-state routes. Inthese methods
a solvent is not used and the properties of a powder are not strongly affected by the processing
parameters such as pH [53]. The second group of methods is known as wet methods (such as

precipitation, hydrolysis, sol gel, ion exchange and hydrothermal processing) in which the
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crystallinity of the produced HAp particles can be varied and strongly depend on many

parameters such as concentration of the initial reagent solutions, pH, temperature, etc.

Now in terms of the synthesis procedures for substituted and co-substituted HAp, the
methodologies followed will be similar to the methods used to make unsubstituted HAp except
that the substituent ions or functional groups of interest will be introduced at the time of the
precipitation or synthesis etc for incorporation. Details of these main preparation routes have
been covered above when discussing the general synthetic routes to HAp. For substituted HAp
synthesis, the ions or functional groups can be introduced (as an “impurity”) at point of
preparation/precipitation with the intention of these entering the HAp lattice to prepare the
substituted HAp compound. Hence a brief summary of the methodologies for achieving

substituted HAps would be as follows:

Dry methods would be the label applied to “solid state” and “mechanochemical” routes which

are characterized by the following features [35,53-59]:

1- All the starting materials or precursors are usually milled by using ceramic balls (e.g.
zirconia) to produce homogeneous particles.

2- In mechanochemical preparations, several variables can affect the properties of
produced HAp powders such as the type of reagents, the type of milling medium, and

the rotational speed.

Wet methods, on the other hand would be the label applied to such synthesis processes for

substituted HAps as “precipitation”, “ion exchange” (via soaking), “hydrolysis”, “sol gel” and

“hydrothermal” approaches. These are characterized by the following features [35,53-59]:

1- The reactions can be performed at room temperature or elevated temperatures.

2- These reactions can be realized via various technical routes involving several kinds of
chemicals and apparatus.

3- Stirring unsubstituted HAp solids with a solution of the desired substituent ion to
achieve substitution can be achieved in the ion exchange method

4- Incorporating substituent ions in precursor phases to HAp during the synthesis route is

used to prepare substituted HAp powders.
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5- Hydrolysis methods tend to use a single precursor in the preparation.

6- A hydrothermal process, is characterized by the reaction of chemicals in an aqueous
solution at high temperature and pressure.

7- The sol- gel method includes mixing alkoxides (or any other suitable precursors),
followed by aging at room temperature, gelation, drying and finally removing of organic

residues from the resulting dried gel using a heat treatment step (calcination).

Many studies exist where substituted HAps have been synthesized and studied. Many of these
have found use in a variety of applications or have been found to have enhanced properties
relative to unsubstituted HAp. The following is a review of reports where substituted HAps have
been prepared and the properties that these systems have been found to have as a result of the

substitutions.

2.7 Specific Systems of Substituted HAps

In this review, these have been classified by 1) anion, 2) cation and 3) multi ion substitutions

2.7.1 Some examples of XO4 (anionic) substitutions in M1o(X0a)s(Y): :

Substitution within the HAp lattice can be obtained through the replacement of a calcium ion or
any functional group such as hydroxyl or phosphate groups, which are considered to be the main
constituent parts of the hydroxyapatite crystal lattice. Anionic substitutions involve the partial
replacement of the XO4 group, and as a result, new substituted hydroxyapatites with completely
different chemical or physical properties can be obtained. These changes may also impact on
hydroxyapatite’s biological activity. Below are discussed some examples of these kind of

substitutions:

2.7.1.1 Carbonate:

In nature, biological apatite can contain many other elements or functional groups in it with the
most prevalent (functional group) being carbonate. The percentage of carbonate can be up to
~5.6 wt %, 3.5 wt % and 7.4 wt % in dentine, enamel and bone [66], respectively. It plays an
important role in bone metabolism, hence the preparation of carbonate-substituted HAp
(COsHAp) can be considered as a goal because it can be termed “bone-like apatite and considered

for bone graft applications[6].
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Carbonate can substitute in two ways in the hydroxyapatite lattice. The first is referred to as a
type A substitution, due to the replacing of the smaller lattice hydroxyl ions by the larger
carbonate ions. The second type is called a type B substitution and involves the replacement of
the larger orthophosphate functional group ions by the smaller carbonate ion in the HAp lattice
[6]. In general, type B substitutions are the most “preferred” carbonate substitution as it is
commonly found in the bone of different kinds of living organisms [6], so biological apatite is
generally regarded as consisting of type B-substituted carbonate. Type A substituted HAp can
be produced most cleanly by heating HAp in a stream of dry CO, gas at ~900 °C for several days.

The relevant reaction can be represented by the following equation [4]:

Ca10(P0O4)s(OH);2 +xCO2 - Ca10(PO4)s(OH)2-2x(CO3)x +xH20 (1)

where B-type carbonate apatites, can be produced by precipitation from aqueous solutions, CO3*
replaces PO43, which leads to a reduction in the a- axis parameter, whereas the c-axis parameter
is increased [67]. The neutrality in the lattice is achieved by incorporation of single valence

cations such as (Na*) or (K*) into the Ca?* positions [68], as described by the following formula:

(Caio-xNax)(POa)e x(CO3)x (OH)2 (2)

The two types of carbonate substitution have opposite effects to each other on the HAp crystal
lattice parameters. For example, as a Type A substitution involves the replacement of smaller
hydroxide ions (OH)by larger carbonate ions (COs% ), an expansion in the a-axis and contraction
in the c-axis occur. Type B substitutions involve replacement of larger orthophosphate ions with
smaller carbonate ions, and so will result in a contraction of the a-axis and expansion in the c-
axis. This is shown in Fig. 2-5 [35]. It is also possible to have mixed type A/ type B substituted
carbonated apatites compounds [10]. As stated before, substitution of carbonate ion for lattice
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OH group in hydroxyapatite will produce type A carbonate substituted HAp, whereas substitution
of carbonate for phosphate will result in the forming of type B carbonate substituted HAp, but
substitution of both groups, namely hydroxyl and phosphate by carbonate will lead to the
formation of the so-called AB type carbonate substituted HAps. This kind of carbonated HAp
has the following formula Ca1ox (PO4)s-x(CO3)x(OH)2-x-2¢y(CO3)y and can be easily produced by using

precipitation routes such as in the work reported by Germaini et al. [10](see below for details).
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Figure 2.5: The effects of the two types of carbonate substitution on the a-axis dimensions of synthetic
apatites [35]

Germaini et al. [10] studied the effect of the incorporation of 4.4 wt% of carbonate ions into the
HAp lattice structure and produced mixed type A/type B carbonated apatites which had the
chemical formula (Cags(POa)s55(C0O3)o5(OH)(COs)o2s5). By analyzing the response of pre-
osteoblasts and osteoclast-like cells to these materials, they reported that these prepared
materials were suitable for bone regeneration without any need for functionalization by proteins
to stimulate the regeneration process, since the weight percentage of substitution is very close
to that existing in typical biological apatites. They also reported that this type of carbonate
substituted HAp (i.e. the type A/ type B substituted compounds) can be synthesized in a simple
manner from HAp and B-TCP precursors. In addition, they found that carbonated hydroxyapatite
materials, possessing 4.4 wt% substitution of carbonate showed an ideal balance between

biodegradation/dissolution (that came about as a result of the action of osteoclasts) and
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osteogenesis which was achieved by the action of osteoblasts so that bone remodelling could be

induced.

2.7.1.2 Si (as silicate) substituted HAp:

In the 1970s, electron microprobe studies revealed that 0.5 wt % (Si) is present in active growth
areas (i.e. osteoid in new bone formation) of both mice and rats [6]. Also, it was shown that when
there was a lack of or insufficient amounts of Si in the diet [69], abnormal skeletal growth was
observed. In another study that had been applied in a rat model [70], a silicon deficiency was

shown to cause skull deformations.

Many studies since then have shown that silicon plays a vital role in metabolic processes
associated with growth and integrity of the extracellular matrix. In addition to this, several
reports have revealed that Si is an influential factor in differentiation and proliferation of

osteoblasts [5].

Nakata et al. [71] prepared silicon doped hydroxyapatite by a hydrothermal method using
Ca(OH)3, H3PO4 and Si(OCH2CHs)a (TEOS) as starting materials. The starting amounts of tetra-
ethyl-orthosilicate (TEOS) were in the range of 0-15 weight%. In order to evaluate bioactivity of
the prepared SiHAp, immersion in simulated body fluid (SBF) was carried out. SiHAp showed
faster apatite forming ability than pure HAp, when the samples were immersed in SBF.
Characterization of the samples was carried out by using several techniques such as transmission
electron microscopy (TEM), X-ray powder diffraction (XRPD), Fourier transform infrared
spectroscopy (FTIR) and X-ray absorption fine structure (XAFS). The authors reported that (i) the
SiO4* ion substituted for the PO43 ion site in apatite structures, and (ii) the local structure of the
nearby Ca, P, Si atoms were studied by XAFS, with the results showing that the energy position
of the Si K edge XANES for 15% mass Si substituted hydroxyapatite had been shifted to that
resembling amorphous SiO,. The authors reported that the appropriate TEOS doping ratios were
5 and 10 mass% for superior biocompatibility. This was because in the case of 15 mass% TEQOS

doped samples, amorphous SiO; segregation was confirmed by XAFS analysis.

Bianco et al. [11] investigated the relationship between the synthesis process and composition
and sinterability of pure (unsubstituted) and SiHAp samples (Si 1.4 wt%) when they were

prepared by the following methods:
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(i) Synthesis by a precipitation route: Ca(NOs3)2.4H,0 and (NH4),HPO4 were used as a starting
material to prepare HAp, whereas Si(CH3CO;)s was used as a source of Si to fabricate the SiHAp
samples. (ii) Synthesis by a titrimetric method: Ca(OH);, H3PO4 and Si(OCsHs)s were used as

precursors.

The authors found that the chemical composition of HAp nanoparticles which have been
produced by the first precipitation route (i) can be controlled. They reported that, a biphasic
calcium phosphate material was formed due to the decomposition of both HAp and SiHAp around
1000 °C, since BCP (biphasic calcium phosphate) is produced when synthetic or biological
calcium-deficient apatite is sintered at temperatures above 700°C. In the synthesis method
involving titration (ii), hydroxyapatites with higher Ca:P mole ratios and Ca/(P + Si) mole ratios
were able to be produced in nanoparticulate dimensions. They reported that SiHAp produced by
using Ca(OH); as a starting material was thermally stable up to 1200 °C so showing that calcium
hydroxide-derived nanoparticles had better thermal stability relative to calcium nitrate-derived
nanoparticles. In other words, HAp and SiHAp which are prepared from Ca(OH); revealed higher
thermal stability, better sinterability, and more homogeneous microstructure compared to HAp
and SiHAp which were prepared from calcium nitrate. Also, it was noted that a small increase in
lattice parameters for both SiHAps (produced by the precipitation and the titrimetric method)

was observed as a result of incorporation of the Si into the apatite lattice structure.

2.7.2 Examples for M substitution in M1o(XOa4)s(Y)2:

As mentioned previously HAp is the principal component of vertebrates’ bones and teeth. The
introduction of relevant ions into HAp crystal has been found to affect several properties such as
the biological properties as well as many other characteristics [35]. The following are examples
where cation substitution has been carried out in the HAp lattice structure, through replacing the
calcium ions by other metal cations. These substitutions affected several properties of HAp, such
as crystallinity, solubility, biological properties and so forth. Details about these kinds of

substitutions have been discussed below:

2.7.2.1 Ag:

Since antiquity, silver has been used in many medical applications such as treatment for burns,

and bacterial infections [6]. Also, it has been used for many years as a result of its ability and
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efficacy as an antimicrobial agent to combat against bacteria, viruses, and fungi [72]. Despite
these advantages, the concentration of silver ions must to be controlled when used in vivo to
avoid cytotoxicity [37]. For example, in the literature a female [73] was reported as suffering
from discoloured skin due to silver ingestion. At the age of 11, the patient was given nose drops
of unknown composition for “allergies,” which after three years of use caused her skin to become
gray. The pigmentation extends to her waist and she was diagnosed as having Argyria, with a
skin biopsy done at the age of 15 revealing the presence of Ag deposition [73]. This shows the

importance of limiting Ag absorption in vivo as otherwise such conditions can arise.

Stani¢ et al. [7] synthesized and studied the antimicrobial efficacy of silver substituted
hydroxyapatite samples AgxCaio-x(POa)s(OH)2, 0.002< x<0.04 for bone tissue engineering.
Those studies revealed that all silver substituted hydroxyapatite samples showed excellent
antimicrobial activity against several pathogens such as: Staphylococcus aureus, E. coli, and
Candida albicans. The highest antimicrobial activity was recorded for the hydroxyapatite samples
that contained the highest concentration of silver, to the extent that all cells of E. coli were killed
on contact and with a more than 99% percent reduction in viable counts of S. agureus and C.
albicans being observed. Atomic force microscope studies indicated that AgHAp samples cause
obvious morphological changes to micro-organism cells which might be considered as the main
reason for cell death. Also, hemolysis ratios (where hemolysis can be defined as a process
occurring as a result of a specific group of proteins being produced by certain microorganisms,
leading to the lysis or dissolution of the red blood cell membrane in the growth substrate) of the

AgHAp-exposed samples were below 3%, indicating good blood compatibility.

As ionic silver along with copper and zinc ions exhibit excellent antimicrobial activities [74], in
order to reduce the incidence of implant-associated infections, an antibacterial agent could be

of great importance in managing infections associated with surgical implants [75].

Bir et al. [74] substituted the following ions (Zn%*, Cu?*, Ag* ) into fluoridated HAp (FHAp;
Ca10(PO4 )6(OH)2-xFx , where 0 < x < 2) and deposited it onto the surface of medical grade 316L
stainless steel (18Cr— 8Ni— 2Mo with low carbon content) samples by using an electrochemical

deposition method. The antimicrobial effects of FHA coatings against pathogen bacterial strains
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S. aureus were tested in liquid media. The authors reported an enhancement of antimicrobial

properties for all FHA samples tested.

2.7.2.2 In:

Zinc can be considered as the “second” trace element in the body; if one excludes or neglects the
iron that is associated with hemoglobin, one will find that zinc becomes the most abundant trace
element. The body contains approximately 1.4-2.3 g of zinc, with zinc having an obvious role in
more than 300 enzyme reactions [37]. Zn in its divalent cationic form can also be substituted
into CaHAp. The prominent use of ZnHAp is its potential to be used to treat people with
osteoporosis to minimize reductions in bone mineral density or to improve the property of
devices when coated with this material [4] as it can increase their longevity. ZnHAp is also used
as a coating for implants; in particular, hip replacements [37], to prevent loosening of the hip

implant device due to aseptic loosening [76].

Due to its efficacy also as an antimicrobial agent [77] Zn-HAp has been widely investigated due
to the obvious effect of Zn?*ions in metabolic processes. Zinc plays a vital role in growth before
and after birth. Also, it has a clear effect in DNA and RNA, DNA polymerase, and RNA polymerase

being responsible for DNA and RNA synthesis and cellular division [37]

Jallot et al.[78] doped HAp with Zn. In their study, four Zn concentrations (evaluated in terms
of Zn/ (Zn+Ca) wt%) were prepared at 0.5, 1, 2, and 5 wt%. Then they immersed the Zn
substituted hydroxyapatite into biological fluids for 1 - 20 days. After 20 days they noticed the
formation of a calcium-phosphate (CaP) layer at the periphery of the HA doped with 5% of zinc.
It was reported that (1) observation of the formation of the CaP—Mg layer indicates the specific
bioactive properties of 5 % wt of Zn and (2) the biologically active layer formed led to the

formation of a chemical bond between the ceramic and bone tissue.

Stanic’ et al. [8]synthesized CuHAp and ZnHAp by neutralization methods using Ca(OH),, H3PO4
and CuO or ZnO as starting materials. All samples were prepared with the amount [M + Ca] =
0.25 mol where M = Cu or Zn. Undoped and doped HAp with two different concentrations of M
ions, namely ((MHAP1) and (MHAP2), were prepared, where M (Cu, Zn), and M/(Ca + M) =
0.0004 and 0.004 for MHAp1 and (MHAp2) respectively. The authors reported that all prepared
samples were of nano sized dimensions and homogenous. They also found that copper and zinc
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ions substituted into the hydroxyapatite lattice for calcium ions. In addition, the antimicrobial
effects of Cu and Zn HAp against pathogen bacterial strains of Escherichia coli, Staphylococcus
aureus and pathogen yeast Candida albicans were tested, with the result revealing that CuHAp

and ZnHAp both had viable cell reduction ability for all tested strains in liquid media.

2.7.2.3 Fe:

In order to develop a new class of magnetic HAps, Tampieri et al. [9] prepared FeHAp
nanoparticles (Fe = Fe?* or Fe3*) by a neutralization method to produce a material to assist bone
and vascular remodelling during template or scaffold regeneration and to potentially apply it in
anticancer therapies, to be used as an alternative source for the materials commonly used for
this purpose. One conventionally used magnetic iron oxide was found to be very cytotoxic when
it is used over the long term. Phosphoric acid, H3POa, calcium hydroxide Ca(OH),, FeCls 6H,0 and
FeCl,.4H,0 were used as raw materials in the synthesis of FeHAps. In general, XRD, ICP and TEM
analysis revealed that both Fe? and Fe3* ions became incorporated into the HAp lattice and that
the new FeHAp demonstrated very low crystallinity and thermal stability. Super paramagnetic
effects were observed. Super paramagnetic or soft ferromagnetic nanoparticles, when placed
under alternating current (AC) fields, (alternating current is an electric current which reverses the
direction in periodic manner) can transform electromagnetic energy into heat. The generated
heat can be used to destroy cancer cells or pathogenic microbes. In magnetic hyperthermia, the
heating can occur due to several mechanisms such as frictional heating induced by the interaction
between the magnetic nanoparticles (MNPs) and the surrounding medium. The authors reported
that Fe-doped HA potentially opened new perspectives for biodevices aimed at bone

regeneration and for anticancer therapies based on hyperthermia [9].

There is also a report from Li et al. [79] who synthesized manganese (ll) and iron (1) substituted
HAp nanoparticles using a wet chemical method. The results indicated that by increasing the
initial metal ion concentration, the quantity of metal ion in the HAp lattice structure increased.
In the same study, inductively coupled plasma (ICP) data revealed that Fe3* ions were much more
active than Mn?* ions in replacing Ca?* ions during the synthesis process. MnHAp and FeHAp did
not, however demonstrate any toxic effects on osteoblast cells. An incorporation of Fe3* ions

into the HAp lattice increased the negative surface charge measured on pellets made from this
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phase which led to an increase in osteoblast cell adhesion as compared to pure HAp and MnHAp

phases.

Erica and Michael [80] studied and compared the sintering behaviour of FeHAp materials and
pure HAp. In that study both pure HAp and FeHAp phases were fabricated by using a precipitation
method and pressed into pellets after which they were sintered over two different temperature
ranges (900-1300°C and 600-1100°C). It was reported that the FeHAp phase was less thermally
stable than pure HAp, with decomposition beginning around 1200°C and 700°C, for pure HAp and
FeHAp respectively. Also, it was indicated that the mechanical strength of FeHAp is much lower
than that of pure HA. Upon immersion of FeHAp in cell culture media, it was observed that the
FeHAp phases were still biocompatible materials. The authors reported that the biocompatibility
of FeHAp combined with its magnetic characteristics could lead to a variety of biomedical

applications such as uses in drug delivery and an agent for cancer hyperthermia.

Trinkunaite-Felsen et al. [81] synthesized FeHAp by using a sol-gel combustion technique. In
that experiment M. balthica (L.) sea shells were used as a source of calcium. The authors found
that the highest iron molar concentration that could be substituted without changing the apatite
structure was 4 wt%. FTIR spectra revealed the formation of apatitic phases and SEM analysis
indicated that the microstructure of the Fe/CHAp (Fe/carbonated hydroxyapatite) samples
differs from that of stoichiometrically pure HAps. In addition, spherical particles < 500 nm in size
were observed for Fe/CHAp samples which contained a low concentration of Fe (0.01-0.1%).
Increasing Fe content in the CaHAp led to the formation of irregularly shaped particles with a

lower particle size distribution (from ~50 nm to ~500 nm).

2.7.2.4 Co and Cu:

Cobalt is important in the human body as it constitutes one component of Vitamin B12, which is
necessary for red blood cell production, DNA synthesis, and the protective covering of nerves,

which is called myelin sheath generation [6]. Co ions have also been substituted into CaHAp.

Kramer et al. [82] synthesized cobalt doped hydroxyapatite by two methods: the first was a
simple ion-exchange procedure while the second was achieved by a wet chemical method
procedure. The results after substitution using the two various procedures showed, that the
samples had an apatitic crystal structure. Cobalt substituted hydroxyapatite showed
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paramagnetic properties, as opposed to the diamagnetism of pure HAp samples. Also, CoHAp
did not exhibit any different mode of degradation behaviour from that of pure HAp. In addition,
it was shown that the amount of cobalt released from the substituted hydroxyapatites over the
period of a month was low (1024 ug/g CoHAp via wet chemical method and 1838 pg/g CoHAp via
anion exchange route), which allayed concerns about toxicity. The magnetic properties of cobalt
substituted hydroxyapatite mean it can be used in several applications, such as magnetic imaging,

drug delivery, and hyperthermia-based cancer treatments.

Ignjatovic et al. [83] analyzed the osteogenetic potential of synthesized HAp and CoHAp with
different weight percents of Co®* ions to produce HAp/Co5 and HAp/Co12 ( i.e. containing 5 and
12 wt % Co?*). They performed a quantitative study of the microscopic arrangement of newly
formed tissue in a bone defect, after 12 and 24 weeks. A white female rat had been used during
that investigation. A quantitative analysis of the Ca, Mg and P content in the defect was used as
an evaluation of the mineral deposition after new bone reconstruction. They reported that after
24 weeks with using HAp/Co12, the defect was filled with new tissue matrix composed of dense
collagen fibres containing centres of mineralization. It was also noted that the mineral deposition
rate was higher when the defect was reconstructed from using CoHAp rather than pure HAp. In
addition, it was noted that alveolar bone was recuperated and healed, this result had been
revealed based on a histological analysis where the osteoporosis-induced defects were fixed and

repaired using the CoHAp samples.

Copper is an essential micronutrient in living organisms since it is involved in metabolic processes.
Hence copper substituted HAps could be of some use as an antibacterial against E. coli for CuHAp
(3.3-wt % Cu) has been revealed from several studies. Although the results were considered
promising, further studies were recommended to evaluate the toxicity of both Co?* ions and Cu?*
ions before drawing conclusions on their suitability in therapeutic applications when

incorporated into HAp [72] .

In other studies, Saranya et al. [84] prepared Cu-substituted hydroxyapatite by using the sol—gel
route. XRD, FTIR and TEM analyses showed that the samples were of nano sized dimensions and
homogenous. The XRD data showed that the crystallite size decreased with increasing content of

Cu. Data also showed that the average crystallite size of Cu-doped samples was smaller than for
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undoped HAp. It was also noted that the intensity of the XRD peaks decreased as the
concentration of copper increased in the HAps. The formation of apatitic phases was confirmed
by FTIR spectra. CuHAp demonstrated antimicrobial effects against the clinical pathogen Shigella
flexneri. Thus, prepared metal-doped hydroxyapatite nano powders can be applied as
antimicrobial materials for various applications such as in bone defects and implant coating in

orthopedic surgery.

Li et al. [85] synthesized stoichiometric hydroxyapatite (HAp) and copper-substituted
hydroxyapatite (CuHAp). The results of their XRD analyses indicated that Cu?*ions had become
incorporated into the lattice of HAp. The results of bacteriostatic annulus, bacteriostasis rate,
minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC) tests
showed that Cu-HAp can be considered as an antibacterial agent against E. coli and S. aureus. In
addition, the authors reported that there were two factors that can be considered as effective
factors for playing a vital role in the antibacterial ability of these substituted apatites. The first is
the electrostatic attraction which leads to bacteria adhering to the surface of Cu-HAp, while the
other is attributed to copper ions that are slowly leached into the body medium which can inhibit

and kill bacteria.

Li et al. [86] synthesized and studied the antimicrobial efficacy of CuHAp and TiHAp by wet
chemical methods using various molar ratios (Madded/Ca added = 0.01, 0.05, 0.10 and 0.15) . The
following substances were used as starting materials Ca(OH);, H3PO4, Cu(CH3C0OO0),-H,O and
TiBra. In that study the authors indicated the following (i) the FTIR spectra showed the
appearance of CO32” ions (B-type carbonated HAp) which could be attributed to incorporation of
dissolved CO; from the atmosphere, (ii) It was also noted that CuHAp is antibacterial but also
cytotoxic even at low Cu ion concentrations. therefore, it is not suitable for using these
nanoparticles as a coating for implants, (iii) TIHAp showed bactericidal properties at a molar ratio

of M+i/Mca = 0.10, with only low toxicity being exhibited to osteoblasts.
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2.7.2.5 Na substituted HAps:

The percentage of sodium ion substituted into HAp varies from 0.5-1 wt% in biological apatites
[6]. Bone mineralization, bone resorption and cell adhesion are processes in which sodium ion

can have important effects.

Sopyan et al. [87] synthesized and investigated the properties of Na-doped HAp by using a sol-
gel method. They prepared different amounts of “Na” for substituting (i.e. 1, 5, 10 and 15 mol%)
into HAp and reported that the addition of 5% Na led to a porous body of about 27% porosity
and improved the compressive strength of HAp 17-fold compared with undoped HAp The
synthesized scaffold had suitable pore interconnectivity associated with pore sizes ranging from

100 to 300 pum which can be considered as suitable for porous bone substitutes.

Cho et al. [88] investigated the effect of sodium substituted hydroxyapatite on
osteoconductivity of HAp. NaHAp was prepared by using calcium hydroxide, phosphoric acid and
sodium nitrate as starting materials followed by sintering. Based on ab initio computational
chemistry methods the calculated total system energy of NaHAp phases was much higher than
that of undoped hydroxyapatite, which indicated that the NaHAp was energetically less stable
than pure HAp. NaHAp compared to pure hydroxyapatite, showed a higher solubility in simulated
body fluid (SBF) and tris-buffered deionized water. NaHAp was also able to form hydroxy-
carbonate apatite in SBF and showed higher osteoconductivity 4 weeks after implantation in the
calvarial defects of New Zealand white rabbits compared to pure HAp. They reported that NaHAp
can be considered as a non-cytotoxic material. These results showed that NaHAp can be

considered as a bone grafting material because of its osteoconductivity.

2.7.2.6 Sr

Strontium has been referred to as a “bone seeking” element (can be introduced into HAp samples
to replace the calcium in calcium sites). Also, Sr?* ions play a fundamental role in bone
mineralization processes, that has specific application as a treatment for osteoporosis, a disease
characterized by a decrease in the density of bone. When strontium is used to prevent
osteoporosis, it is supplied in the form of strontium ranelate because it can reduce bone
resorption by controlling and increasing bone forming cells (osteblasts) whereas osteoclasts [13]

are decreased. Strontium ranelate (SR) may play an important role by increasing bone mass for
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patients who suffer from osteoporosis in order to reduce fracture risk [89]. The effect of
remediation by SR (known commercially as Protelos) on human bone tissue and its quality of

treatment were studied [90].

Landi et al. [91] prepared SrHAp by a neutralization method with the revelation that these
materials have good mechanical properties to be considered for several applications such as a
bone substitute and drug delivery agent. The authors reported that each substitution or co-
substitution can cause specific changes, lattice effects and distortions in the HAp structure which
are associated with the general properties of the material such as stoichiometry, crystallinity,
etc. For example incorporation of Sr ion into the HAp lattice led to an increase in the c/a ratio (
0.7317) compared to pure HAp (0.7309). In addition, the powders could be converted into
resorbable materials. This observation had been revealed after performing solubility tests for
SrHAp (400-600 nm in size) using a synthetic body fluid solution where Sr ions were released
after 24 h, with a decrease in release rate followed by a plateauing of concentration. The higher
solubility of the SrHAp reflects the higher release kinetics of the Ca ions that go into the solution
together with Sr ions. It was also noted that the compressive strength of the prepared porous

body was 4.52 + 1.40 MPa with 45 vol.% of porosity.

Other work by Xue et al. [92] investigated the bioactivity of Sr-HAp ceramics and their effect on
cellular attachment, proliferation, and differentiation of cells. Sr-HAp nanoparticles (containing
10 mol% Sr) were synthesized and the bioactivity evaluated by immersion in simulated body fluid
(SBF). The results revealed that Sr-HAp has a greater ability than pure HAp to stimulate apatite
precipitation on its surface. The effects on cell behaviour of SrHAp were also examined by
culturing osteoprecursor cells (OPC1) on the material surfaces. Cell shape and cell-material
interactions were analyzed by scanning electron microscopy (SEM) and an MTT assay was used
to determine cell proliferation on samples. When compared with HAp, Sr-HAp promoted better
OPC1cell attachment and proliferation, and showed no deleterious effects on extracellular matrix
formation and mineralization. Confocal scanning microscopy was used to assess the expression
of specific osteoblast proteins: alkaline phosphatase (ALP) and osteopontin (OPN). The results
obtained indicate that the presence of Sr ion stimulates OPC1 cell differentiation and enhances

ALP and OPN expression.
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Cox et al. [93] synthesized pure and substituted hydroxyapatite nanoparticles with 2 mol% Sr, 10
mol% Mg, and 2 mol% Zn to make HAp, SrHAp, MgHAp and ZnHAp by using a precipitation
method under the following conditions: pH 11 and 20°C. (NHa4);HPO. and Ca(NOs), were used
as starting materials and suitable amounts of Sr(NOs);, Mg(NOs),, and Zn(NOs),- 6H,0 were
adjusted to reflect the substitution levels (i.e. to make 2 mol% Sr, 10 mol% Mg and 2 mol% Zn).
The results indicated that the ions were incorporated into the lattice structure of apatite. FTIR
indicated that HAp and substituted HAp contained CO3% ions due to the absorption of CO, during
the synthesis process, whereas SEM studies indicated a bulk agglomeration of particles which led
to particle sizes ranging from macro size (1.6-4.9 um) to larger sizes (20-30 um). The authors
explained the observations in terms of the dominating surface properties associated with
nanosized crystallites, which cause them to clump together. An indication of the bioactivity of
samples was achieved by immersing samples in SBF for up to 28 days. Furthermore, a live/dead
assay indicated the viability of seeded MC3T3 osteoblast precursor cells on HAp and substituted

HAp substrates for up to 7 days of culture.

2.7.2.7 Mg:

Magnesium is considered a very important trace element to occur in biological apatite, where it
exists in levels of up to 0.72% in bone, 0.44% in enamel, and 1.23% in dentin. Magnesium ion
affects the process of bone metabolism by eliciting proliferation of osteoblasts in the first stages

of osteogenesis [6].

Liangzhi et al. [94] used a hydrothermal method to synthesize Mg-HAp whiskers( 0 — 6.14 mol%
Mg ), with lengths up to 50 um through using acetamide as starting material. The Mg substitution
level can be a achieved by changing the initial molar ratio of Mg/(Mg + Ca) in the raw materials.
The results indicated that Mg?* ions substituted for Ca%* ions, with the lattice parameters in the
unit cell decreasing through increases in the amount of the Mg-substitution. The cell culture
results revealed that Mg-HAp whiskers adjusted the proliferation of MG-63 (human osteoblast
cells) at certain concentrations of Mg?* ions. This was noted especially for the Mg5-HAp ( (
Mg?*/(Ca%* + Mg?*)) mole ratios of 0.05) component which can be considered as an ideal one for

cell activity .
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MgHAp samples were also synthesized by Andres et al. [95] in which the authors used a wet-
chemical precipitation route, followed by a hydrothermal treatment to incorporate Mg?* ions
into the crystal lattice of HAp. They reported that Mg?* ions occupied Ca(1) sites in limited
amounts and stimulated the formation of calcium deficient HAp (cd-HAp). The amounts of Mg?*
incorporated into HAp affect several properties of MgHAp such as crystallinity degree, cell
parameters, morphology, solubility, and degradation properties, depending on the degree of
substitution. The results revealed that these prepared samples have a good biocomptability
through displaying several properties which led to an optimal cellular viability, cell spreading, and
proliferation. In addition, an enhancement of osteoblast adhesion was observed after

incorporation of Mg?* into the HAp lattice.

Ren et al. [96] substituted Mg in HAp using a wet-chemical precipitation method at 90°C. It was
found that a limited amount of Mg (Mg/(Mg + Ca)) between 5 and 7 mol% could be successfully
substituted for Ca in the HA lattice, and that as a result, HAp crystallites in the Mg-substituted
solid became smaller, irregular, and formed greater agglomerates of material with Mg
substitution. It was also noted that crystallinity and thermal stability decreased in HAp as a result
of Mg substitution. As mentioned in other works, it was also noted that the Ca(1) sites in HAp

were the preferred sites for Mg substitution.

In other work [97] Mehrjoo et al. synthesized magnesium substituted hydroxyapatite by using
a wet chemical precipitation route, The authors investigated the effect of substituting different
amounts of Mg?* ions on biological properties of HAp samples by using various kinds of tests such
as cellular proliferation, alkaline phosphatase (ALP) activity and gene expression . The cellular
behaviour of MG-63 cells was improved by incorporation of Mg?* into HA samples. The results
revealed that the high amounts of Mg?*in HAp cause improvements in cellular behaviour
compared to that of pure HAp. It was reported that samples with high levels of Mg?* ions in the
HAp lattice showed the highest proliferation rate, ALP activity and gene expression. Biological
tests revealed that 1.2% substituted (HAp-1.2Mg) and 1.6% substituted (HAp-1.6Mg) particles
showed the best performance compared to pure HAp and 0.6% substituted (HAp-0.6Mg)
particles. The result confirms the positive role of incorporation of Mg2* ions into the HAp crystal

lattice in terms of bone tissue engineering applications.
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2.7.2.8 Mn:

It has been reported that addition of Mn?* ion to hydroxyapatite improves the density of the
produced ceramic body without any phase transformation being obtained even after sintering
the HAp material or calcining it at 1300°C [79]. Further, Mn?*ions are known to provide increased
potential for ligand binding affinities to integrins, the receptor proteins that cells employ to bond
to and respond to extracellular matrix. This can lead to improved cell adhesion and osteoblast

bonding [98].

Zilm et al. [99] also investigated the thermal stability and mechanical properties of (MnHAp).
Pure HAp and MnHAp pellets were sintered over two different temperature ranges, the first one
being from 900 - 1300°C and the other from 700 to 1300 °C. The sintered pellets were
characterized by various methods such as mechanical testing, X-ray diffraction, and field emission
electron microscopy. The results revealed that MnHAp was less stable (i.e. it decomposes around
800 °C) than HAp which decomposed around 1200 °C. In addition, the flexural strength of MnHAp
was weaker than stoichiometric HAp with this being attributable to the lower decomposition
temperature of MnHAp compared to 1100 °C for HAp. The low thermal stability of MnHAp

indicates that its expected dissolution rate will be higher compared to pure HAp.

2.7.2.9 Lanthanide ion substituted HAps (La, Eu, Gd, and Th):

Jime'nez-Flores et al. [43]synthesized CDHA and Th-doped CDHA (10 and 12 wt% Tb) by using a
sol—gel procedure for luminescent purposes. The results confirmed the incorporation of terbium
ions into HAp lattice, with good crystallinity, and clear effects on the cell parameters. The energy
band gap was measured for all samples by using UV-Vis spectroscopy with the finding that the
value of the band gap energy decreases as the amount of terbium ions substituted into HAp
increases. They also reported that the maximum luminescent emission was obtained for the
sample synthesized with 10 wt% of terbium. The samples that contain 10 wt% of terbium also

have the best properties to be considered for biolabelling applications.

Chen et al. [100] prepared multifunctional Eu3*/Gd>* dual-doped HAp by using a microwave-
assisted hydrothermal method. They reported (i) small levels of toxicity to cells, high drug
adsorption capacity and sustained drug release by using ibuprofen as a model drug. (The

acceptability of wusing Eu3*/Gd3*substituted HAp with photoluminescent properties
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for in vivo imaging, was revealed by the noninvasive visualization using nude mice with a
subcutaneous injection of the material. The Eu3*/Gd3* substituted HAp can be considered as a
suitable material for biomedical applications such as multifunctional drug delivery systems with

the benefit of imaging guidance.

Guo et al. [101] investigated the physicochemical properties and biocompatibilities of La-
containing apatites (La-HAp). It was reported that the La®* ion can be incorporated into the
crystal lattice of HAp resulting in the formation of La-incorporated apatite by using a solid-
phase synthesis procedure.

The La-incorporated apatites have a number of beneficial properties, such as higher thermal
stability, higher flexural strength, lower dissolution rate, preferable osteoblast morphology and
comparable cytotoxicity to La-free apatite. The sintered LaHAp was found to have a maximal
flexural strength of 66.69 MPa at 5 wt% La content (95% confidence interval), which is equal to
an increase of 320 percent over the undoped apatite. Based on these findings, the authors
suggested that the La-incorporated apatite has potential application in developing a new type

of bioactive coating material for metal implants. [101].

Li et al. [102] synthesized nanocrystalline hydroxyapatite (HAp), Ca10(POa)s(OH)2, substituted
with gadolinium (Gd3**) and neodymium (Nd3*) in different mole ratios (M = metal,
Madded/Caadded=Xm,0.01, 0.05, 0.1, and 0.2). These were synthesized via an anion-exchange
method by using Ca(OH),;, HsPO4, GdCl3.6H,0 and NdCls.6H,0 as starting materials with all
samples having the single phase of MHAp except for Xm= 0.2, which displayed a second phase of
M(OH)s. The GdHAp and NdHAp nanoparticles were elongated spheroids of approximately 70
nm, and it was noted also that the shape and size had not changed by increasing Xm. The M(llI)-
HAp had a higher electrical conductivity than of pure HAp. Also a cytotoxicity test indicated that

all M(Il)-HAp samples were non-cytotoxic except for the material made with Xgq = 0.2.

2.7.2.10 Ti Substituted HAps:

Ergun Celaletdin [103] studied the interaction of titanium-containing (Ti) ions with HAp by
performing two different kinds of experiments. In one, titanium substituted HAp was made using
a precipitation method, where tetraethyl orthotitanate (CgsH,004Ti ) was used as the source of

titanium to prepare TiHAp. The precipitates were dried and sintered at different temperatures

70



(500 °C, 700 °C, 900 °C, 1100 °C, and 1300 °C) for 2 h. In the second experiment, powder mixtures
of HA/CaTiOs and tri-calcium phosphate/CaTiOs3 were sintered in air at different temperatures
(900 °C, 1100 °C, and 1300 °C) for 2 h. The authors found that XRD demonstrated that lattice
parameters were contracted due to Ti incorporation into the apatite structure. The grain sizes
of Ti substituted HAp particles were smaller than for pure HAp. Increasing the amount of the Ti-
in Ti-substituted HAp led to the decomposition of HAp which converted to a-tricalcium
phosphate and CaTiOs. This process helped to improve the porosity of TiIHAp compared to pure
HAp.

2.7.2.11 Bi HAps:

In the past bismuth salts have been used to treat gastrointestinal disorders, syphilis and
hypertension [104]. In the present day, bismuth is used as an antimicrobial agent and an
anticancer agent. Due to its radio-opacity effect, bismuth compounds, are also added to bone
and dental implants, catheters and surgical instruments to enhance and improve detection

processes by X-rays and computed tomography [105].

Ciobanu et al. [106] synthesized new bismuth-substituted hydroxyapatite [Ca10xBix(POa4)s(OH)2
where x = 0-2.5] nanoparticles by a co-precipitation method via the use of calcium hydroxide,
orthophosphoric acid, and bismuth nitrate pentahydrate Bi(NO3)3.5H,0 as starting materials. The
results indicated that bismuth ions had been successfully incorporated into the HAp lattice. The
prepared samples were a single phase with a hexagonal structure with crystal sizes being found
to be smaller than 60 nm. In this compound the (Bi + Ca)/P atomic ratio equalled 1.67. The BiHAp
samples were reported as being mesoporous in nature with a pore size of 2 nm and with a specific
surface area in the range of 12-25 m? /g. The BiHAp samples were also found to be more
effective against gram-negative Escherichia coli bacteria than gram-positive Staphylococcus

aureus bacteria.

2.7.2.12 Ba substituted HAps:

Kikuchi et al. [107]synthesized Ba-HAp by a wet method with Ba(OH),.8H,0 and (NH4),HPO4 as
starting materials. The Ba-HAp was sintered at 800°C for 12h and was found to have a Young's
modulus value of 27 GPa. Cytotoxicity tests using L-cells showed no cytotoxicity, with the cells

reported to be in close contact with the surfaces of the sintered Ba-HAp suggesting that the Ba-
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HAp exhibited non-cytotoxicity and could be applied as a potential, bioactive X-ray opaque

material.

2.7.2.13 Nb:

Niobium is a rare, soft, malleable, ductile, gray-white metal. It has a body-centered cubic
crystalline structure; Niobium alloys may be used in surgical implants because they do not react

with human tissue. This metal has also been reportedly substituted into HAp.

Capanema et al. [31] synthesized niobium substituted hydroxyapatite by a precipitation method
through using Ca(OH),, Ca(H2P04).2H,0 and NbCls as starting materials, followed by thermal
treatment. The results indicated that the precipitate dried at 110 °C contained a mixture of
amorphous calcium phosphate and HA, with polydisperse particles that varied from micro to
nano dimensions. After thermal treatment at 900°C, the solid phases converted into crystalline
HA phases, with evidence shown of particle sintering and reduction of surface area. Addition of
10 mol% of a niobium salt precursor led to incorporation of the Nb (V) anions into the HAp crystal
structure, in addition to clear changes in the original lattice parameters. In aqueous solutions
Nb(V) ions are usually present as negatively charged niobates [32]. The increase in lattice
parameters seen in NbHAp materials can be explained in terms of the substitution of PO43-anions
by niobate ions which have a higher ionic radii compared to PO43. As a result of the incorporation
of niobate ions, a reduction in the average particle size of the HA was observed. Also, the
cytocompatibility response of the Nb-HAp biomaterials was evaluated by using human osteoblast
cell culture such as MTT and resazurin assays, which confirmed no cytotoxicity of the NbHAp was

observed.

2.7.3 Some Examples of Y Substitution in M10(XO04)s(Y)2:

The bioactivity, osteoconductivity and therapeutic effects of HAp depend on the solubility in the
biological environment. As indicated in the literature, the mineral phase in vertebrate calcified
hard tissues is not pure stoichiometric hydroxyapatite but is partially substituted by some foreign
ions. Among them, of great importance is fluorine substitution. Recent studies showed that the
incorporation of fluorine into hydroxyapatite improved the mechanical properties of apatite

ceramics and induced better biological response. On the other hand, and due to its highly
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enhanced bioactivity and osteoconductivity compared with pure HAp ,Cl doped HAp has

encouraging potential for use as a bone grafting material, which has been detailed below.

2.7.3.1 Fluoride (F):

Substitution within the HAp lattice can also occur via replacement of the OH" group. Fluoride is
an essential element in the diet and plays a vital role in bone and dental health [6]. Fluoride has
been used in the remediation of osteoporosis though excessive fluoride intake can result in
skeletal fluorosis (crippling bone disease) [108] [109] which is associated with osteosclerosis,

calcification of tendons, ligaments and bone deformities.

Fluorapatite (FAp) and “fluoro hydroxyapatite” (half F substituted, half OH substituted
hydroxyapatite) has been successfully synthesized in the past. Substitution of fluoride ions leads
to an increase in the crystallinity and crystal size of HAp and a decrease in its solubility [6] as

mentioned earlier in this literature review.

Karlis and Luis [110] found that incorporation of fluoride into biomaterials plays an important
role in the physicochemical properties of implants. The most important aspects include solubility
and mechanical properties. However, Gross studied the effect of fluoride substitution for
hydroxyl groups on the mechanical properties and reported that the elastic modulus increases
linearly with fluoride content. Improvement of fracture toughness was also observed due to

fluoride incorporation.

Chander and Fuerstenau [111] have studied the mechanism of fluoride uptake from solution by
HAp. It was reported that at low concentrations, fluoride ions were substituted by hydroxyl ions
in the HAp lattice, while at higher concentrations, HAp dissolves and the solution becomes

supersaturated with respect to FAp.

Tredwin et al. [112] prepared HAp, F-substituted HAp (F-HAp), and F-apatite by using the sol-gel
technique. It was reported that an improvement in the coating properties [113] of the material
was observed by increasing the amount of fluoride substitution in the apatite lattice with F-HAp
and FAp potentially offering a superior alternative to coating titanium implants with HAp using

plasma spraying. This is because the bond strength for Ca1o(POa)sF2 was 40 MPa, while the bond
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strength for the HAp-plasma-sprayed coatings was (= 10-40 MPa). F-HAp, and F-apatite

materials can also be considered as plausible bone-grafting materials [112].

Kim et al. [114] prepared Hydroxyapatite (HAp) and fluor-hydroxyapatite (FHAp ) powders by
using sol— gel route. calcium nitrate tetrahydrate ( Ca(NO3)2.4H,0) and triethyl phosphite
(TEP,(C2Hs0)3P) were used to prepare HAp, while ammonium fluoride (NH4F) was used as a
precursor of F ions. However, two kinds of TEP solutions containing different amounts of
fluorine ion were also obtained by dissolving the desired amount of ammonium fluoride
(NH4F), where P/F molar ratios were supposed to be 6 and 3 and labelled as FHA1 and FHA2,
respectively. The aging process was performed at 40°C for 72 hours, after which the formed gel
was dried at 80°C into the oven, followed by heat-treatment at 400°-1000°C for 1 hour. The

following observations were recorded:

(i) As a result of heat treatment at 500°C, TEM analyses displayed that all HAp and FHAp

powders ( FHAp1 and FHAp 2) contained nanosized particles (30 =50 nm).

(ii) apatitic structure was confirmed in all heat treated samples through detecting the
characteristic bands of the apatitic phases by FTIR spectra. While, the spectra showed a slight
reduction in the intensity of the librational mode of OH" at 640 cm™ ! in the case of the FHAp1
compound, the stretching band of OH™ group at 640 cm™ was not observed at all in the case of
the FHAp2 compound, suggesting that the OH" group had been fully replaced by F. Another
observation seen from the FTIR analysis was that carbonated apatite had been produced for as-
dried and heat treated powders subjected to temperatures of 400° and 500°C. Hence FTIR
spectra showed the presence of the typical peaks of CO3? (at 870 and 1460 cm™ ). The
intensity of the observed carbonate bands in these compounds followed the order HAp >

FHAp1 > FHAp2

(iii) XRD analysis revealed the tricalcium phosphate (TCP) phase that normally formed in the
HAp samples above 800 °C was decreased in the case of FHAp powders, suggesting
substitution of fluoride ion had made the apatite structure more stable to decomposition and

hence more stoichiometric.
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(IV) The XRD analysis also revealed that Increasing the concentration of F- improved
crystallinity and increased the crystallite size. Also, a detectable difference in the values of
lattice parameters was observed due to substitution of F ions, that a gradual decrease in the
lattice constant a was recorded, while a slight change in the value of c was observed with

increasing fluoride addition.

2.7.3.2 CI:

Pure chloroapatite cannot be a good biomaterial because total replacement of the hydroxyl
groups by chloride ions will enhance the acidity of the local environment, leading to rapid
solubilization of alkaline salts [5]. Chlorine is a vital trace element in the mineral phase of both
bone and teeth and is present to a level of ~0.13 wt% in natural bone [6]. Partially substituted
Cl-HAp, however, enhances bioactivity due to its high solubility and possesses greater

osteoconductivity over stoichiometric HAp [115].

Cho et al. [116] studied the effect of chloride-substitution on bioactivity and osteoconductivity
of hydroxyapatite. Chloride-substituted hydroxyapatites (CIAp) with different chloride
concentrations, ranging from low to high were fabricated using Ca(OH)2, H3PO4 and NH4Cl as a
source of chloride ion, with subsequent sintering of the materials produced. As the chloride
substitution increased, an improvement in bioactivity was achieved, whereas, the OHAp had not
showed any bioactivity at all during the testing period when immersed in SBF. The solubility tests
in deionized water also showed that as the chloride substitution increases, the solid becomes
more soluble, which influences bioactivity through increasing the degree of supersaturation of
apatite in SBF. ClAp showed higher osteoconductivity within 4 weeks of implantation in calvarial
defects created in New Zealand white rabbits than the equivalent stoichiometric HAp implants.
Ab initio methods reveal that the calculated total energy of the chloride-substituting system has
a higher value, which indicated that the CIAp was energetically less stable compared to
stoichiometric HAp. This result indicated the higher solubility of CIAp compared to HAp in both
SBF and in deionized water will improve bioactivity and osteoconductivity. Therefore, it can be

concluded that CIAp has promising properties for use as a bone grafting material.
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2.7.4 Co-substitutions of hydroxyapatite (substitutions with two different or more

several ions):

Hydroxyapatite Caio(PO4)s(OH)2 as mentioned previously, has been widely used in biomedical
areas. lIts brittleness and poor degradation rate in vivo, have encouraged researchers to perform
a lot of studies in order to improve on its drawbacks. On the other hand, as is well known,
biological apatite contains trace ions such as Na*, Mg?*, etc, which play an important role in
biological process, therefore substitution of hydroxyapatite partially by these elements would be
considered as a goal, to improve its characteristics through imitation of the chemical composition
of bone mineral. However, the flexibility in the apatite structure leads to the possibility of
developing a large number of hydroxyapatite materials with different chemical structures
through substituting and co-substituting by several elements for specific applications [117] ,

below are listed some examples of co-substituted hydroxyapatite products.

2.7.4.1 Cationic co-substitutions (substitutions with two or more different cations):

Cationic co substitution represents an example of the previous work involving substituted HAps,
that has been done to improve on the biological performance of HAp. Good results have been
obtained with the substitution of calcium by different metallic ions, particularly those involved
on biological processes and human health, such as Mg?* and Zn2. Some examples that illustrate

these kinds of substitution are mentioned below.

Kulanthaivel et al.[ [118] revealed an improvement in the osteogenic and angiogenic properties
of synthetic hydroxyapatite by doping of magnesium (Mg?*) and cobalt (Co?*) ions using a
precipitation technique. (i) ICP-OES analysis indicated that the extent of cobalt substitution was
higher than for magnesium, (ii) slight distortions in the crystal lattice, increased the apatite—
water interaction and decreased the thermal stability of the substituted hydroxyapatite
materials, and (iii) a preliminary evaluation showed that the doped samples had higher protein
adsorption capacity compared to pure HAp. The analysis that related to the bone cell (MG-63)
compatibility and differentiation indicated that the doped hydroxyapatite enhanced both the cell
proliferation and differentiation. Therefore, the improved osteogenic and angiogenic properties
of the dual doping of magnesium and cobalt ions into HAp led to a better biomaterial for use in

bone tissue engineering.
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Geng et al. [117] synthesized a series of Sr/Mg-co-substituted HAps by a hydrothermal route.
Four different samples were prepared (5Mg25Sr, 10Mg20Sr, 20Mgl10Sr and 25Mg5Sr).
Magnesium ion was considered to be a destabilizing ion during the co-substitution process, since
a decrease in crystallinity, thermal stability and lattice parameters of HAp was observed by
introduction of Mg ions into the lattice. A good and acceptable biocompatibility for the
fabricated samples after 14 days of culture had been achieved through in vitro studies with MG63
cells cultured in CLL, which was derived from synthesized samples incubated in the culture
medium, especially 10Mg20Sr, which displayed better cell attachment, proliferation, and

differentiation than pure HAp.

Lowry et al. [119] prepared nanoparticles of HAp, i.e. Sr10% nHAp, Zn10% nHAp and Sr5%/Zn5%
nHAp using a precipitation method. The results revealed (i) all prepared materials were
nanosized, with ZnHAp being found to have the smallest crystals (27 nm long and 8 nm wide), (ii)
Sr?* and Zn?* were incorporated into the lattice in both cases (substitution and co- substitution),
and (iii) presence of carbonate within all prepared samples was confirmed by FTIR. They also
suggested further research was needed to (i) determine optimal strontium and zinc
concentrations, within the co-substituted HA and (ii)investigate osteoblast cytotoxicity and

viability on each of the fabricated substituted and co-substituted HA.

Using a microwave irradiation techniques, Gopi et al. [120] successfully synthesized Ca/Sr/Ce—
HAp as a bioactive and antibacterial material. Ce(NO3)3.6H,0 and Sr(NOs),.6H,0 were used as a
precursor for Ce and Sr. They reported that (i) the formation of HAp, Ca/Sr—HAp and Ca/Sr/Ce—
HAp (where [Ce3* ]= 0.05, 0.075 and 0.1 M) was revealed by using several techniques such as
(FTIR), (XRD) and (SEM), (ii) XRD and HRTEM results which indicated that the crystallinity and size
of the HAp nanoparticles were decreased by incorporation of the Sr?* and Ce3* ions into the HA
lattice, (iii) the incorporation of Ce3*into Ca/Sr—HAp with various concentrations (0.05, 0.075 and
0.1 M) led to enhanced antibacterial activity of the co-substituted nanoparticles (Ca/Sr/Ce—HAp),
and (iv) the strong antibacterial activity against E. coliand S. aureus was associated with
Ca/Sr/Ce-HAp (0.1 M Ce?*). Moreover, the presence of Sr?* and Ce3* ions in the Ca/Sr/Ce—HAp

nanoparticles enhanced the thermal stability of the materials up to 1200 °C.
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Huang et al. [121] developed SrCuHAp coatings on CP-Ti (commercially pure titanium). The
results of the following techniques FTIR, XRD, SEM, EDX, and ICP confirmed the formation of
SrCuHAp coatings on CP-Ti. The authors reported that (i) the synthesized coatings can be
considered as totally crack-free and compact, which caused a decrease in the corrosion current
densities of CP-Ti in physiological media, (ii) the antibacterial behaviour is not ideal because the
antimicrobial ratio of the SrCuHAp coating was below 91%, (iii) the biological tests confirmed
that the co-substitution of Srin CuHAp not only efficiently offsets the potential cytotoxicity of Cu,
but also improves the osteogenic differentiation, and (iv )adjusting the Sr and Cu content in
SrCuHAp coatings produces an improvement in the antibacterial activity and osseointegration

ability.

Tamm et al. [122] investigated several systems such as singly substituted hydroxy- and
fluorapatites and doubly substituted hydroxyapatites by using density- functional theory (DFT).
The substitutions were Cd?* and Zn?* ions replacing Ca®* in either or both of the structurally
inequivalent positions. The authors reported that (i) a preference to occupy the Ca(1) and Ca(2)
sites in fluorapatites and hydroxyapatites, respectively was observed in singly substituted cases,
whereas the doubly substituted hydroxyapatites indicated a preference to occupy the Ca(2) site
for both substitutions, (ii) a displacement of the hydroxide ion chain from the hexagonal axis of
the ion channel prefers some situations in which both substitutions are occupied in the same side
of the channel, this observation allowed the authors to explain the orientation and location of
the incorporated ions around the axis, (iii) the preference of single and double substitutions to
take place around the ion channel in HAp led to the supposition that migration might occur via
these channels, and (iv) the authors explained the reason for choosing the Ca(1) site as the

preferred one in fluorapatites because of the poorer sorption characteristics of fluorapatites.

2.7.4.2 Anionic co-substitution (substitutions with two anions in the HAp lattice):

Co-substituted HAp has gained much attention during the recent years, since these forms of
substitution have much more potential to combine several desirable properties than a single
substituted HAp. Many ionic substitutions have been investigated, but selecting ions for co-
substitution must be performed carefully, as many variables have to be taken into consideration
such as substitution sites and the biological impacts. Below are some examples that illustrate
these kinds of substitutions:
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Kannan et al. [123] synthesized fluoride and chloride co-substituted hydroxyapatites by using a
precipitation procedure. Ca(NO3),.4H,0, (NH4)2HPO4, NH4F, and NH4Cl, were used as the starting
materials. They reported that (i) the apatite structure was not destroyed as a result of the
substitutions, this observation was confirmed by the calculated unit cell parameters for the
F~and CI” co-substituted apatites, whereas a steady increase in the c-axis parameter was
observed due to increases in the doping concentration level of the anions. XRD, FTIR and
elemental analysis confirmed (i) the formation of single apatitic phases; (ii) the successful
incorporation of the substituted anions, and (iii) the calculated crystallite sizes for all the
fabricated apatite samples are lower than 50 nm, in good agreement with the typical crystallite

size of bone mineral phases.

Ibrahim et al. [124] prepared a synthetic multi-substituted hydroxyapatite (Si-HAp and Si-CHAp)
by a wet chemical method using Ca(NOs3);.4H,0, (NH4)2HPOa, Si(OCH,CH3)s TEOS, and NaHCO3 as
a starting materials. The chemical analysis indicated that substituted atoms are incorporated into
the HAp powders. As a result of the incorporated ions into crystal lattice of Hap, a change in
the unit cell parameters were obtained. The results revealed that the HAp with the substituted
silicon and carbonate ions, had the highest solubility with a greater rate of ion release, compared
with carbonate-free powder,(the substituting amounts of silicon were 0.523 wt% and 4.0 wt%

for Si-CHAp and Si-HAp respectively).

Zhu et al. [108] synthesized co-substituted hydroxyapatite, namely (COsFHAp) by a precipitation
route, using (NH4)2HPO4, NaF, NaHCOs and Ca(NOs)2:4H,0 as starting materials. The authors
wished to evaluate the influence of incorporating CO3* and F ions on the substitution type and
the content. They concluded the following: (i) a non linear increase in the fluoride and carbonate
contents of CFHAp with the dopant concentrations was observed, (ii) the carbonate substitution
compared to fluoride has much more influence in terms of morphology, (iii) the ion radii of F- and
OHare so close to each other, therefore F will occupy the OH" sites of HAp crystals which forces

COs? to locate to type B substitution sites (replacing phosphate) instead of on the type A sites.

Landi et al. [125] investigated the effect of silicate/carbonate co-substitutions in the HAp lattice
on the properties of the as-synthesized samples and when using with human osteoblasts. The

authors reported that osteoblastic behaviour is associated with the ion release from the SiCO3HA
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apatite, which depends on the physico-chemical surface properties of the material, (ii) SICHA-1
exhibited a toxic effect (0.88 wt % of Si), whereas CHA and SiCHA-2 (0.55 wt % Si) prevented
osteoblast proliferation at worst with no toxicity being observed. The higher toxicity of SICHA-1
could be explained in terms of a higher ion release due to the improved solubility of the Si-
substituted powder. The best osteoblast behaviour was recorded for the sample SiCO3HA-2 (0.55
wt % Si) and Si-free CHA.

2.8 Research gaps in the current field of substituted HAps:

It is well known that the chemical, the structural as well as the morphological properties of pure,
substituted and co-substituted HAp depend on many variables such as chemical composition and
processing temperature. Many studies have been carried out which have investigated the
possible approaches to synthesis HAp, substituted and co-substituted HAp materials
[53,54,58,126,127], as well as several sources for HAp materials, such as biowaste bovine bone
and marine products, in addition to other types of calcium phosphates, that are easily

transformed into HAp phases [89]have been used for that goal.

Therefore, many ions had been substituted into HAp structures as discussed in the current
literature [16] to enhance several properties of HAp materials such as the biological, the
mechanical and the thermal stability, but the ability for preparing novel substituted and co
substituted HAps still exists with various anions and cations to be investigated. Also, further
studies and investigations to develop an effective synthetic route should be taken place, because
only a few of them are satisfactory in terms of economics or performance, due to several reasons
such as the cost of the preparation method and the phase impurities which occur in the crystal
structure [53]. The necessity to investigate the effect of substitution levels as well as the
preparation method on the properties of substituted HAp materials are also required, since such
these factors effect on the many characteristics of HAp powders such as the chemical

composition, the morphology and the mechanical properties.

However, this study hence aims to achieve the following specific objectives:
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1-

Develop a new approach (to an extent) to prepare HAp, substituted and co substituted
HAp powders by using the hydrolysis method. The novel hydrolysis route was used in a
direct manner (just one step) to prepare HAp, substituted and co-substituted HAp
samples through using monocalcium phosphate and calcium hydroxide as starting
materials. However, the full description of that route will be discussed later (see Chapter
3 for details).

Preparation of (cationic) metal ion substituted HAp powders with the following chemical
formula: Ca10-xMxHAp (where M=Zn, Sr and Cu, X=0.5, 1.0 and 1.5) by the novel hydrolysis
method using MCP/Ca(OH); as starting materials.

Prepare specific systems of cationic substituted hydroxyapatite materials, namely 1%
RbHAp (1 wt.% Rb*), 1%EuHAp (1 wt.% Eu3*) and 1,3 and 5% ScHAp (1, 3 and 5 wt.% Sc3*),
by using two different approaches (precipitation and hydrolysis methods) followed by
sintering process in a 900°C muffle furnace.

Synthesis of specific systems of anionic and co substituted HAp samples, namely: 1, 3 and
5% NbHAp, 1% B4OsHAp and NaCIHAp (CagNa(POas)s(OH)CI) by using two different
preparation methods (precipitation and hydrolysis routes) followed by sintering process
in a 900°C muffle furnace.

Prepare Calcium-Bromapatite(Br;HAp) and Calcium- Sulfoapatite (SAp) materials by using
precipitation, hydrolysis and ion exchange methods, since such these materials had
already been prepared, but by using completely different approaches [23,25].
Investigate the effect of the preparation method on several properties of the prepared
substituted HAp powders such as the chemical composition, the morphology, the thermal
stability, the mechanical strength and the crystallographic properties.

Study the mechanical properties of specific systems of substituted and co substituted
materials, which were prepared by using the novel hydrolysis method through performing
the compression test. The Laser Diffraction Particle Size Analyzer was also employed to
measure the particle size of these systems in order to study the effect of particle size on

the mechanical strength.
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Chapter Three

Materials and Methods

This chapter outlines the detailed experimental procedures and protocols that were used in:

The preparation process of unsubstituted HAp by two methods, namely precipitation and
a novel hydrolysis route involving a calcium phosphate precursor which has not been
used widely before.

Two samples of unsubstituted hydroxyapatite (HAp) were prepared by two different
synthesis approaches (precipitation and hydrolysis) and then characterized by using
different kinds of analysis techniques such as: SEM, FTIR, XRD and ICP-MS analysis. The
prepared unsubstituted HAp materials by precipitation and hydrolysis routes were used
throughout this study as a means of comparison, in order to investigate the effect of ion
substitution and co substitution on various characteristics of hydroxyapatite.

The preparation process of cationic, anionic and co substituted hydroxyapatites by using
different synthesis routes (precipitation, hydrolysis and ion exchange methods).

The experimental techniques that were used to characterize the prepared substituted

and co substituted hydroxyapatites.

The following techniques were used to characterize the prepared materials:

Fourier transform infrared spectroscopy (FT-IR) was used to identify the functional groups
present in the prepared unsubstituted, substituted and co-substituted HAp powders.
Scanning Electron Microscopy (SEM) was used to analyze the surface morphology of any
synthesized powders.

Powder X-ray diffraction (XRD) was used to ascertain the phase purity, degree of
crystallinity, crystallite size, the lattice parameters (which are important to measure when
synthesizing these compounds) and the volume of the unit cell of all generated

unsubstituted, substituted and co substituted hydroxyapatites made in this study.
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e Inductively coupled plasma mass spectrometry (ICP-MS) analysis was used to calculate
the concentrations of Ca, P and “M” content (The symbol “M” refers generally to the
cations and anions that had already been substituted into the HAp crystal).

e Compression testing was used to evaluate specific systems of prepared samples
mechanically, while the Laser Diffraction Particle Size Analyzer was also employed to
measure the particle size of these systems in order to investigate the effect of particle
size on the values obtained with compression testing. The compression test and particle
size measurements were used to study the following systems:

1. Unsubstituted HAp powders (Cai10(POa4)s(OH)2) prepared by the hydrolysis route
(Chapter 4 6)

2. Cationic substituted materials prepared by hydrolysis method: Caio-
«My(PQO4)s(OH),), where ( M= Zn, Sr and Cu )and (X=0.5, 1.0 and 1.5 ), EuHAp (1
wt.% Eu3*) and ScHAp (1 wt.% Sc3*) powders (Chapters 5 and 6 6)

3. Anionic and co substituted HAp materials prepared by the hydrolysis method:
1%NbHAp (1 wt.% niobate anions, which (as suggested by Tamai et al. [32]), could
enter the phosphate-ion-occupied site replacing it with the H4NbOg>~ ion , which
is an anionic monomer. Hence, the expected chemical formula might be Caio
(POa4)e-x (HaNbOg63")x (OH)2, where x= 0.055), BHAp ( 1 wt.% borate anions with the
following chemical formula: Caio (PO4)ex (B207)(OH)2, where x= 0.065) and NacCl
co-substituted HAp powders (Caio-xNax(POa)s(OH)2-«Clx, where x=1.0) (Chapter 7).

4. Bromide and sulfide anion-substituted HAp materials prepared by hydrolysis
methods: Br,Ap ( Cai10(POa)sBr2 )and SAp (Caio (PO4)sS ) (Chapter 7).

Please note that all of the above chemical formulas stated above are theoretical or putative
formulae, and the details of these calculations, which show where the values of X have originated
from, can be found in Appendix A (see appendix A) through two computed examples involving

unsubstituted HAp (Ca10(PO4)s(OH)2) and 1% EuHAp ( Cag.93Euo.07(PO4)s(OH)2) .
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3.1 Research methodology

Hydroxyapatite, as mentioned previously, can be prepared by several methods using a wide

range of starting materials. In this study, cationic, anionic and co substituted hydroxyapatite

were synthesized via different routes, namely precipitation, hydrolysis and ion exchange

methods. The following provides the experimental details of these synthetic methods:

1-

Unsubstituted HAp by two different methods (precipitation and hydrolysis, see Chapter
4)

Cationic substituted hydroxyapatite: Different systems of cationic substituted
hydroxyapatite materials (MHAp, where M= Zn, Sr and Cu) with different substitution
levels have been prepared by a hydrolysis method using MCP as a single novel precursor.
The chemical formula of such MHAp powders were (Cai10xMx(PQOa)s(OH)2), where x=0.5,
1.0 and 1.5, see Chapter 5).

Cationic substituted hydroxyapatite: Different systems of cationic substituted
hydroxyapatites namely RoHAp ( 1 wt.% Rb* with the following chemical formula: Caio-
«Rbx(PO4)s(OH)2, where x=0.13), EuHAp ( 1 wt.% Eu3* with the following chemical formula:
Ca10xEux(PO4)s(OH)2, where x=0.07) and ScHAp (1,3 and 5 wt.% Sc3* with the following
chemical formula: Cai10xScx(POa)s(OH)2, where x=0.25, 0.69 and 1.13 ) were prepared by
using two different synthesis routes (precipitation and hydrolysis, see Chapter 6).
Anionic substituted hydroxyapatite: Different systems of anionic substituted
hydroxyapatites namely NbHAp (1, 3 and 5 wt.% niobate anions with the following
chemical formula: Caio(POs)sx (HsNbOg)x(OH)2, where x=0.055, 0.160 and 0.270) and
BHAp ( 1 wt.% borate anions with the following chemical formula: Caio(POa)s-
x(B207)x(OH)2, where x=0.065) were prepared by two methods namely (precipitation and
hydrolysis, see Chapter 7).

Calcium bromoapatite (Caio(PO4)sBrz with 14.14 wt.% Br- ions) were prepared by three
different synthesis methods (precipitation, hydrolysis and ion exchange methods), bromo
hydroxyapatite (Caio(POa4)sBrOH with 7.48 wt.% Br~ ions) was also prepared by
precipitation (see Chapter 7). Calcium sulfoapatite (Caio(POas)s S with 3.20 wt.% of S*
ions) was prepared by three different synthesis methods (precipitation, hydrolysis and ion

exchange routes).

84



6- Co-substituted hydroxyapatite: NaCIHAp with the following chemical formula : (Caio-
xNax(PO4)s(OH)2xClx, where x=1) has been synthesized by two different preparation

methods namely precipitation and hydrolysis methods (see Chapter 7).

5 g of each of unsubstituted HAp, substituted and co substituted HAp powders were prepared by

using the following approaches (i.e. the precipitation, hydrolysis and ion exchange methods).

The following standard synthesis procedures for substituted HAps as mentioned above, which

were adopted throughout the present study and reported in this thesis, are as follows:
Route (1): Substitution of HAp by the chemical precipitation method during HAp synthesis:

This approach can be considered conventionally as the most popular and widely used technique
for the preparation process of unsubstituted HAp, substituted and co-substituted HAp materials
[55] . The aqueous solutions of certain concentrations of calcium and phosphate ions as well as
the desired ions for substitution were mixed together under magnetic stirring and with control
of the pH, to form by the precipitation process substituted HAp and multi substituted HAp
materials. After achieving this, filtration and oven drying of the precipitate were also required,
but in the final step of the synthesis (if this be required), a calcination (high temperature
heating) step was undertaken to produce highly crystalline material[128]. In specific conditions
such as when using the hydrothermal route to prepare HAp or substituted HAp, this particular
step (calcination) is not required because a high degree of crystallinity would be achieved

anyway with this synthesis route.

Many suitable salts are available to be used as a source of precursor ions or doping agents in
order to prepare substituted or co-substituted hydroxyapatite materials by the precipitation
route. These precursors are dissolved in Ca®* or PO4* ion-containing solutions (obtained from
either dissolving calcium or phosphate containing salts). Often calcium nitrate and ammonium
dihydrogen phosphate are utilized as the calcium and phosphate ion sources in such
substitution reactions. They have been used because of the following reasons: 1) they are
highly soluble in water at ambient temperatures and 2) nitrate ion will not substitute into the
HAp lattice as it is too large an anion to enter the lattice. The pH of the reaction environment in

which the formation of HAp takes place, plays a very important role in the synthesis process of
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substituted and co-substituted HAps, therefore sodium hydroxide was used to adjust the pH
value. The description of and rationale of the typical synthesis procedure followed with the
precipitation method of generating HAps are described below in steps (1) to (8) as
reported by Riccardo Gallo [2]and discussed in the current literature [7-11,80,91,119,129-
133]:

(1) A stoichiometric amount of Ca?* precursor, (calcium nitrate (Ca(NOs);) is added under
magnetic stirring to a certain volume ( 100 mL) of deionized water to form a Ca?* ion- containing

solution.

(2) A phosphate ion-containing solution is also prepared by dissolving a stoichiometric amount
of PO precursor (sodium phosphate dibasic (NazHPO4) with constant stirring in 100 mL of

deionized water.

(3) To bring about precipitation in the solutions described in (1) and (2) above, the pH of each
of the solutions, i.e. the [PO4*]-containing solution, and the [ Ca?*]-containing solution were
adjusted to and maintained within the range of pH = 10.00 — 11.00 using a sodium hydroxide,
NaOH (1 M) solution. Sodium hydroxide was used to adjust pH value rather than ammonia

because sodium hydroxide (NaOH) is a stronger base compared to ammonia.

(4) When the pH of both solutions had been adjusted to the required value as stated in (3), the
[PO4*] containing solution was added dropwise to the [Ca?*]- containing solution by means of a
burette, with stirring and attention paid to maintaining pH within the range 10 — 11 if the purpose

of the synthesis procedure is to obtain anionic substituted HAp samples.

The reason for the need to maintain pH in this range during the precipitation was to avoid
formation of other non apatitic phases such as brushite (CaHPQ4.2H,0) which would otherwise

co-deposit with the desired (substituted HAp) product.

(5) At the end of the addition process (as described in (4)), the precipitate solution was left to stir
for 2-3 hours at room temperature to let the precipitate age, while ensuring the pH in the

solution was kept above 10. This ageing process allows development of the apatitic phase by
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phase-transformation of initially formed phases and avoids formation of any non-apatitic by-

product phases like tricalcium phosphate which could form initially.

(6) After executing the steps above, the resultant precipitate was subsequently extracted from
the solution by filter paper or, where possible, by decanting. The precipitate was generally
washed with deionized water several times, followed by ethanol. The ethanol serves to remove
residual water and evaporates more quickly than water so leaving a dry sample that will not
phase-transform any further. Alternatively, suspending the precipitated mass of solid in water
for washing followed by centrifugation and decanting was also done because separating the fine

powders from water by filtration was a time-consuming procedure.

(7) The filtered precipitates formed of whichever substituted HAp targeted were then dried in an
oven (~100 °C) overnight and then manually ground, if necessary, in an agate mortar and pestle
to reduce the particle size followed by further drying in an oven to remove any moisture picked

up during the grinding process.

(8) As a final step, the obtained poorly crystalline and substituted HAps were then calcined at 900
°C or higher for a certain length of time, in order to obtain a high crystallinity powder. This was
then followed by the usual solid state structural characterization methods like X-ray powder

diffraction for instance.

Synthesis procedure for preparation of substituted and co substituted HAp by precipitation

method:

The more exact experimental description (for the current study) of the typical synthesis
procedure (described generally above) followed with the precipitation method of

generating substituted and co substituted HAps is hence given below in steps (p-1) to (p-9):

(p-1) A stoichiometric amount of Ca?* precursor, (calcium nitrate (Ca(NOs),) is added under
magnetic stirring to a certain volume ( 100 mL) of deionized water to form a Ca?* ion- containing

solution.

(p-2) In the case of a cation substitution into hydroxyapatite, a stoichiometric amount of the
desired metal salt (containing the metal cation M™* to be substituted for Ca%*) is added to the
Ca?* containing solution with constant stirring to produce a [Ca?* + M™] containing solution. A
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phosphate-containing solution is also prepared by dissolving a stoichiometric amount of PO4*
precursor (sodium phosphate dibasic (Na;HPO4) with constant stirring in (100 mL) of deionized

water.

(p-3) In contrast, for effecting an anionic substitution into hydroxyapatite, a suitable amount of
an anion salt [2Z"] is added to a PO4*> containing solution (prepared as indicated in (p-2) above)

with stirring to produce a [PO4*+ Z™] containing solution.

(p-4) To bring about precipitation in the solutions described in (p-2) and (p-3) above, the pH of
each of the solutions, i.e. the [PO4> + Z ™]-containing solution, and the [ Ca* + M™]-containing
solution was adjusted to and maintained within the range of pH = 10.00 — 11.00 using a sodium

hydroxide, NaOH (1 M) solution.

(p-5) When the pH of both solutions had been adjusted to the required value as stated in (p-4),
the [PO43-+Z™] containing solution was added dropwise to the [Ca%*]- containing solution by
means of a burette, with stirring and attention paid to maintaining pH within the range 10 - 11

if the purpose of the synthesis procedure is to obtain anionic substituted HAp samples.

For preparing cationic substituted HAp, the procedure followed was to add [Ca?* + M™]-
containing solution drop by-drop to the [PO43]- containing solution with the same care paid to

maintaining pH to within the range of 10-11.

The reason for the need to maintain pH in this range during the precipitation was to avoid
formation of other non apatitic phases such as brushite (CaHP04.2H,0) which would otherwise

co-deposit with the desired (substituted HAp) product.

(p-6) At the end of the addition process for any of the anion or cation substituted HAp synthesis
procedures mentioned above (as described in (p-5)), the precipitate solution was left to stir for
2-3 hours at room temperature to let the precipitate age, while ensuring the pH in the solution
was kept above 10. This ageing process allows development of the apatitic phase by phase-
transformation of initially formed phases and also avoids formation of any non-apatitic by-

product phases like tricalcium phosphate which could form initially.
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(p-7) After executing the steps above, the resultant precipitate was subsequently separated from
the solution by filter paper or, where possible, by decanting. The precipitate was generally
washed with deionized water several times, followed by ethanol. The ethanol serves to remove
residual water and evaporates more quickly than water so leaving a dry sample that will not
phase-transform any further. Alternatively, suspending the precipitated mass of solid in water
for washing followed by centrifugation and decanting was also done because separating the fine

powders from water by filtration was a time-consuming procedure.

(p-8) The filtered precipitates formed of whichever substituted HAp targeted were then dried in
an oven (~100 °C) overnight and then manually ground if necessary, in an agate mortar and pestle
to reduce the particle size followed by further drying in an oven to remove any moisture picked

up during the grinding process.

(p-9) As a final step, the obtained poorly crystalline and substituted HAps were then calcined at
900 °C or higher for a certain length of time, in order to obtain a high crystallinity powder. This
was then followed by the usual solid-state structural characterization methods like X-ray powder

diffraction for instance.

The flowchart for the synthesis process of substituted and co substituted hydroxyapatite

materials by using the precipitation method is shown in Fig.3-1.
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Figure 3-1 flowchart for the synthesis process of substituted and co substituted hydroxyapatite
materials by using the precipitation method.

Route (2): Substitution of hydroxyapatite by an ion exchange procedure:

Substituted HAp powders can be easily achieved by using commercially sourced HAp powders,
followed by immersion of the powders in solutions containing different dissolved metal ions. This
then allows ion exchange of these ions to occur with ions from the HAp crystallites. The full
description of the standard synthesis procedure to prepare substituted hydroxyapatite by ion
exchange procedures is given in the following steps (i-1) to (i-3) which were adapted from

synthesis routines as described in the current literature [82,134-136]:

90



(i-1)-Different solutions of metals salts (from which the substituting ions are taken) were
prepared, by dissolving a stoichiometric amount of salts (1 M) in (1000 mL) of deionized water

with stirring for 1 hour at room temperature.

(i-2)- Solid commercially sourced HAp was subsequently soaked in the prepared metal ion
solutions (in the ratio of 200 mL solution per gram of HAp solid) with constant stirring for 3

hours to achieve the substituted MHAps.

(i-3)- The ion exchanged solid was then extracted from the solution by filter paper or by
decanting. The ion-exchanged solid material is generally washed with deionized water several
times, followed by ethanol. As described earlier, the ethanol removes residual water and
evaporates quickly leaving a dry sample that will not transform any further. Alternatively,
suspending the dried powder in water for washing followed by centrifugation and decanting
was also done as washing and filtering the fine powders were found on occasion to be time

consuming.

(i-4) After this, any ion exchanged solid formed of whichever substituted HAp targeted for was
then dried in an oven (~100 °C) overnight then manually ground (where necessary) in an agate
mortar and pestle to reduce the particle size and then redried again in an oven to remove any

moisture absorbed during the grinding process.

Fig.3-2 is anillustration of the synthesis process of substituted and co substituted hydroxyapatite

materials by using the ion exchange route.

Soaking solution

= HAp particles

HAp soaked in various metal
salt solutions to prepare
substituted HAps

Figure 3-2 The synthesis process of substituted and co substituted hydroxyapatite materials by using an
ion exchange method.
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Route (3): Formation of substituted HAps via hydrolysis of precursor CaP phases:

As discussed in the literature [53], HAp powders can be prepared through a hydrolysis process of
several types of calcium phosphate compounds. For example, dicalcium phosphate dihydrate
(DCPD )as well as many other precursors can be hydrolyzed to obtain calcium-deficient HAp
materials[53]. This approach has several advantages in that only a single precursor is required,
and it can lead to calcium-deficient HAps as products which are more soluble compared to

“stoichiometric” HAp.

The hydrolysis method is an effective route when the major goal of any researcher is to
convert a commercially available CaP compounds such as tricalcium phosphate into HAp
[53]. HAp material synthesized by hydrolysis methods is said to possess a good composition
and morphology of crystals, because of the fact that there is only a limited number of
variables that play an important role in the hydrolysis process such as temperature, ratio

and composition of the starting reagents, as well as pH[137].

To the author’s knowledge no previous work has been specifically performed to prepare
substituted and co substituted HAp powders via the hydrolysis route of synthesis when using a
specific reagent such as MCP (monocalcium phosphate) as a precursor. Like other CaP precursors
such as brushite, octacalcium phosphate or tricalcium phosphate that have been subject to
hydrolysis procedures in the past [35], MCP can be hydrolysed to produce HAp but previous
reports do not exist for it, especially in regard to making substituted HAps. Therefore, it has
been the aim in this study to explore the use of this precursor as a novel synthesis route for
preparing substituted and co substituted hydroxyapatite at room temperature by using

monocalcium phosphate (MCP, Ca(H2PQa)2) together with calcium hydroxide (Ca(OH),).

The procedure used involved the use of equimolar amounts of monocalcium phosphate

(MCP) and Ca(OH)Zto prepare the substituted hydroxyapatite. As mentioned previously [35],

calcium deficient HAp (Caiox (POa)sx(HPOa)x(OH)2x, 0< X <1) is generally expected from
syntheses involving the hydrolysis approach[35] therefore, in the present study, calcium
hydroxide (Ca(OH);) was used with monocalcium phosphate to supplement the calcium level

in any resultant HAp products (and hence avoid the production of calcium deficient HAp).
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This approach also leads to a mixture with a raised pH which is a stimulus for the hydrolysis
reaction to take place. As shown below, steps (1) to (5) provide the full description of the
synthesis procedure as developed in the present study for preparing unsubstituted HAps

from MCP and Ca(OH),.

(1) A stoichiometric amount of Ca(OH), powder was added to (100 mL) of doubly distilled hot
water heated to 50-70 °C with stirring, after which a stoichiometric amount of MCP was also

added. This step can be considered as a dissolution and “pre-doping” step.

(2) The reaction temperature of the solution was maintained within a certain range, i.e. 50-70 °C
for two hours and at pH ™ 11, during the hydrolysis process to encourage formation of the HAp

phase through hydrolysis of the precursor compounds.

(3) After the two hours of reaction to allow hydrolysis as described in (2) had passed, the reaction
mixture was magnetically stirred for a further 24 hours. After that, the precipitate was separated
from the solution by filtering through Whatman filter paper or by decanting. The precipitate was
then rinsed with deionized water several times, followed by ethanol rinsing which removes any
residual water and evaporates quickly leaving a dry sample that does not phase transform any
further. As done with the precipitation synthesis procedure described earlier, suspending the
produced solid in water for washing followed by centrifugation and decanting was also used as
an alternative for washing the product powder because any filtration procedures involving the

finer powder products could be very time consuming.

(4) After this washing procedure, the precipitate was dried in an oven (~100 °C) overnight then
manually ground (where necessary) in an agate mortar to reduce the particle size and then re-

dried in an oven to remove any residual solvent traces picked up during grinding.

(5) The obtained HAp powders were then calcined at 900 °C or at other temperatures for 1 hour
(as an example), in order to obtain high crystallinity HAp powders. This was also carried out with
later analysis to determine their thermal stability at high temperature (i.e. the ability of metals

to stabilize HAp with respect to other phases such as TCP (beta or alpha form) for instance.
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Synthesis procedure for preparation of substituted and co substituted HAp by a novel

hydrolysis method in detail:

The experimental description (for the current study) of the typical synthesis procedure
(described generally above) followed with the hydrolysis method of generating substituted

and co substituted HAps is hence given below in steps (h-1) to (h-5):

(h-1) A stoichiometric amount of Ca(OH), powder was added to (100 mL) of doubly distilled hot
water heated to 50-70 °C with stirring, after which a stoichiometric amount of MCP was also
added, followed by the addition process of the required amount of metal salt precursor to
prepare substituted HAp materials. This step can be considered as a dissolution and “pre-doping”

step.

(h-2) The reaction temperature of the solution was maintained within a certain range, i.e. 50-70
°C for two hours and at pH ~ 11, during the hydrolysis process to encourage formation of the

HAp phase through hydrolysis of the precursor compounds.

(h-3) After the two hours of reaction to allow hydrolysis as described in (h-2) had passed, the
reaction mixture was magnetically stirred for a further 24 hours. After that, the precipitate was
separated from the solution by filtering through Whatman filter paper or by decanting. The
precipitate was then rinsed with deionized water several times, followed by ethanol rinsing which
removes any residual water and evaporates quickly leaving a dry sample that does not phase
transform any further. As done with the precipitation synthesis procedure described earlier,
suspending the produced solid in water for washing followed by centrifugation and decanting
was also used as an alternative for washing the product powder because any filtration procedures

involving the finer powder products could be very time consuming.

(h-4) After this washing procedure, the precipitate was dried in an oven (~100 °C) overnight then
manually ground (where necessary) in an agate mortar to reduce the particle size and then re-

dried in an oven to remove any residual solvent traces picked up during grinding.

(h-5) The obtained substituted HAp (M-HAp) powders were then calcined at 900 °C or at other
temperatures for 1 hour (as an example), in order to obtain high crystallinity HAp powders. This

was also carried out with later analysis to determine their thermal stability at high temperature
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(i.e. the ability of metals to stabilize HAp with respect to other phases such as TCP (beta or alpha

form) for instance.
The flowchart for the synthesis process of substituted and co substituted hydroxyapatite

materials via the hydrolysis route is shown in Fig.3-3.

MCP+ Ca (OH); +Metal salt
precursor

l

pH adjustment

(NaOH solution)

l

Aging process

(24 hours)

|

Filtration of precipitate

Drying

|

Calcination

Figure 3-3 flowchart for the synthesis process of substituted and co substituted hydroxyapatite
materials by using hydrolysis methods.

3.2 The common reagents and solvents that were used in this project to prepare

the cationic, anionic and co-substituted HAp powders:

During this project various chemical reagents were used. The specific amounts of the reagents
(i.e. weights) that were used in the various preparations have been indicated elsewhere (see

Chapters 4, 5, 6 and 7) which represent the results and discussion chapters of the present study).
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The following Table 3-1 displays the common chemical reagents that were used to prepare and
characterize all substituted and co substituted HAp materials during this project by the

precipitation, hydrolysis and ion exchange methods discussed earlier:
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Table 3-1: Reagents that were used to prepare the cationic, anionic and co substituted HAp materials in this study by the different synthesis
routes, namely precipitation, hydrolysis and ion exchange methods.

monohydrate (MCPM)
(Ca(H2PO4)2.H20)

Chemical name Grade Brand Notes
Hydroxyapatite >90% purity | Fluka Used to prepare BrAp and Sap by the ion exchange method.
Tri-calcium phosphate >99% purity | Fluka Used to compare the XRD diffraction patterns with all
substituted and co substituted materials.
Calcium nitrate anhydrous (Ca(NOs)2) | 299.0 % BDH Used to prepare all substituted and co substituted materials
by the precipitation method.
Disodium hydrogen phosphate 299.0% Sigma Aldrich | Used to prepare all substituted and co substituted materials
(Na2HPOa) by the precipitation method.
Calcium phosphate monobasic (MCP | > 98.0% Sigma Aldrich | Used to prepare the following systems by the hydrolysis
for monocalcium phosphate) method:
(Ca(H,PO04)2) . Ca10xMx(P04)s(OH)2), where ( M= Zn, Sr and Cu
Jand (X=0.5, 1.0 and 1.5).
° RbHAp (1% wt. Rb*).
° BrAp ( Ca10(POa4)sBr2 )and Sap (Ca1o(POa4)eS)
Calcium phosphate monobasic > 95.0% Sigma Aldrich | Used to prepare the following systems by the hydrolysis

method:

° Used to prepare EuHAp ( 1% wt. Eu3*) and
ScHAp (1, 3 and 5% wt.Sc3).
° Used to prepare NbHAp materials (1,3 and 5%

wt. niobate ions) and BHAp (1% wt. borate ions).
° NaCIHAp  (CaioxNax(POas)s(OH)2xClx, where
x=1.0).
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Calcium hydroxide (Ca(OH).) 295.0% Sigma Aldrich | Used in preparing all substituted and co substituted materials
by the hydrolysis method
Sodium hydroxide (NaOH) >297.0% Merck Used to adjust the pH of reaction solutions of all substituted
and co substituted HAPs prepared by the precipitation,
hydrolysis and ion exchange methods
Potassium bromide (KBr) IR Sigma Aldrich | Used to make KBr disks in the IR characterization of all
spectroscopy substituted and co substituted HAps
grade
Nitric acid (HNO3) For analysis, | EMSURE ™ Used to digest all substituted and co substituted HAps when

65%

analysed by ICP-MS methods
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3.2.1 Reagents used to prepare cationic substituted HAp with the following specific
formulae: Caio-AM,(PO.)s(OH).), where ( M= Zn, Sr and Cu )and (X=0.5, 1.0 and 1.5

)by the hydrolysis method:

The following table (Table 3-2) shows the specific chemical reagents that were used to substitute
Zn?*, Sr¥* and Cu?* ions into the HAp lattice by the hydrolysis method using different levels of
substitution.

Table 3-2 Specific reagents that were used to substitute Zn%, Sr** and Cu?* ions into HAp structure by

the hydrolysis method with the following formula: Cai0.<Mx(P0O4)eé(OH).), where ( M= Zn, Sr and Cu )and
(x=0.5,1.0and 1.5).

Chemical name Grade Brand

Zinc nitrate hexahydrate (Zn(NOs),.6H,0) 98.0% Sigma Aldrich

Strontium chloride hexahydrate
(SrCl,.6H,0)

Copper (ll) chloride (CuCly) 97.0% Sigma Aldrich

99.0% Sigma Aldrich

3.2.2 Reagents that were used to prepare cationic substituted HAp ( specifically 1%
RbHAp (1 wt.% Rb*), 1% EuHAp (1 wt.% Eu3*) and 1, 3 and 5% ScHAp (1, 3 and 5

wt.% scandium ions) by the precipitation and hydrolysis methods:

The following Table (Table 3-3) displays the chemical reagents that were used to substitute Rb*,
Eu* and Sc3* ions into HAp crystal by various preparation methods, namely by precipitation and

hydrolysis methods:
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Table 3-3 Reagents that were used to substitute Rb*, Eu** and Sc* ions into HAp crystal by the
precipitation and hydrolysis methods:

Chemical name Grade Brand Notes

Rubidium chloride (RbCl) >99.0% Sigma Aldrich Used ?{Z?iso?qirce of

Europium (IIl) nitrate
pentahydrate 99.9% Sigma Aldrich

(Eu(NO3)3.5H,0)

Used as a source of
Eu3*ions

Used as a source of
Sc3*ions

. . Used to convert Sc,03
Hydrochloric acid (6 M HCI) - Merck t0 ScCls (H20)s

Scandium (lll) oxide (Sc203) 99.9% Smart elements

3.2.3 Reagents that were used to prepare anionic substituted HAp materials, namely
(NbHAp, BHAp, Br.Ap, and SAp powders) by the precipitation, hydrolysis and ion
exchange methods:

The following Table (Table 3-4) displays the chemical reagents that were used to substitute

niobate, borate, bromide and sulfide ions into the HAp structure by various preparation methods,

namely by the precipitation, hydrolysis and ion exchange methods:

Table 3-4 Reagents that were used to substitute niobate, borate, bromo and sulfide ions into HAp
structure by the precipitation, hydrolysis and ion exchange methods:

Chemical name Grade Brand Notes
Used as a source of
. . niobate ions by using the
Niobium (l11) oxide (Nb20s) 99.99% BDH .
precipitation and
hydrolysis methods
Used as a source of borate
Sodium tetraborate decahydrate 599.5% Baker Analyzed ions by using the
( Na2B407.10H,0) =II0 reagents precipitation and
hydrolysis methods
Used as a source of Br ions
Sodium bromide (NaBr) 99.0% Sigma Aldrich by using the |‘:)reC|p|-tat|on ’
hydrolysis and ion
exchange methods
Sodium hydrosulfide hydrate . . Used as a source of S* ions
99.09 S Aldrich
(NaSH. xH20) % 'gma Aldric by using the precipitation,

100



hydrolysis and ion
exchange methods

Merck Used to convert Nb,Os to

Hydrochloric acid (12 M HCI) - NbCl
5

3.2.4 Reagents that were used to prepare co substituted HAp materials (NaCIHAp) by

the precipitation and hydrolysis methods:

The following Table (Table 3-5) shows the chemical reagents that were used to co substitute

sodium and chloride ions into the HAp structure by the precipitation and hydrolysis methods:

Table 3-5 Reagents that were used to co-substitute sodium and chloride ions into the HAp structure by
the precipitation and hydrolysis route:

Chemical name Grade Brand

Sodium chloride (NaCl) 99.0% Sigma Aldrich

3.3 Characterization of the substituted HAps

During this project, an array of techniques has been used to characterize the substituted HAps to
confirm 1) that HAp has actually formed, 2) that substitution of lattice ions or functional groups
out of the HAp has actually taken place, and 3) to monitor the effect of the substituents on the

HAp crystal lattice.

The following text details the techniques that were used in this study to characterize the
prepared cationic, anionic and co substituted HAp powders. A brief introduction as to the utility
of the technique is given first and then the equipment used in this study as well as sample

preparation protocols.

3.3.1 Microstructural Characterization:
3.3.1.1 Microscopy: Scanning Electron Microscopy (SEM):

Microscopic analysis remains one of the most effective techniques for the characterization of
biomaterials due to the information gained through visual analysis. Scanning electron
microscopy (SEM) [138] is a widely used technique for imaging physical features of samples. It

can be considered as a method for evaluating surface morphology and to determine the

101



microstructural and surface features of the materials. SEM imaging is based on scattered
electrons, where these scattered electrons are classified as backscattered or secondary
electrons. The principle of that technique depends on the information that is collected due to the
scattering of electrons from the sample/test piece when the electron beam irradiates it. The
emitted electrons from the electron shells from the materials under examination are considered
a signal that contains all the required information about the sample’s surface structure and
composition. Generally, SEM is equipped with other instrumentation such as energy-dispersive
X-ray spectroscopy (EDX) and/or wavelength-dispersive X-ray spectroscopy (WDS) detectors that

are used for elemental analysis or chemical characterization.

The SEM was used to analyze the surface morphology of the substituted HAp compounds to
check whether they were of porous or crystalline character. One way the observations from SEM
could be used , for example, is that the detection of regular shape in the particles with clearer
contours can give a good idea about crystallinity since it is related to increases in crystallinity,
whereas irregular shapes with no obvious contours are related to a decrease in crystallinity [139].
Also, SEM can provide an idea about agglomeration that may occur as a result of substitution or
whether the substituents are uniformly distributed throughout the HAp sample. Homogeneity of
morphology and crystallite shape (e.g. whether spheres, needles or rods or other shapes are

observed or not) can also be observed or confirmed using SEM.

In this project, samples for SEM analysis were prepared as follows: a thin layer of the sample
powder was spread and adhered to double-sided conducting black carbon tape on the surface of
15 mm aluminium sample holder stubs. These were then sputter-coated with pure platinum
and analysed using a Hitachi S-4700 Field Emission Scanning Electron Microscope [140], at 5 kV,

but in the case of EDX analysis, 15 kV was used.

3.3.1.2 Energy dispersive X-ray Analysis (EDX):

Energy dispersive X-ray (EDX) spectroscopy [141] provides a semi-quantitative elemental analysis
of the sample when it is examined by SEM. Combination of EDX with SEM provides elemental
analysis combined with high resolution images of surface topography with spot analyses possible.
EDX can be used to evaluate the elemental composition of a sample. Bombarding the sample’s

constitutional atoms with a high energy X-ray beam excites an electron in an inner shell and ejects
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it from the shell leaving behind a hole or vacancy that a higher energy electron fills. The
difference in energy between the higher and lower-energy shells may be released in the form of
an X-ray, and by comparing the energy collected with a pattern related to atomic weight, a
guantitative spectrum can be obtained. In other words, the EDX works by detecting x-rays
characteristic of different elements and arranging them in an energy spectrum which EDX
software then analyses to define and semi-quantify the elemental composition. The data that is
generated by EDX analysis consist of spectra with peaks corresponding to all the different
elements that are present in the sample. Hence, energy-dispersive X-ray analysis (EDX) was used
for qualitative elemental analyses of any new substituted HAp materials prepared. Sometimes
the sensitivity was not enough to detect low levels of substituted elements in the HAps in which
case Inductively coupled plasma mass spectrometry (ICP-MS) (see later) was used to detect

anything below the threshold sensitivity of the EDX technique.

In this project, the EDX technique was used to characterize specific systems of substituted and
co substituted HAp powders, namely: 1% EuHAp (1 wt. % Eu3*), 1% ScHAp (1 wt.% Sc3*), SAp and

NaClHAp powders that were prepared by the precipitation method.

EDX analysis was carried out and elemental mapping done to examine the distribution of sodium,
carbon, calcium and phosphate ions in the microstructure of these systems and to obtain a
clearer idea about their atomic percent in the prepared compounds. Although some elements
of these systems could not be detected by EDX (such as scandium ions) due to the lower
concentration of these ions, their presence in the prepared substituted HAp powders was

confirmed by ICP-MS results.
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3.3.2 FTIR Spectroscopy:

IR spectroscopy is a form of vibrational spectroscopy based on the interaction of IR radiation with
the molecular vibrations of the chemical bonds in molecules that comprise the material [142].
This is a highly useful technique for probing the phases of calcium phosphate compounds. The
substituted HAps prepared were investigated primarily via preparation of pressed KBr pellets and

use of transmission IR spectroscopy on a Fourier transform infrared (FTIR) spectrometer.

FTIR analysis was performed to identify the functional groups present in the HAp particles. This
provides information about the constitution and phase composition of the products. The FTIR
spectra of the substituted and co substituted HAp contain in common several bands
corresponding to hydroxyl (OH~) and phosphate (PO43~ ) groups of the HAp. In terms of certain
substituents, COs?™ ion can easily replace OH™ (A sites) and POs>~ (B sites) to produce
characteristic IR peaks at 1500-1545 cm™ and 1420-1470 cm™, respectively which show the
substituted carbonate moieties in so called carbonated HAp. In a number of preparations in this
study this may be an unintended impurity because of the ease of formation of the carbonated
HAp under the experimental conditions used to synthesize the substituted HAps [143] (i.e. with
the reaction solution exposed to the ambient atmosphere). In this study, all samples were
prepared for FTIR analysis via the following steps, 2 mg of each HAp sample was mixed with 300
mg of spectroscopic grade potassium bromide (KBr). These amounts were ground togetherto form
afine homogeneous powder using anagate mortarand pestle. They were then compressed (under
a weight of 10 tons) using a KBr disk press to form semi-transparent pellets. The pellets were
then placed in a disk holder and analyzed by FTIR in transmission mode using a Perkin ElImer 400
FT-IR/FT- FIR spectrometer which used Spectrum software for processing. The spectra were
obtained between 400 and 4000 cm™, with a resolution of 4 cm™, with 3 scans. A background
spectrum was recorded before each analysis by scanning an empty KBr disk sample holder in the

pathlength of the beam and ratio-ing the sample spectrum by this spectrum.

Spectra were analysed to confirm the presence of the main chemical groups of HAp samples such
as OH- and PO4 3 fundamentals as well (where detectable) as any peaks due to substituents (e.g

carbonate) [140].
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3.3.3 Inductively coupled plasma mass spectrometry (ICP-MS) analysis:

Confirmation of the incorporation of the substituent into the HAP lattice is only able to be
possible in most cases by the use of elemental analysis techniques on digest solutions from the
substituted HAp samples produced. They are required as the amount of substitution may be very

small and not clearly detectable by other techniques such as EDX (see earlier comment on this).

Inductively coupled plasma mass spectrometry (ICP-MS) [144] is a widely used analytical
technique and is commonly applied for trace elemental analysis where the Ca, P, and any
elemental content from substituents can be determined. Acid digested samples are firstly
converted to aerosols and then passed into a torch body and mixed with heated argon gas,
producing an argon plasma flame. The atomized and ionized sample is then transferred into a

pumped vacuum system through a quadruple mass filter and directed to a mass spectrometer.

ICP-MS provides a qualitative and quantitative analysis for a large part of the elements of the
periodic table, with detection limits at or below the part per trillion (ppt) level. This technique is
a very critically important one for the classical (destructive) chemical analysis of the substituted
HAps. The results from analysis of substituted HAp digests need to be compared to that of
unsubstituted HAp compounds to help confirm whether doping (substitution) of a certain
element into the HAp lattice has actually occurred, because the substitution process of calcium
ions (Ca%*) or phosphate groups (PO4>) by any other ions or functional groups causes a clear
change in the value of Ca/P mole ratio of substituted HAp compared to that measured for

stoichiometric or unsubstituted HAp.

The Ca, P and M contents (M represents the cations or anions that might be substituted into
the HAp lattice) in the substituted HAps produced in the present study were analysed by
using an Agilent 8900 Inductively Coupled Plasma - Mass Spectrometer (ICP-MS; Agilent
Technologies, Santa Clara, California, USA) controlled by a MassHunter Workstation (version

4.5).

Typically, solid samples were weighed out (~0.1 g) into plastic tubes and completely
digested in a mixture of concentrated nitric acid (2.0 mL, 68%) and distilled water (1.0 mL).
These were then sealed and heated in a water bath (at 80 °C) to ensure complete digestion.
The solutions in the tubes were then made up with distilled water to produce 50.0 mL of
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prepared sample. A five-point calibration curve, consisting of concentrations of between 0.1
and 500 ppb was prepared for all trace elements using a stock standard IV71-A (standard
multi-element solution from Inorganic Ventures). A separate calibration curve, consisting of
concentrations between 100 and 10,000 ppb was prepared for the major elements (Ca, Si,
P, S, K, Fe) using single-element standards (Inorganic Ventures). The ICP-MS standards were

analysed every 20 samples and re-calibration was performed every 100 samples.

The analysis process of the prepared samples was performed under the following ICP-MS

operating conditions:
Forward power (W) : 1570
Gas flows (Ar in L/min)
Plasma : 15
Auxiliary :0.90
Nebuliser (carrier gas): 0.95
Makeup gas :0.10
Sampling Depth (mm) : 8.0

The carrier, auxiliary and makeup gases were argon gas, but they were introduced at
different points to ensure the plasma was hot enough, so that the ions generated are passed
through in an accurate manner. On the other hand, the sample depth represents how far
away the plasma is from the cones at the interface (It represents how far the torch is from
the cones at the interface, to ensure optimum ion transmission from the torch through the

cones at the interface).

3.3.4 Powder X-ray Diffraction

X-ray diffraction (XRD) is used to examine powdered inorganic crystals by measuring the degree
of crystallinity, determining the size of crystallites and calculating the lattice parameters that are

affected by the substitution process in the HAp lattice. Along with ICP-MS, it is thus a very
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important technique for characterizing the substituted HAps and the impact the substituted

atoms or functional groups have on the HAp crystal lattice.

In this technique, X-rays of a known wavelength are passed through a sample to examine its
crystalline structure. The wave nature of the X-rays means that the lattice of the crystal gives a
unique diffraction pattern, which results in a pattern of peaks of ‘reflections’ at different angles
and with various intensities. The diffracted beams from atoms in successive planes cancel unless

they are in phase, and the condition for this is given by Bragg’s law [50].
A= 2.0.SIN O e e e e st st st st st e e e e e e s e n e n bt b et e s enees (2)

where A is the wavelength of monochromatic radiation (A = 1.54098/3), dis the distance between

the different planes of atoms in the crystal lattice and 6 is the angle of diffraction (see Fig. 3-4)

Figure 3-4 : The diffraction of X-rays by the planes in a crystal [140] .

3.3.4.1 Sampling for XRD

In this study, the prepared samples of substituted and co substituted HAp were ground into fine
powders and packed into sample holders with even distributions of powder to obtain a flat

surface in the sample holder (see below Figure 3-5). The diffractograms of these samples were
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recorded using a Panalytical Empyrean Series 2 diffractometer, with the following instrument

parameters:
Anode Material : Cu
Generator Settings : 40 mA, 45 kv
Scan range : 10-60 °
Scan step size : 0.026 °
Time per step (ms): 236.64

Post diffractogram acquisition, calculations such as Rietveld refinement, phase identification,
crystallite size (Doo2 reflection plane), the degree of crystallinity and determination of the lattice
parameters (a, b and c) of the apatite hexagonal unit cell were carried out using the XPert High

score Plus (Panalytical, the Netherlands) software.

Figure 3-5 Sample holder as used in powder X-ray diffraction and the way powdered samples were
packed into the holder with an even surface.

3.3.4.2 Phase Identification:

For the phase identification step, the X-ray diffraction patterns of the prepared cationic, anionic
and co substituted HAp powders were directly compared to both XRD patterns of standard HAp
(card no. 01-074-9780) and B-TCP (card no. 00-009-0169) through using XPert High score Plus
software. Comparison was also made to any other phases that may have been present within
the calcium phosphate compounds such as a-TCP (card no. 00-029-0359), mono calcium

phosphate(MCP, card no. 00-009-0390), mono calcium phosphate monohydrate (MCPM, card
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no. 00-003-0284), dicalcium phosphate anhydrous (DCPA, card no. 00-003-0428), octacalcium
phosphate (OCP, card no. 04-013-3883), calcium oxide (CaO, card no. 04-017-9575), calcium
hydroxide ( Ca(OH);, card no. 04-014-7725) and calcium carbonate (CaCOs, card no. 01-078-4615).

In addition, the X-ray diffraction patterns of the prepared cationic, anionic and co substituted
HAp powders were compared directly with the experimentally acquired XRD patterns of various
kinds of commercial compounds such as: B-TCP, COsHAp (carbonated hydroxyapatite), NazHPOg,
Ca(NOs)2, MCP, Na,COs3, Ca(OH); and CaCOs.

3.3.4.3 Crystallinity and Crystallite size (Do reflection plane):

The degree of crystallinity is determined as a percentage from the XRD patterns obtained

between 10° to 60° (28) and calculated using the following equation [145]:

(lzpp — V112
X (%) (—

/300 ) % 100
1[30[:'

where: ( |00 ) is the intensity of (300) diffraction peak and (V1121300) is the intensity of the hollow
(valley) between the (112) and (300) diffraction peaks of HAp.

The crystallite size of each substituted and co substituted HAp materials were calculated using the

Scherrer equation [146] which is given as:

D = 0.9 B COS O ettt ettt ettt et ettt et e ettt ettt et e be e et et ebeea bbbt b shetea bt eas et aetberaae et nnanees (3)

Where A :is the wavelength of the incident X-ray (CuKy radiation =0.154098 nm), B : is the full width at
half maximum (FWHM) in radians, and © : is the diffraction angle in degrees. The crystallite size (Doo2)

was calculated using the peak corresponding to the reflection plane of the (002) peak.

3.3.4.4 Lattice Parameter Determination and the volume of the hexagonal unit cell :
The spacing of the lattice points in a crystal is an important quantitative aspect of its structure
and its investigation by X-ray diffraction. In the case of the hexagonal crystal structure of HAp,

the lattice parameters are denoted by (a=b), and ¢, and are determined from the relationship

between the distance (d) of two adjacent planes and the (h k /) Miller Indices by using equation
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4 below [147]. The substitution process of any ions or functional groups into the HAp crystal

lattice causes a clear change in the lattice parameters a and c.

] 4(hf+hk+kf) I
—_— |+

i
= (i

Where, (d) is the distance of two adjacent planes and (h k /) refer to the Miller Indices.

Hence calculations of lattice constants can be used as obvious evidence of the ion replacement

process in the HAp crystal lattice.

In the present study the lattice parameters of the prepared HAp, “unsubstituted”, substituted
and co substituted HAps materials were calculated by using Highscore plus software that matches
the Le Bail mode. The Le Bail whole powder profile fit can be performed to extract the unit cell
parameters [148] through performing a Rietveld refinement process. The Rietveld refinement
method considers the positions, the intensities and the shape of the powder diffraction peaks.
The lattice parameters and the space group of the unit cell define the peak positions while the
atom types, positions and vibrations define the peak intensities [148]. In the refinement process,
an x-ray diffraction pattern is simulated based on the expected space group and lattice
parameters of the sample. This simulated pattern is then compared to experimental data, and
the differences between the simulated and experimental pattern are minimized in a least-
squares fitting procedure [149]. In other words, for the application of the Le Bail method, pre-
determined approximate lattice parameters, either from a structural model provided in the
literature or deduced from indexing of the powder data, must be available. Ideally the space
group of the crystal is also known. Therefore, the XRD patterns of the prepared HAp, substituted
and co substituted HAp powders were refined as discussed in the literature [8] as a hexagonal
structure (space group p63/m) with lattice parameters a=b=9.4261 A and c= 6.8971 A and a =
B=90°, whereas y = 120 “through using the Highscore plus program. The results of the refined

crystal constants (a and c) were identified and reported in result sections.

The volume (V) of the hexagonal unit cell of each substituted and co substituted HAp materials

was then calculated using the following formula:

V= 2.58982C [147] wovvveeeeeeveesseeeseeseeseessessssssessss e sessessesess e sesses e seeses e eessesssess e seesssseeessesessses oo (5)



where a and c are the refined lattice parameters of the apatite structure. Changes in the overall
volume of substituted and co substituted HAp materials display whether the dopant substituted
into HAp crystal is smaller than the major lattice components of HAp (i.e. Ca?*, PO43 and OH")
which can cause a contraction and shrinkage in the unit cell, or whether it is bigger which results

in an expansion of the unit cell dimensions.

3.3.5 Mechanical tests:

Rationale for mechanical testing of substituted hydroxyapatites

Mechanical behaviour is an important factor when studying the performance of biomaterials that
are used in biomedical fields such as in implant materials. As an example, the replacement
process of the femoral stem of a total hip must bear static and cyclic loads imposed by body
weight and muscle forces without failure for the lifetime of the implant [150]. Therefore, bone
graft material with good mechanical properties and appropriate biological characteristics should
also be developed to successfully perform bone replacement surgery [151]. HAp materials as
mentioned previously, provide for a very desirable material for biomedical applications because
of several properties such as bioactivity and biocompatibility, but some of its mechanical
characteristics when in its pure state greatly limit its application, so it was of interest to study
the effect of the substitution process on the value of mechanical strength [151] to see if any

improvement (or worsening) of mechanical properties occurs as a result of substitution.

Mechanical properties of materials are characterized by the response of a material to applied
loads commonly relating to stress and strain. While the stress is defined as the force acting per
unit area over which the force is applied, the strain is considered as the change in dimension per

unit length.

Even though the compressive strength of some HAp ceramics, which are widely used in medical
applications, exceed those of natural bone [152], they are rarely used as implants in loaded parts
of the skeleton because they are very brittle, liable to rapid crack growth, and not durable under
load. For example, most of the loaded dental HAp implants when implanted in a past study, were
observed to fail within one year [35]. The mechanical properties of HAp materials as reported
in the literature [153]depend on many factors such as crystallinity, agglomeration, stoichiometry,
impurities, substitution levels and particle size. The effect of impurities and substitution levels
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on the mechanical properties of HAp powders has not been fully investigated yet. Therefore, in
this project it was the aim to investigate the effect of such factors on the mechanical

characteristics of HAp powders to see if significant changes occurred.
Experimental details of mechanical testing

In this project mechanical testing was performed for specific systems that were prepared by the

hydrolysis method namely:

[EEN
[

unsubstituted HAp powders prepared by the hydrolysis method.

2- Cationic substituted HAp materials prepared by the hydrolysis method: MHAp with the
following chemical formula : Ca10-xMx(POa)s(OH)2 (where M=Zn, Sr and Cu, x=0.5, 1.0 and
1.5), 1%EuHAp (1 wt.% Eu3*) and 1% ScHAp (1 wt.% Sc3*) powders.

3- Anionic substituted HAp materials prepared by the hydrolysis method: 1% B4O;HAp (1
wt.% B4O7% ions, BraAp ( Caio (PO4)sBr2) and SAp powders ( Caio(PO4)sS).

4- Co-substituted HAp materials prepared by the hydrolysis method: NaClHAp (

CagNa(P0O4)sCIOH ) powders.

Only those systems that were prepared by the hydrolysis method could be studied due primarily
to the limited amount of prepared substituted materials made available by the precipitation

method which were not enough to perform such tests.

The following tests were used to evaluate samples for their mechanical properties. The
required amount of substituted HAp materials to perform these tests (with allowance for

replicates) was approximately 5 g per sample.

3.3.5.1 Compression tests:

Compression testing is applicable and suitable for biomaterials that are prone to or subjected to
compressive forces and loads in vivo such as orthopaedic implants [154]. In compressive loading,
the force is applied perpendicularly to the surface of the body or object. In vivo, it creates a

shortening and widening of the bone as is commonly seen in human vertebra.
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The purpose and goal of compression tests are to determine the behaviour or response of a
material while it experiences a compressive load by measuring the fundamental variables: strain,

stress, and deformation.
The compressive strength can be calculated using the following equation:

Compressive StrENGLh = F/A....... i s sse e sesssssssssessssssnssnssnssessessennn (6)
where F is a failure load (in Newtons, N), and A is the sample cross-sectional area (mm?).
Although, the load applied in human bones is a complex combination of several forces such as
bending, torsion, tension as well as compression load [155], the compressive strength can be
considered as a major factor that is used to describe the mechanical behaviour of bone

substitutes [5], especially when being used in load-bearing areas [6].
Sample Preparation

Because of the limited amount of substituted and co substituted HAp powders that had been
prepared during this project, the cylindrical specimens (of the HAp —based materials) of (10 mm)
height and (11.2 mm) in diameter were compacted from the substituted and co substituted HAp
powders in a hydraulic press through the use of standard dies customarily used in FTIR pellet
preparation. Several researchers had also, used the standard die for pellets preparation in IR-

spectroscopy to prepare their samples for mechanical investigation such as Dorozhkin et al. [156].

In the present study, 1.5 g of each material prepared by the hydrolysis method was compressed
under a pressure of 3.4473 kN to generate the required dimension of the tested cylinders (10

mm x 11.2 mm).

Afterward, the produced cylinders were dried in an oven for 24 hours at 100 °C, followed by
sintering of the specimens in an electrical furnace at 1000 °C. The temperature of the furnace
was set to increase at a rate of 5°C/min up to the set plateau temperature (1000 °C) and it was
held at this temperature for 2 hours. The sintered cylinders were cooled down to room
temperature (at a cooling rate 5°C/min) and the compression tests were carried out using an
Instron 5982 mechanical testing where a 5 kN load cell was secured in the Instron crosshead and
the crosshead speed set to 1 mm / min (0.017 mm/ s) in the downward direction for compression

of the samples. A high load limit of 4.5 kN was set in the method software to protect the load
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cell from damage. Three replicate samples of each material were prepared according to the
previous procedure and the maximum load was measured. The average of the maximum loads

was used to calculate the value of compressive strength.

Figure 3-6: The cylindrical specimens of (10 mm) height and (11.2 mm) in diameter fabricated from
prepared HAp material produced by the hydrolysis method.

3.3.5.2 Laser Light Scattering Particle Size Analyzer:

Particle sizes of powders were measured using a Malvern Mastersizer instrument which is based
on laser light scattering. The technique of Laser light scattering size analysis is based on the
following principle that particles of a given size scatter light through a given angle where the
angle increases with decreasing particle size. A narrow beam of monochromatic light (the laser)
is passed through a suspension, and the scattered light is focused onto a detector that senses the
angular distribution of scattered light intensity. The observed scattering intensity is dependent
on particle sizes and diminishes in relation to the particle’s cross-sectional area. Large particles
therefore scatter light at narrow angles with high intensity, whereas small particles scatter at

wider angles but with low intensity [157].
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The particle sizes of prepared cationic, anionic and co substituted HAp particles were determined
by means of a laser light scattering particle size analyzer (the Mastersizer 3000). The Mastersizer

system consists of four basic components:

1- Optical measurement unit.
2- Computer system.

3- Malvern operating software.

4- Sample presentation unit.

The optical measurement unit is the main measurement facility for the system, which provides a
collimated laser that passes through the sample to be measured. The scattered laser light from
the sample is detected by the receiver of the optical measurement unit. The data from the
receiver is transmitted to the computer system where the Malvern operating software calculates

the size distribution.

The sample presentation unit disperses samples in approximately 500 mL of water, with
ultrasonic action available to disperse aggregated samples. In a typical measurement using this
method, less than 0.5 g of prepared HAp, substituted and co-substituted HAp powders were
dispersed in water and ultrasonic bath in a Malvern Mastersizer 3000 instrument with the
following parameters set: set refractive index: 1.629, particle absorption index: 0.010 and stirring

speed :3000 RPM.

However, in order to understand the meaning of the results reported by the Malvern Mastersizer

instrument, the following should be taken in the consideration:

The sample to analyze consists of a statistical distribution of particles of different sizes that is
usually represented in the form of a frequency distribution curve or a cumulative distribution
curve [158]. While the cumulative distribution curve shows the relative quantity (%) of particles
smaller than or equal to size x, the frequency distribution curve provides information on how
frequently each particle size is observed based on the number of particles, surface area or volume
of the particles [158]. However, some statistical parameters are also reported. Such parameters

are as follows:

* Mean - ‘Average’ size of population
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e Median - Particle size where half of the population is below/above this point

» Percentile - Maximum particle size for a given percentage of sample volume, used particularly

in volume-weighed distributions

The most common percentiles reported are Dv (10), Dv (50) and Dv (90), where D stands for
diameter and v stands for volume-weighted distribution. Dv (50), the median, is the particle
diameter where 50% of the population lies below/above this value. Similarly, Dv (90) indicates
that 90% of the distribution is below this size and Dv (10) indicates the size where 10% of the
population lies below this value. There can be several ways to define means which are based on
the method of the collection of distribution data and the analysis. According to the results
obtained from the Malvern Mastersizer 3000 laser light scattering method, they can be reported

as shown below;
D [3,2] the surface weighted mean diameter
D [4,3] the volume weighted mean diameter.

When the result is displayed as a volume distribution, D [4,3] is appropriate for monitoring the
coarse particulates in the size distribution, whilst D [3,2] is the most sensitive to the presence of

fine particulates [158].
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Chapter Four
The development of a novel method to prepare
(unsubstituted) HAp by hydrolysis of monocalcium

phosphate (MCP) using calcium hydroxide.

4.1 Introduction:

As discussed in the literature, hydroxyapatite materials can be prepared through using different
synthesis routes, various kinds of reactants as well as several different processing conditions
[35,53-58,127] (see Chapter 2 for details). The final phase and composition of the hydroxyapatite
product are highly dependent on the reaction conditions under which the synthesis takes place

[53].

The hydrolysis approach is one method that has been used to prepare HAp materials through the
reaction of other calcium phosphate compounds such as dicalcium phosphate dihydrate (DCPD)
and TCP [53]. This route is characterized by several features such as the forming of non-
stoichiometric HAp powders and the generation of HAp with needle or plate like morphology in
the micron size range (see Chapter 2 for details). In this project, monocalcium phosphate (MCP)
was selected as a new precursor to prepare unsubstituted and substituted HAp materials because

of the following reasons:

1- The cost of the MCP (monocalcium phosphate) compound is low. For example, the price
of 100 g of MCP (mono calcium phosphate) and MCPM (monocalcium phosphate
monohydrate) is about (NZ$206.00 and NZ$82.80 respectively according to Sigma- Aldrich
prices) [159,160], compared to 10 g of B-TCP and 10 g of a- TCP ( 185 and 199 NZ$
respectively, according to Sigma- Aldrich prices) [161,162]. On the other hand, the price
of 1 ton of MCP ( (mono calcium phosphate) as an industrial grade chemical is 300-500
US S according to Made-in-China prices [163], compared to 770-950 US S for 1 ton of

tricalcium phosphate (according to Made-in-China prices) [164].
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2-

3-

MCP as a material is abundantly available. This is because MCP and MCPM are widely
used in such applications as superphosphate fertilizers [165] and also as popular
leavening agents in industrial baking practice [166].

The compound of MCP is very soluble in water and does not by dint of its dissolution,
introduce any additional cations or anions into the prepared HAp. This is in direct contrast
to other starting materials such as anhydrous calcium nitrate (Ca(NOs);) and disodium
hydrogen phosphate (Na;HPOs) which would introduce sodium ions (which can
potentially substitute into the lattice) into HAp materials as well as nitrate ions (which will

be a contaminant even though they do not substitute into the HAp lattice).

Therefore, in this study, a new route was developed to prepare initially unsubstituted HAp and

later substituted and co-substituted HAp materials by using hydrolysis of monocalcium

phosphate and calcium hydroxide as starting materials as this reaction was regarded as providing

more of a direct route to the HAp. To the author’s knowledge no previous work has been

specifically performed to prepare unsubstituted, substituted and co substituted HAp powders via

this reaction involving the hydrolysis of MCP (monocalcium phosphate) as a precursor with

Ca(OH),.

In relation to this new hydrolysis method, this chapter provides the following insights:

1-

2-

To investigate the ability of the new preparation method (hydrolysis) to be used as an
effectively new method to synthesize unsubstituted HAp powders by using the
combination of monocalcium phosphate and calcium hydroxide.

To evaluate the effect of this new synthesis route on the general properties of
unsubstituted HAp materials such as morphology, chemical composition, substitution
levels, crystallinity, crystallite size, lattice parameters and phase purity, because such
properties depend clearly on the preparation method employed to HAp[167]. This
evaluation process has been carried out through comparing the general characteristics of
unsubstituted HAp powders prepared by the new hydrolysis method with those of
commercial HAp (Fluka-brand) and unsubstituted HAp prepared by the more
conventionally (and more popularly) used precipitation synthesis routes (wet chemical

method).
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In order to achieve the aims of this chapter, the following techniques were used to
characterize the prepared unsubstituted HAp powders and the results of these experiments

are discussed extensively in this chapter:

1- Scanning electron microscopy (SEM)

2- FTIR spectroscopy.

3- Powder X-ray Diffraction (XRD).

4- Inductively coupled plasma mass spectrometry (ICP-MS) analysis

4.2 The Preparation and Characterization of the unsubstituted HAp material
prepared via the novel hydrolysis method using MCP and Ca(OH).:

As discussed in the literature [25,53], HAp powders can be prepared through using different kinds

of synthesis routes such as the hydrolysis route. A specific reagent such as MCP (monocalcium

phosphate) as a precursor was used in the present study. The procedure involved the use of

equimolar amounts of monocalcium phosphate (MCP) and Ca(OH)2 to prepare the

unsubstituted, substituted and co substituted hydroxyapatite powders (see Chapter 3 for

experimental details on the reagents and general approaches taken to synthesis).

The details relating to the actual amounts of the reagents used to prepare the unsubstituted HAp

by the new hydrolysis method are listed in Table 4-1.

Table 4-1: Synthesis details of unsubstituted HAp materials by the MCP/Ca(OH), hydrolysis method.

MCP (Ca(H2PO:);) | Ca(OH)2 | MCP(Ca(H:PO.)2) | Ca(OH). Expected
Sample (&) (&) (mol) (mol) Ca/P mole
: i ratio
Unsubstltut.ed HAp 11,6487 36891 0.0458 0,058 .
by hydrolysis

The typical appearance of the powders comprising the non-sintered unsubstituted HAp materials
synthesized through hydrolysis of MCP (monocalcium phosphate and calcium hydroxide) is

shown in Fig. 4-1.
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Figure 4-1: The general appearance of the powders of non-sintered unsubstituted HAp materials
synthesized by hydrolysis of MCP (monocalcium phosphate) and calcium hydroxide.

In order to investigate the effect of the hydrolysis method on the general properties of prepared
HAp such as crystallinity, crystallite size, the lattice constants, phase purity, morphology and the
chemical composition, 5 g of unsubstituted HAp was also prepared by the precipitation
method as mentioned previously in Chapter 3. The general characteristics of the unsubstituted
HAp powders prepared by the novel hydrolysis method were compared directly also with both
commercial HAp (Fluka) and unsubstituted HAp that was prepared by the more conventional
precipitation route through using different kinds of analysis tests. The results of these tests are

discussed later in this section.

The details relating to the actual amounts of the reagents used to prepare unsubstituted HAp by

precipitation method are listed in Table 4-2

Table 4-2: Synthesis details of unsubstituted HAp materials by precipitation method.

Ca(NO:s): NazHPO4 Ca(NO:s): Na:HPO4 Expected Ca/P

Sample (&) (&) (mol) (mol) mole ratio
Unsubstituted
HAp by 81637 | 4.2335 00498 | 00298 1.67

precipitation

The prepared materials were subjected to various kinds of analysis tests to confirm if
hydroxyapatite had formed, to identify the phase purity, the crystallinity as well as the details of

crystallographic properties such as the crystallite size and lattice parameters.
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4.2.1 ICP-MS analysis of unsubstituted HAp materials prepared by hydrolysis of
MCP/Ca(OH):

The results of the elemental analyses of a) sintered unsubstituted HAp samples prepared by the
MCP/Ca(OH); hydrolysis route, b) sintered commercial HAp (Fluka) and c) sintered unsubstituted
HAp powders prepared by the conventional precipitation route are displayed in Table 4-3. Also,
the starting (calculated) and actual (measured) chemical compositions of the prepared powders
in terms of the calcium/phosphorus (Ca/P) molar ratios as well as the (Ca+Na)/P molar ratios as
determined by ICP-MS are presented in Table 4-3.

Table 4-3: ICP-MS results of commercial HAp (Fluka) and unsubstituted HAp materials prepared by

precipitation and hydrolysis (of MCP/Ca(OH), ) methods after sintering at 900 °C. The concentration is
reported in ppb (ug/L):

. . (Ca+Na)/ P

Sample Cad4 P31 Na23 Ca/P rajclo Ca/P ratio ratio
Theoretical Measured
Measured

Unsubstituted HAp 20000 401240 103797 1.67 1.36 1.71
by precipitation
Unsubstituted HAp
by MCP hydrolysis 769928 423970 78396 1.67 1.40 1.65
Commercial HAp 557227 262446 298 1.67 1.64 1.64

(Fluka)

Table 4-3 reveals that the unsubstituted HAp powders prepared by both routes (i.e. the
hydrolysis and precipitation routes) contain more Na* ions. The measured Ca:P mole ratios of
the samples generated by the precipitation and hydrolysis methods were (1.36 and 1.40), which
are lower than the theoretical Ca:P molar ratios of the stoichiometric HAp powders
Ca10(P04)s(0OH);2 (1.67). The lower Ca:P mole ratios are ascribable to the presence of Na* ions in
the sample which might be substituting into the calcium ion sites in the HAp lattice as a result of
using sodium hydroxide (NaOH) to adjust the pH value of the reaction during the synthesis
process. Therefore, as a result, a reduction in the level of substituted Ca?* ion in the HAp lattice
has taken place which has led to a decrease in the experimental values of the Ca:P molar ratios
and produced calcium deficient HAp. The details of these calculations can be found in Appendix
A through the illustration of one computed example involving unsubstituted HAp that was

prepared by hydrolysis of MCP/Ca(OH).. Also, it was found that the ICP-MS analysis data
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displayed slightly higher values for the (Ca+Na)/P ratios for the unsubstituted HAp powders
prepared by the conventional precipitation route, as the experimental values observed were
found to be 1.71. In the case of the sintered samples prepared by the novel hydrolysis method
involving MCP/Ca(OH),, the( Ca+Na)/P mole ratio was shown to be 1.65 which is very close to
the standard value of hydroxyapatite (1.67). The Ca/P mole ratio of commercial HAp (Fluka) as

measured by ICP-MS analysis was found to be 1.64.

Also, the results of the ICP-MS measurements in the present study, showed (Table 4-3) that the
concentration of sodium ions in the case of unsubstituted HAp prepared by the conventional
precipitation method was higher compared to that present in the HAp prepared by the hydrolysis
of MCP/Ca(OH)2 route. This result can be explained by the fact that calcium hydroxide was used
with MCP as a starting material in the hydrolysis method to raise the pH value for the hydrolysis
to take place . Therefore, a lesser amount of NaOH solution was used in the case of
hydrolysis method, which resulted obviously in the detection of lower levels of sodium ions.
In the case of unsubstituted HAp powders that were prepared by the conventional precipitation
approach, a reduction in the phosphate ion concentrations was also observed in samples
analysed by ICP-MS analysis (see Table 4-3). This result can be attributed to the substitution
process of the phosphate ion by the carbonate ion that had taken place during the synthesis
procedure. The replacement process of PO4> by CO3% was also confirmed by FTIR analysis of the
unsintered powder. Therefore, as a result, a slightly higher value of (Ca+Na)/P mole ratio was
observed because of that lower level of phosphate ions detected. The incorporation of carbonate
during the preparation of HAp is the result of inevitable exposure of the alkaline solutions used
for preparation of HAp materials to the atmosphere from where CO; can be taken up. The CO3%~
ion as mentioned previously can replace OH~ (A-type substitution) and POs 3 (B-type
substitution) at 1500—1545 cm™ and 1410-1470 cm™, respectively to form the carbonated HAp.
Formation of carbonated HAp powders were reported in the literature. As an example Stanic” et
al. [8] synthesized HAp by neutralization method (acid -base reaction) using Ca(OH), and H3POg4
as a starting materials. The FTIR results showed in obvious manner the presence of carbonate
group through detecting the typical peak of carbonate at 1430 cm™. Also, li et al. [86] prepared

pure HAp using a wet chemical method (precipitation), in which their FTIR spectra showed in a
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clear manner the presence of carbonate group through detecting two peaks between 1420 and

1451 cm™ as an indication of the formation of B-type carbonated HAp.

4.2.2 FTIR studies of the unsubstituted HAp prepared by hydrolysis of MCP and
Ca(OH):

As discussed previously, no earlier work has been specifically performed to prepare
unsubstituted, substituted and co substituted HAp powders via the hydrolysis of MCP

(monocalcium phosphate) and calcium hydroxide.

FTIR was used to characterize the HAp prepared by hydrolysis of MCP with calcium hydroxide
and to compare it with the HAp prepared/supplied by other more conventionally used
methods (e.g. by precipitation) or with HAp that had been procured from commercial

sources.

Fig.4-2 shows the characteristic absorption bands of the non-sintered HAp materials in the
prepared samples by using the novel hydrolysis and the precipitation methods compared to the

non-sintered commercial HAp (Fluka).
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Figure 4-2: FTIR spectra of non-sintered unsubstituted HAp materials from (a) commercial HAp
(Fluka) (b) prepared via the hydrolysis method (of MCP/CaOH);) and (c) prepared via the
precipitation method.

As shown in Fig. 4-2 (a), the characteristic bands of phosphate group were recorded at 1095,
1032, 962, 602, 562 and 476 cm™. The typical bands of hydroxyl group appeared at 3572 and
630 cm™, confirming the existence of the apatitic phase in the non-sintered commercial HAp
(Fluka). Also, the bending vibration band of molecular H20 at 1630 cm™ and the broad band
at 3300-3700 cm™! were recorded as a result of adsorbed water. The carbonate peaks
appeared at 1463, indicating substitution of phosphate sites in HAp by CO3? (B-type). The

typical peak of the nitrate group was also observed at 1385 cm L.

Also, Fig. 4-2 (b and c) shows that the fundamental peaks at 562, 602, 962, 1026 and 1100 cm™!

were assigned to the/a phosphate group. The presence of the carbonate group was confirmed
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by the appearance of typical bands of carbonate at 875, 1418 and 1470 cm™. The characteristic
band of the nitrate group (NOs3’) at 1385 cm™, was also detected by using the precipitation route.
The recorded peak at 1385 cm™ through using the hydrolysis method, is believed to be due to
the N-O stretching vibration of nitrate ion which was a residual contaminant in the KBr
powder used to make the pellets. The broad band at 3300-3600 cm™ and a small band at about

1630 cm™ are related to absorbed water.

Fig 4-3 illustrates the FTIR spectra of sintered unsubstituted HAp powders prepared by the
(novel) hydrolysis and conventional precipitation methods compared to sintered commercial

HAp (Fluka, at 900 °C).
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Figure 4-3: FTIR spectra of sintered unsubstituted HAp materials from (a) sintered commercial HAp
(Fluka) at 900 °C (b) HAp prepared by the novel hydrolysis method (of MCP/CaOH),), (c) HAp
prepared by the precipitation method, and (d) non-sintered commercial (B-TCP).

Fig.4-3 displays the characteristic absorption bands of HAp materials in the prepared samples by

using the novel hydrolysis and the precipitation methods, in addition to the commercial HAp

(Fluka). As shown in Fig. 4-3 (a), the presence of apatitic phase in the commercial HAp powders

(Fluka) can be a proven through detecting the fundamental vibrational modes of the PO4> group

at 476, 562, 602, 962 and 1032-1095 cm?, whereas the OH peaks in the commercial samples

appeared were obvious at 630 and 3572 cm™. H,0-associated vibrational bands due to adsorbed

moisture on the powders were also detected at 1650 and 3300-3700 cm™, and the characteristic
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band of nitrate ion (NOs") was also, observed at 1385 cm™. On the other hand, the FTIR spectra
of commercial HAp (Fluka) recorded one of the typical peaks of B-TCP at 944.8 cm™ [168], this
observation was associated with a clear change in the shape of P-O bands (va and vs bands),

indicating the presence of the B-TCP phase in commercial HAp (Fluka).

Fig. 4-3 (b) also, shows the presence of apatitic phase in the unsubstituted HAp powders, which
were prepared by using the novel hydrolysis method. The typical bands of the phosphate group
appear at475,572,603,962 and 1033-1090 cm™! in the spectra, while the fundamental stretching
and librational modes of the OH™ group at 630 and 3572 cm™ are clearly visible in the prepared
samples indicating the highly crystalline materials produced by the sintering process. In much
of the research undertaken by others in this area the weak band at 1385 cm™ is attributed
to the nitrate ion, (NOs °) which comes from the starting calcium nitrate salt precursor [169],
but in the case of the novel hydrolysis method described in this study, the small peak
appearing at 1384 cm™ can not have emanated from this source because no calcium nitrate
source was used as a precursor. Itis instead believed to be due to the N-O stretching vibration
of nitrate ion which was a residual contaminant in the KBr powder used to make the pellets
[169]. This follows given no nitrate group was detected in the MCP and Ca(OH). compounds used
in preparations by FTIR spectra. The bands that can be ascribed to the adsorbed water [169]were

also detected by FTIR spectra at 3300-3700 and 1640 cm™* as shown in Fig. 4-3.
The absorption band positions, and their assignments are summarized in Table 4-4.

Table 4-4: Assignments of main bands observed generally in the Infrared absorption spectra of
unsubstituted HAp.

Peak (cm'l) Assignment References

3572 Stretching mode, vs, of hydroxyl groups OH” [170,171]
Triply degenerate asymmetric stretching mode, v3,, of the P-O

1087 ply aeg y & 3a [171,172]
bond of phosphate groups PO
Triply degenerate asymmetric stretching mode, vap, of the P-O

1046 ply aeg y 8 3b [171,173]
bond of phosphate groups PO

1032 Triply degenerate asymmetric stretching mode, vz, of the P-O [171,173]

(shoulder) bond of phosphate groups PO43 ’
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962 v1 (symmetric P-O stretch) of PO4 3 in hydroxyapatite [171,173]

632 Librational mode of the lattice — OH group within hydroxyapatite [171,174,175]
602 v4 P-O-P bending modes of PO, 3 in hydroxyapatite [171,173,175]
574 Triply degenerate bending mode, vy}, of the O-P-0 bonds in

Hould N [171,173]
(shoulder) phosphate groups PO4

Triply degenerate bending mode, v4, of the O-P-0O bonds of

561 [171,173]
the phosphate group
Doubly degenerate bending mode, v, ,, of the 0O-P-O bonds in

472 N [171,173]
phosphate groups PO4
Doubly degenerate bending mode, vy}, of the O-P-0 bonds in

462 [171,173]

3-
phosphate groups PO4

In the FTIR spectra of prepared unsubstituted HAp powders by the precipitation method, similar
peaks were observed albeit with slightly different shape. It was hence possible to observe also
the fundamental vibrational modes of the PO4 3 group at 475 (v2), 570 and 605 (va), 962 (v1) and
1035- 1090 cm™ (v3). The presence of the OH group in the prepared samples was also detected
through observation of the stretching vibrational and librational modes at around 3572 and 631
cm™ respectively. The small band at 875 cm™ and the doublet at 1416 as well as 1470 cm?
displayed the presence of carbonate vibration modes and indicated the formation of COsHAp
(B-type), which indicates a small amount of the PO4*> groups was replaced by COs%>. The
incorporation of carbonate during the preparation of HAp is the inevitable result of exposure of
the solutions used for preparation of HAp materials to the atmosphere. The CO3?" ion as
mentioned previously can replace OH~ (A-type substitution) and PO4 3~ (B-type substitution) at
1500-1545 cm™ and 1410-1470 cm™?, respectively to form the carbonated HAp. Hence, the so-
named “unsubstituted” HAp produced does have this substituted carbonate in it as a
contamination. This was evident in spectra of the powders prior to sintering. The observed

band at 1385 cm™ in the sintered unsubstituted powders prepared by precipitation method
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can be attributed to the nitrate ion which is a residual from the starting precursor (calcium

nitrate) [169].

The FTIR analysis showed clearly that the spectrum of HAp materials prepared by hydrolysis
method using MCP and Ca(OH); as starting materials were practically identical to that of the other
spectra of HAp from other sources ( HAp prepared by the precipitation route and the commercial
HAp (Fluka)). The presence of the apatitic phase in the synthesized powders prepared by the
novel hydrolysis method was evident through detecting the fundamental vibrational modes of
PO4*> group at 562, 602, 962 and 1032-1095 cm™ were detected by FTIR spectra, as well as the
typical bands of HAp lattice OH~ group at 3572 and 631 cm™ indicating the formation of
crystalline HAp.

4.2.3 XRD diffraction analysis of the prepared unsubstituted hydroxyapatite materials
(HAp) by the hydrolysis method (of MCP/CaOH),):

X-ray diffraction (XRD) as discussed previously (see Chapter 3) has been used to identify phase
purity, measure the degree of crystallinity, determine the size of crystallites and to calculate the
lattice parameters that are affected by the substitution processes in the HAp lattice. The
discussion on this latter aspect is covered more extensively in later chapters. Work presented in

III

this chapter establishes some baseline, “typical” values for “unsubstituted” HAp. (See below):

4.2.3.1 Phase identification of unsubstituted HAp materials prepared by hydrolysis of MCP

with calcium hydroxide:

The XRD patterns of the non-sintered and sintered unsubstituted HAp powders that had been
prepared by the novel hydrolysis method using MCP (monocalcium phosphate) as a precursor
were compared to the XRDs of standard HAp (reference card number 01-074-9780) and
commercially supplied MCP and are shown in Fig. 4-4. The overall diffraction patterns were in a
good agreement with the current literature ([8], [80] as well as the standard HAp (reference
card number 01-074-9780) and showed the characteristic peaks of HAp, but there was evidence
of some B-TCP phase in the powders due to partial conversion of the pre sintered calcium

phosphate phase to TCP during the sintering process at 900 °C (see later for evidence of this).
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Figure 4-4: The XRD diffraction patterns of as-prepared non-sintered and sintered (at 900 °C)
unsubstituted HAp materials obtained from hydrolysis of MCP with calcium hydroxide compared to the
pattern for standard HAp (reference card number 01-074-9780).

The XRD diffraction patterns of sintered unsubstituted HAp materials prepared by hydrolysis of
MCP/Ca(OH); and the conventional precipitation methods at 900 °C compared to the patterns
of commercial compounds namely, CaCOs, Ca(OH), and Na;COs are displayed in Figure 4-5. The
diffraction patterns of unsubstituted HAp powders prepared by the novel hydrolysis method
were also found to be in a good agreement with the patterns of unsubstituted HAp
prepared by the precipitation route. The diffraction patterns of unsubstituted HAp powders
prepared by the hydrolysis method did not contain any contributions from peaks that can be

attributed to possible reaction by-product compounds such as CaCOs, Ca(OH), and NaCOs .
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Figure 4-5: The XRD diffraction patterns of the both sintered unsubstituted HAp materials prepared by
hydrolysis and precipitation methods at 900 °C, compared to commercial Ca(OH),, Na,CO3 and CaCO;
compounds

The XRD diffraction patterns of commercial B- TCP compared to the sintered commercial HAp
(Fluka, at 900 °C), non-sintered commercial HAp (Fluka) and both sintered unsubstituted HAp
materials prepared by the novel hydrolysis and conventional precipitation routes at 900 °C are

shown in Fig.4-6
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Figure 4-6: The XRD diffraction patterns of commercial B- TCP compared to the sintered commercial
HAp (Fluka, at 900 °C) and both the sintered unsubstituted HAp materials prepared by the novel
hydrolysis and conventional precipitation routes at 900 °C.

The XRD diffraction patterns of commercial Na;HPO4 and COsHAp compounds compared to the
sintered commercial HAp (Fluka, at 900°C) and both sintered unsubstituted HAp materials
prepared by the novel hydrolysis and conventional precipitation routes at 900 °C are shown in
Fig.4-7. The diffraction patterns of unsubstituted HAp powders prepared by the hydrolysis and

the precipitation methods contained two peaks at 2 Theta = 23.1°and 38.60°. These peaks can be
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attributed to the (Na;HPQ4). In the case of the precipitation method, disodium hydrogen
phosphate (Na;HPO4 ) was used as starting material. But, in the case of the novel hydrolysis

route, these peaks are possibly produced as a by-product compound.

Sintered unsubstituted HAp by hydrolysis

Sintered unsubstituted HAp by precipitation

CO,HAP

Intensity

Na,HPO,

Sintered commercial HAp (Fluka) i

40 50 60
2 Theta ()

Figure 4-7: The XRD diffraction patterns of commercial Na,HPO, and CO3sHAp compounds compared to
the sintered commercial HAp (Fluka, at 900 °C) and both the sintered unsubstituted HAp materials
prepared by the novel hydrolysis and conventional precipitation routes at 900 °C.
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Fig. 4-6 revealed that the diffraction patterns of sintered unsubstituted HAp powders
prepared by hydrolysis and precipitation methods were found to be in a good agreement
with the patterns of sintered commercial HAp (Fluka), but it was evident that some B-TCP

phase had formed in all powders due to the sintering process at 900 °C.

The presence of B-TCP was observed in the HAP made by both routes (i.e. the hydrolysis and
precipitation routes) as indicated by the very weak observed intensities at 2 Theta = 17.19°, 31.20°,
32.80°, 33.60°, 41.14°°,45.2° and 47.36°. While an additional typical peak corresponding to B-TCP
was detected by hydrolysis method at 2Theta=34.57 °. It is well known that BCP (biphasic calcium
phosphate compound that contains a mixture of HAp and B-TCP phase) is produced when a
synthetic or biologic calcium-deficient apatite (Ca:P molar ratio ranging from 1.33 to 1.65 [176])
is sintered at temperatures = 700 °C [177]. The ICP-MS analysis in the present investigation
showed that the sintered unsubstituted HAp materials, which prepared by the hydrolysis and the
precipitation methods can be considered as calcium deficient. Two additional peaks with very
small intensity at 2 Theta = 23.1°and 38.60° were also confirmed by XRD in both routes (hydrolysis
and precipitation) as shown in Fig. 4-7. The detected peaks at 2 Theta = 23.1°and 38.60° by using
the precipitation routes can be ascribed to the commercial Na;HPO4, which was used as a starting
material. In the case of hydrolysis route these peaks are possibly produced as by-product
compound, due to the presence of these ions into the solution that was used to prepare

unsubstituted HAp materials.

The XRD diffraction patterns of commercial HAp (Fluka) showed also, B-TCP in the powder and was
an existing impurity phase in the powder despite the powder being labelled as “Cas(PO4)sOH” on
the bottle which is the monomeric hydroxyapatite. It was also marketed as “hydroxyapatite” despite
being misnamed “Tricalcium phosphate”. The TCP phase was indicated by weak peaks at 2 Theta =

27.90°,29.90°, 31.15°, 33.80°, 34.70° and 37.6".

4.2.3.2 Crystallinity and Crystallite size of unsubstituted HAp materials prepared by the

hydrolysis method.

The degree of crystallinity and the crystallite size of the sintered commercial HAp (Fluka, at 900
°C) materials compared to sintered unsubstituted HAp materials prepared by hydrolysis and

precipitation methods at 900 °C are displayed in Table. 4-5.
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Table 4-5: The degree of crystallinity (%) and the crystallite size (in Angstroms) of sintered commercial
HAp (Fluka, at 900 °C) compared to sintered unsubstituted HAp materials prepared by hydrolysis and
precipitation methods at 900 °C.

Sample Dooz (A) Crystallinity %
Unsubstituted HAp by

precipitation 618.31£3.2 84.1512.4
Unsubstituted HAp by
MCP hydrolysis
Commercial HAp
(Fluka)

549.843.6 82.57+2.1

395.0+2.8 77.31+4.2

The numerical value of crystallinity of the prepared unsubstituted HAp materials by the hydrolysis
method as shown in Table 4-5 indicated that the unsubstituted HAp samples was crystalline
(=82.6%), and that the value of the crystallite size (Doo2) of the prepared powders as calculated
by using the Debye Scherrer formula (see Chapter 3 for details) was =549. 8 A. Both values of
crystallinity and crystallite size of the unsubstituted HAp samples prepared by the MCP/Ca(OH),
hydrolysis route were found to be higher than the values for the sintered commercial HAp (Fluka,
at 900 °C), but slightly lower than the value obtained by the precipitation method. The degree of
crystallinity and the value of crystallite size of the sintered commercial HAp (Fluka) compared to
sintered unsubstituted HAp samples prepared by hydrolysis and precipitation routes were as
follows: Sintered unsubstituted HAp by precipitation > sintered unsubstituted HAp by hydrolysis

> sintered commercial HAp (Fluka).

In the current literature, various values of crystallite size of HAp materials were reported by
different studies that were performed through the use of different synthesis routes. In an effort
to see any trends in preparation method on crystallite size of HAp produced, Table 4-6
summarises some of the studies involving preparation and characterization of HAp powders,
where the calculated values of crystallite size (Doo2) for the unsubstituted HAp powders were also
placed in that table. It can be seen clearly that different values of crystallite size were obtained

even by using the same preparation method.
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Table 4-6: the value of crystallite size of HAp powders obtained from different synthesis routes.

[181]

powders) and one powder
was prepared by a
mechanochemical method

Authors Preparation method Year | Crystallite size(nm)

This study Hydrolysis 2023 | 54.98

Kannan et al. [123] Precipitation 2006 | 38.20

Othmanietal. [178] | Co-precipitation 2018 | 60.90

Capanema et al. [31] | Precipitation 2015 | 36.53

'[\f;;‘]’am Louyeh Precipitation 2016 | 73.00

Kaygili et al. [146] Sol gel 2014 | 27.46

Stojanovic¢ et al.[180] | Hydrothermal 2009 | 47.71
Two powders were prepared 141.3 nm for stoichiometric
by chemical precipitation HAp (precipitation).

Nasser Y. Mostafa reactions (stoichiometric 211.9 nm for calcium
and calcium deficient HAp 2005 | deficient HAp (by

precipitation).
57.4 for HAp (by a
mechanochemical method)

4.2.3.3 Lattice parameter and volume of unit cell measurements of commercial HAp (Fluka)

compared to sintered unsubstituted HAp materials prepared by the novel hydrolysis

and conventional precipitation methods:

Table 4-7 displayed the lattice constants and volumes of the unit cell of sintered commercial HAp
(Fluka, at 900 °C) compared to those from the sintered unsubstituted HAp materials prepared by
the MCP/Ca(OH); hydrolysis method developed in this study and the conventional precipitation
methods. The Rietveld refined values of lattice constants for each sample (unsubstituted HAp
samples prepared by the precipitation and hydrolysis methods as well as the commercial HAp

(Fluka)) were calculated from three replicate samples in the present project and the mean values

of the refined lattice constants with errors are summarised in Table 4-7.
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Table 4-7: The lattice parameters and the volume of hexagonal unit cell of sintered commercial HAp
(Fluka HAp sintered at 900 °C) compared to the sintered unsubstituted HAp materials prepared by
MCP/Ca(OH); hydrolysis and precipitation methods at 900 °C.

Sample a[A] c[A] V[A3]
Unsubstituted HAp

o 9.416%0.004 6.879+0.003 1579+0.004
by precipitation
Unsubstituted HAp
by hydrolysis of 9.421+0.003 6.882+0.005 1581+0.004
MCP/Ca(OH);
(C;lr:;(r;erc'a' HAP 939140005  6.861+0.005 1566£0.005

Table 4-7 shows that the sintered commercial HAp (Fluka, at 900 °C) has a smaller volume in its
lattice unit cell compared to both unsubstituted HAp powders prepared by the new hydrolysis
and conventional precipitation approaches. The volume of the unit cell of the hexagonal

structure of commercial HAp (Fluka) and both unsubstituted HAp powders prepared by hydrolysis

and precipitation methods was as follows: V (unsubstituted HAp by hydrolysis) > V

(unsubstituted HAp by precipitation) > V (commercial HAp (Fluka).

To compare the present results with those of other researchers who have prepared HAp
powders via different synthesis methods, Table 4-8 provides a summary of such investigations,

with the refined values of the lattice parameters.
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Table 4-8: The value of lattice parameters of HAp materials obtained from different investigations.

Authors Preparation method a[A] c[A] Notice
This study Hydrolysis 9.4207 6.8823 -
Stojanovi¢ et al.[180] Hydrothermal 9.4296 6.8837 -
Tang et al. [182] Hydrothermal 9.4082 6.8755 Pure HAp phase.
Evis et al. [129] Precipitation 9.4322 6.9050 -
Kannan et al. [123] Precipitation 9.4197 6.8489 Pure HAp phase.
., . Carbonated HAp as
Stanic et al. [8] Neutralization 9.4261 6.8971 confirmed by FTIR.
Balamurugan et al.
Sol gel 9.4182 6.8810 Pure HAp phase.
[183]

- Carbonated HAp as
Kaygili et al. [146] Sol gel 9.3950 6.8540 confirmed by FTIR.
Adzila et al. [184] Mechanochemical 9.4340 6.8860 Carbonated HAp as

confirmed by FTIR.
Tian et al. [185] Mechanochemical 9.4134 6.8818 -

As shown in Table 4-6 and Table 4-8, the calculated values of crystallite size and the refined lattice
constants of the prepared HAp samples varied, even though the same synthesis route was used

across the different studies.

As an example, Kannan et al. [123] prepared HAp by using the conventional precipitation method.
Their group used calcium nitrate tetrahydrate and diammonium hydrogen phosphate as starting
materials. The results showed that the lattice parameters a and ¢ were 9.4197 and 6.8489 A
respectively, and the volume V of the hexagonal unit cell was 1573.36 A3. Evis et al. [129]
synthesized HAp samples by the precipitation method using calcium nitrate and ammonium
phosphate as precursors. Their results revealed that the lattice constants of the resultant HAp
powders were as follows: a = 9.4322 and c= 6.9050 A, while the volume V of the hexagonal unit
cell was 1590.5 A3. In another investigation Othmani et al. [178] prepared HAp by a co
precipitation method using Ca(NOs3);-4H,0 and (NH4)2HPOQg4 as starting materials. The crystallite
size (Doo2) of the HAp materials produced in that investigation was 60.9 nm. Also, Kannan et al.
[123] prepared HAp by using a precipitation method, in which the crystallite size of HAp samples

in that investigation was found to be 38.2 nm. The results of the mentioned examples showed
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that although the researchers used the same preparation method, the refined values of the
lattice constants and the numerical values of crystallite size were very varied. These results can
be ascribed to the effect of reaction conditions such as the pH value and the temperature on the
values of crystallite size and the lattice parameters (a and c¢). As an example, Martinez-Castafion
et al. [186] prepared calcium deficient hydroxyapatite nanostructured powders with different
crystallite sizes and lattice constants by using the precipitation method through varying the pH
and temperature parameters. The researchers used CaCl; and (NH4)2HPO4 as starting materials.
The pH value as well as the temperature in this study were varied. The result of this investigation
showed that the crystallite size and the lattice parameters varied depending on the pH and the
temperature. Table 4-9 shows the reaction conditions, crystallite size and lattice constants of
the prepared samples in this investigation.

Table 4-9: the reaction conditions, crystallite size and lattice constants of the prepared samples in this
investigation.

Reaction conditions Lattice parameters
Sample label | pH Temperature (°C) | Crystal size(nm) | a (A) c(A)
HA 1 7.00 25.0 19.15 9.47534 6.88520
HA 2 10.0 25.0 10.12 9.55656 6.81409
HA 3 11.0 25.0 16.68 9.58103 6.82260
HA 5 7.00 60.0 25.56 9.43544 6.88774
HA 6 7.00 80.0 26.40 9.48253 6.87898

Table 4-6 and Table 4-8 showed that the refined lattice parameters and the calculated values of
crystallite size of the sintered unsubstituted HAp powders, which had been prepared by the novel
hydrolysis method in this project were found to be consistent with the current literature and
agreed with values obtained from other investigations performed by different researchers. This
result showed that the novel; hydrolysis method using MCP and calcium hydroxide as precursors

to be an effective method to prepare unsubstituted HAp.

4.2.4 SEM of unsubstituted HAp materials prepared by hydrolysis method:

Fig. 4-8 displayed the SEM images of the non-sintered and sintered unsubstituted HAp powders

prepared by the novel hydrolysis method, using MCP/Ca(OH); as a starting material. The SEM
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analysis was used to study the surface morphology of the prepared samples at different

magnifications (11.0 and 4.50 K) as seen below:

5.0kV 8.0mm x11.0k SE(M)
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5.0kV 8.2mm x4.50k SE(M)

Figure 4-8: SEM images of (a) Unsubstituted HAp prepared from hydrolysis of MCP/Ca(OH); sintered at
900 °C (b) Non-sintered unsubstituted HAp prepared by hydrolysis of MCP/Ca(OH),.

Figure 4-8 revealed that agglomeration and irregular distribution of particles were evident in the
non-sintered unsubstituted HAp powders prepared by the MCP/Ca(OH), hydrolysis route. An
obvious enhancement in the crystallinity was confirmed by SEM images due to the heat
treatment and calcination process (at 900 °C). The sintered samples of unsubstituted HAp
samples prepared by hydrolysis of MCP/Ca(OH), consist of particles with fine grains, which are

spheroidal in shape and associated with an irregular distribution of particles.

The SEM images of sintered commercial HAp (Fluka, at 900 °C) compared to the
sinteredunsubstituted HAp powders prepared by hydrolysis of MCP/Ca(OH), and

conventional precipitation routes at 900 °C are shown in Fig. 4-9.
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Figure 4-9: SEM images of sintered (a) Unsubstituted HAp prepared by a conventional precipitation
route (b) Unsubstituted HAp prepared by hydrolysis of MCP/Ca(OH). (c) commercial HAp (Fluka).

Fig.4-9 shows that the unsubstituted HAp materials prepared by the conventional precipitation
method consist of a well-defined structure coupled with a homogeneous and regular distribution
of particles. As a result, a well packed material was achieved by the precipitation synthesis
approach compared to the more porous structure with a lower degree of packing obtained by
the MCP/Ca(OH), hydrolysis approach. On the other hand, the SEM image in Fig. 4-9 showed
that the sintered commercial HAp (Fluka) consists of fine particles associated with a porous
structure and a clear trend to agglomerate. These observations may be attributed to the effect
of the original synthesis route for the commercial HAp, starting materials and chemical
composition, since the effect of the preparation method on the degree of crystallinity and the
chemical composition was confirmed by XRD analysis and ICP-MS measurements. As shown in
Table 4-4, the degree of crystallinity for both unsubstituted HAp powders prepared by hydrolysis
of MCP/Ca(OH), (=82.6%) and the conventional precipitation (= 84.1%) methods was higher

than for the commercial HAp (Fluka) (=77.3%). This enhancement in the value of crystallinity
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results in a well-defined structure with suitable arrangement of the atoms and also decreases the

level of porosity.

4.2.5 Previous results from other studies in the literature where the hydrolysis method

has been used to prepare HAp:

The use of hydrolysis as a method to prepare HAp is not new and previous reports do exist where
different HAp precursors have been used. As reported by Shi Donglu [35], HAp powders can be
obtained through the hydrolysis process of other calcium phosphate compounds such as
dicalcium phosphate dihydrate (DCPD), octacalcium phosphate and tricalcium phosphate (TCP).
Therefore, different researchers have prepared HAp materials through using the hydrolysis
approach with these. Some examples of these investigation have been summarized in Table 4-

10 below:
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Table 4-10: investigation of hydroxyapatite materials by using a hydrolysis method based on OCP (ocatacalcium phosphate) and DCPD
(dicalcium phosphate dihydrate) as starting materials and with water as well as 1 M of sodium phosphate solution as the hydrolyzing agent.

phosphate dihydrate (DCPD) in
water and in 1 M Naz;HPO4
solution at temperatures from
25—60 °C.

Authors Preparation method The results
Stephan and Paul | The authors studied the | The result of their investigation showed conversion of OCP to HAp occurred by
[187] hydrolysis process of | direct hydrolysis of OCP or by the hydrolysis process of OCP with other calcium
ocatacalcium phosphate (OCP) | phosphate compounds. The authors reported that i) the direct conversion of
to HAp. OCP to HAp phase occurred slowly. ii) The conversion process of OCP to HAp
phase was more rapid when OCP was hydrolyzed with tetracalcium phosphate
(TetCP), since the reaction of OCP with TetCP resulted in the formation of phase-
pure HAp. iii) the rate of hydrolysis of OCP to an HAp phase was reduced when
calcium hydroxide was present.
Fulmer and Brown | The authors investigated the | The result of this investigation showed that the hydrolysis process of (DCPD)
[188] hydrolysis process of dicalcium | was incomplete in water i) at 25 °C, DCPD was partially hydrolyzed to

hydroxyapatite (HAp), ii) at the higher temperatures, hydrolysis to HAp was
more extensive and was accompanied by the formation of anhydrous dicalcium
phosphate (DCP) iii) when hydrolysis was carried out in 1 M NazHPO4 solution,
the complete conversion to HAp phase had occurred in this solution. Also, the
results of that investigation showed that the sodium phosphate solution caused
a morphological change to the HAp. When the HAp, was formed by hydrolysis
in water it had needle-like morphology when formed at 25 °C and a globular
morphology when formed at 60 °C. In contrast, the HAp formed in the sodium

phosphate solution exhibited a florette-like morphology.
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H. Monma [189]

The researcher studied the
conversion process of brushite
(DCPD) into an HAp phase by a
hydrolysis method. The
preparation of HAp was
studied through two stages as
shown below:

DCPD-> HAp (Ca/P < 1.67) ... (1)

DCPD-> HAp (Ca/P = 1.67) ...(Il)

In reaction (l), HAp formed rapidly at pH 7.5-8, with complete conversion
observed at 40 °C within 2.5 hours of reaction, 1 hour of reaction at 60 °C and
within 5 minutes of reaction at 80 °C. The composition of HAp was non-
stoichiometric and had a Ca/P ratio below 1.60.

In reaction (l1), the reaction was carried out in alkaline solution with addition of
CaCl,.2H,0 as a source of calcium ions to increase the Ca/P ratio. The result
obtained showed that HAp with a stoichiometric Ca/P mole ratio was obtained
at 40 °C after three hours of reaction at pH 9-10, and after 1 hour of reaction at
pH =13.

The SEM images displayed that the HAp powders prepared from DCPD were

composed of dense aggregates consisting of irregular thin microcrystals.
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4.3 Summary:

A summary of the findings for this chapter ca be outlined as the following:

1- A novel hydrolysis method to prepare HAp using monocalcium phosphate and calcium

hydroxide as starting materials showed clearly that this route can be considered an

effective approach for preparing unsubstituted HAp powders.

2- Different techniques were used to characterize the prepared samples such as SEM, FTIR,

XRD and ICP-MS. This led to the following results:

The presence of an apatitic phase in the sintered unsubstituted powders prepared by
the MCP/Ca(OH); hydrolysis method was confirmed by FTIR spectra, through
detecting the fundamental vibrational modes of PO4* group as well as by observation
of the typical HAp lattice OH vibrations at 3572 and 631 cm~so indicating formation
of crystalline material. This result was also confirmed through comparing the result
of FTIR spectra of sintered unsubstituted HAp samples which was prepared by
hydrolysis with those of sintered commercial HAp (Fluka) and unsubstituted HAp
powders that were synthesized by a conventional precipitation route.

The XRD diffraction patterns of sintered unsubstituted HAp powders that were
prepared using the novel hydrolysis method were in a good agreement with the HAp
patterns reported in the current literature ([8], [80], [190]), standard HAp (
reference card number 01-074-9780 ) as well as commercial HAp (Fluka) and
showed the characteristic peaks of the HAp phase, but also showed a slight presence
of the B-TCP phase due to the sintering process at 900 °C. It is well known that BCP
(biphasic calcium phosphate)which is a mixture of HAp and B-TCP phase, is produced
when a synthetic or biogenically sourced calcium-deficient apatite is sintered at
temperatures = 700 °C [177].

The ICP-MS analyses of HAp powders produced in the present study showed that the
sintered unsubstituted HAp materials prepared by the novel hydrolysis method is
calcium deficient because Ca/P mole ratios of 1.40 were measured which was ascribed
to the substitution process of calcium ions by sodium ions in the HAp crystal lattice as
a result of using sodium hydroxide to adjust pH in the reactions leading to the

formation of HAp. Also, the value of (Ca+Na)/P when computed from the ICP-MS
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analyses was found to be 1.65 which is very close in value to the value expected for
stoichiometric HAp (1.67).

SEM images revealed that agglomeration and irregular distributions of particles were
evident in the non-sintered unsubstituted HAp powders prepared by the novel
hydrolysis route, with an obvious enhancement in crystallinity being confirmed due
to the sintering process (at 900 °C). The sintered unsubstituted HAp materials
prepared by the hydrolysis of MCP/Ca(OH). consist of particles with fine grains, which
are spheroidal in shape and associated with an irregular distribution of particles.

The degree of crystallinity and the value of the crystallite size of sintered
unsubstituted HAp powders prepared by the novel hydrolysis method in the present
study were found to be higher than that observed for the sintered commercial HAp
(Fluka), since the measured values for the degree of crystallinity and the crystallite
size of sintered unsubstituted HAp samples prepared by hydrolysis were found to be
= 82.6% and 549.8 respectively, compared to that of the sintered commercial HAp
(Fluka) ( 77.3% and 395.0 um ).
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Chapter Five
Preparation of (cationic) metal ion substituted HAp
powders with the following chemical formula:
CaioxMxHAp (Wwhere M=2Zn, Sr and Cu, X=0.5, 1.0 and
1.5) by a novel hydrolysis method using MCP/Ca(OH),.

5.1 Introduction:

M doped hydroxyapatite powders (where M=Zn, Sr and Cu) with different level of substitutions
were prepared by the novel hydrolysis method using MCP/Ca(OH).. No studies to the author’s
knowledge on the synthesis of Zn, Cu and Sr substituted HAp by the hydrolysis method using
MCP/Ca(OH); as a starting material have been published previously in the chemical literature. In
previous scientific studies, ZnHAp, SrHAp and Cu-substituted HAps have been prepared using
different synthesis methods [131,191-195] other than hydrolysis.

For the present study, strontium chloride hexahydrate (SrCl,.6H,0), zinc nitrate hexahydrate
(Zn(NO3)2.6H20) and cupric chloride (CuCl,) were used as source chemicals to substitute Zn?*,
Sr?* and Cu?* ions into the HAp lattice, due to their good solubility and availability. The
stoichiometric amounts of the substituent metal ion precursors were added to monocalcium
phosphate and calcium hydroxide-containing solutions to obtain substituted HAp powders, that
were characterized by the following chemical formula Cai0-xMx(POa)s(OH),, where ( M = Zn, Sr or
Cu) and ( 0 < x < 1.5). The unsubstituted hydroxyapatite was named unsubstituted HAp,
whereas the samples where x= 0.5, 1.0 and 1.5 were named respectively 0.5 MHAp, 1.0 MHAP
and 1.5 MHAp ( where M= Zn, Sr or Cu). Gallo [2] also used this way to distinguish between his

samples when he prepared FHAp materials with different levels of fluoride (F) ions.

This chapter aimed to:
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1- Investigate the ability of the new MCP/Ca(OH); hydrolysis preparation method to be used

as an effective method to synthesize substituted HAp powders in a direct manner.

2- Prepare different systems of cationic substituted HAp materials (ZnHAp, SrHAp and CuHAp)

with different substitution levels through using the new MCP/Ca(OH)2 hydrolysis method

with the following chemical formula (Ca10.xMx(POa4)s(OH)2, where M= Zn?*, Sr?* and Cu?*,

whereas x=0.5, 1.0 and 1.5) at room temperature followed by calcination at 900 °C.

3-

Investigate the effect of the new MCP/Ca(OH); hydrolysis method on the chemical
composition, morphology, crystallinity, crystallite size and phase purity of the prepared
materials.

Study the effect of substitution levels on several characteristics of prepared substituted
materials such as the chemical composition, the morphology, the crystallinity, crystallite
size, lattice parameters and phase purity.

Investigate the relationship between the peak intensities of the lattice OH group in HAp
(vibrational modes which appear at 3572 cm™ and 630 cm™) and the level of substitutions,
since an obvious decrease in the intensities of these peaks was observed as a result of the
substitution process of Zn?*, Sr>* and Cu?* ions into the HAp crystal. The details of this
observation are discussed further in this chapter.

Study the relation between the substitution levels of some specific systems (SrHAp
materials) and the clear shift of the phosphate bands at (572 and 604 cm™) to lower
wavenumbers due to the substitution of Ca*ions with Sr?*ions, where this shift increased
as the level of substitution of Sr ions increased in the HAp lattice. The details of this
observation are also discussed in this chapter.

Study the effect of the substitution of Ca?* ions for Zn?* ions into the HAp lattice on the
phase purity, since results clearly showed that substitution of zinc ions can be used as a
catalyst for the conversion process of HAp into a B-TCP phase.

Study the ability of Cu?* ions to replace the proton on the OH lattice site as reported by

Imrie et al. [196].

The following techniques were used to characterize the above substituted HAp powders and

the results of these characterizations are discussed extensively in this chapter.
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1- Scanning electron microscopy (SEM).
2- FTIR spectroscopy.
3- Powder X-ray Diffraction (XRD).

4- Inductively coupled plasma mass spectrometry (ICP-MS) analysis for probing elemental
levels of powders. This provided an idea of what was “associated” with the powders element

wise (aside from Ca and P) but was not actual proof of substitution.

5.2 The preparation of Zinc ion substituted hydroxyapatite (ZnHAp) materials by
the novel MCP/Ca(OH): hydrolysis method:

Three series of ZnHAp powders with different Zn?* contents (0.5 ZnHAp, 1.0 ZnHAp and 1.5 ZnHAp
powders) were prepared by the novel hydrolysis method. The exact amounts of reagents used to

prepare these are listed Table 5-1.

Table 5-1: Synthesis details of ZnHAp powders prepared by the MCP/Ca(OH), hydrolysis method.

sample Ca(II-V:IngF;I:)z;)z Ca((:)H)z ZI"I(NO(;g))z.GHzO ca((lr-::z:))4)2 C?LC())I;I))Z (nZ‘r;I) Exg:;:lt)ed
LHJR;“bStit“ted 11.6487  3.6875 - 0.0498  0.0498 - 1.67
0.5 ZnHAp 10.9228 3.4603  0.7295 0.0467 0.0467 0.0025  1.58
1.0 ZnHAP 102268 3.2312  1.4434 0.0437 0.0436 0.0049  1.50
1.5 ZnHAp 9.5426  3.0307  2.1400 0.0408  0.0409 0.0072 1.42

5.3 Characterization of ZnHAp powders prepared with different Zn?* content by

the novel MCP/Ca(OH), hydrolysis method.

5.3.1 ICP-MS studies of sintered ZnHAp materials prepared by hydrolysis of
MCP/Ca(OH); at 900 °C with different levels of Zn?* substitution.

The results of the elemental analyses of the ZnHAp samples are displayed in Table 5-2.
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Table 5-2: ICP-MS results of ZnHAp materials from the present study which were at 900 °C with different
levels of Zn?* substitution as prepared by the hydrolysis reaction. Concentrations are quoted in ppb
(ug/L):

Sample Cad4 P31 Na23 Zne66
E;j;‘oblitsiits”ted HAPBY 67705 401240 103797 -
0.5 ZnHAp by hydrolysis 697527 380678 112772 30472.3
1.0 ZnHAp by hydrolysis 649564 369636 106468 57649.5
1.5 ZnHAp by hydrolysis 647610 360929 88148 94942.8

The starting (calculated) and actual (measured) degree of chemical composition of the prepared
powders in terms of wt.% of Zn?* ions, the calcium/phosphorus (Ca/P) molar ratios as well as
(Ca+Na+Zn)/P molar ratio were determined by ICP-MS and presented in Tables 5-3. The details
of these calculations can be found in Appendix A (see appendix A) through one computed
example involving 0.5 ZnHAp powders prepared by the novel hydrolysis method.

Table 5-3: The chemical analysis data of prepared ZnHAp materials after sintering at 900 °C with
different Zn?* contents by ICP-MS measurements.

Samole Ca/P Ca/P (Ca+Na+Zn)/ P | Wt.% of Zn**ions | Wt.% of Zn** ions

P Theoretical | Measured Measured theoretical measured
Unsubstituted

1.67 1.4 1. - -

HAp by hydrolysis ° 0 ®
0.5 ZnHAp by 1.58 1.42 1.85 3.2% 1.5%
hydrolysis
1.0 ZnHAp by 150 136 1.82 6.3% 2.9%
hydrolysis
1.5 ZnHAP by 1.42 1.39 1.84 9.4% 4.7%
hydrolysis

Tables 5-2 and 5-3 showed the detection of zinc and sodium ions in the HAp crystal samples,
which indicated the replacement of calcium ions by sodium and zinc ions had taken place.
Therefore, a clear reduction in the measured values of Ca:P mole ratios for the prepared ZnHAp
powders was demonstrated by the ICP-MS measurements, but the measured values of
(Ca+Na+zn)/ P were found to be higher than the expected (stoichiometric) value (1.67) for
hydroxyapatite. As this result could not be attributed to the formation of B-type-COs substituted

HAp powders, (FTIR spectra showed no evidence of the presence of carbonate ions in the sintered
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ZnHAp powders), it is thus believed that this observation can be ascribed to the formation of
biphasic compound mixtures as detected by XRD analysis which consequently affects the values

of the (Ca+Na+Zn)/ P mole ratios.

On the other hand, Table 5-3 displayed clearly that the measured (actual) wt.% of zinc ions that
were presented into HAp samples is lower than the theoretical value indicating how difficult it is
for the small ions such as Zn?* to be introduced and hosted by the HAp. The details of these
calculations can be found in Appendix A through the illustration of two computed examples
involving unsubstituted HAp and 0.5 ZnHAp materials that were prepared by hydrolysis of
MCP/Ca(OH)s.

5.3.2 FTIR studies of ZnHAp prepared with different levels of Zn?* substitution.
5.3.2.1 FTIR of non-sintered (as received) ZnHAp (prepared by hydrolysis of MCP/Ca(OH)>)

The FTIR spectra of the Zn-substituted powders with different levels of substitution are shown

in Fig.5-1.
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Figure 5-1: FTIR spectra of non-sintered zinc substituted hydroxyapatite with different Zn?* content
prepared by the MCP/Ca(OH), hydrolysis method.

The FTIR is a common technique used to characterize and identify the covalent bonds,

therefore any evidence or information related to the incorporation of metals cations into

the crystal structure of HAp is not possible. As a result, the produced samples should have

approximately the same FTIR spectral profiles with no obvious difference between samples

in their spectra, since all powders have the same functional groups present (i.e. PO43, OH-

and COs3%). The replacement process of the calcium site by metal ions could be confirmed

by using other techniques such as XRD analysis, as the substitution of any ions or functional

groups into the HAp crystal lattice should cause change in the lattice parameters a and c.
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Fig.5-1 shows a broad band at 3000-3700 cm™ as detected in all unsintered ZnHAp samples
which was assigned to the O-H stretching band of adsorbed water with the peak at 1630
cm™! attributed to the bending mode of H,0. It was noted that sharp peaks expected to be
at 3572 and 630 cm™ due to lattice OH in HAp were not detected in the spectra of the
non-sintered HAp materials which was taken as evidence of their amorphous/poorly
crystalline state when initially prepared by the hydrolysis route. The presence of peaks at
562, 602, 962 and 1032-1090 cm™ is due to the fundamental vibrational modes of phosphate
group as discussed in Chapter 4. The carbonate-associated peaks appear in all samples at 875,
1416 and 1470 cm™ and can be ascribed to the formation of carbonate-substituted

hydroxyapatite where phosphate sites in HAp (B-type) are replaced by carbonate ions.

5.3.2.2 FTIR spectra of ZnHAp after sintering at 900 °C:

In contrast, The FTIR spectra of the sintered ZnHAp powders with different level of
substitutions are shown in Fig.5-2. Spectra of other phases known to be present in the

sintered HAp samples are also shown for comparison.
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Figure 5-2: FTIR spectra of Zinc substituted hydroxyapatite materials with different Zn?* contents as
prepared by the novel MCP/Ca(OH); hydrolysis method after sintering at 900 °C.
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The relative intensities of both functional groups in the HAp samples, namely the hydroxyl and
phosphate groups, decreased as the percentage of substitution of Zn?* ions were increased in the
hydroxyapatite lattice structure. The decrease of peak intensities at around 570, 603 and 1035
cm™in the FTIR spectra of the sintered ZnHAp materials occurred as the amount of substitution
increased. Two additional peaks were observed in the case of the 1.0 ZnHAp and 1.5 ZnHAp
powders at 946 and 1108 cm™; these peaks can be explained as being associated with the
formation of B-TCP so forming a biphasic calcium phosphate (BCP) mix [168]. The broad band at
3000-3700 cm™ and the small peak at about 1635 cm™ that corresponds to adsorbed water were
observed but in much lower intensity in all spectra of the sintered ZnHAp powders. The OH
stretching and librational modes at 3572 and 631 cm™ in the sintered ZnHAp samples were clearly
detected in the FTIR spectra. The typical peaks of carbonate at (1454, and 1418 and 875 cm™)
did not, however, appear in the sintered 1.0 ZnHAp and 1.5 ZnHAp samples due to the sintering
process at 900°C. In other words, calcination leads to carbon dioxide release due to the
decomposition of carbonate into CO2[197]. On the other hand, the FTIR spectra also revealed
that, as the amount of Zn substitution in the HAp increased, a decrease in the intensities of the
HAp lattice OH" stretching peak at 3572 cm™ and the corresponding OH librational mode at 630

cm™ was observed. This peak intensity decrease can be attributed to:

1- The change in the local environment of the OH groups, that occurs as a result of
substitution of Ca?* ions by Zn?* ions. In other words, increasing the zinc ions
concentration changes the local environment of the OH groups (Zn?* ions substitute some
of the calcium ions located on the Call site). This indicates that not all of the calcium ions
surrounding an OH group were replaced by Zn?* ions. Therefore, Partial Zn?* substitution
for Ca?* distorts the symmetric environment of the OH groups and, as a result, the
intensity of stretching and librational modes of the OH" group decreased.

2- As a result of increasing the zinc ions, less HAp phase was produced. Therefore, a
reduction in the stretching and libration modes of OH™ group produced. Formation of
BCP (biphasic calcium phosphate compound that contains a mixture of HAp and B-TCP
phase) with increasing the substitution level of Zn?* ions (see Table 5-4). As a result, less
HAp phase was produced. Therefore, a reduction in the intensities of the HAp lattice OH"

stretching and libration modes at 3572 and 630 cm™ were observed.
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Bulina et al. [198] observed the same result when they prepared SrHAp by a mechanochemical
method. They reported that as the strontium ion concentration in the HAp increased, the
intensity of the OH librational bands (630 cm™) dropped sharply, while the intensity of the HAp
lattice OH stretching vibration (3572 cm™) also decreased, albeit, slightly. They found that
increasing the level of strontium ion substitution in the HAp lattice led to a change in the local
environment of the OH groups, since Sr ion replaced some of the Ca?* ions which are located at
the Ca(ll) site in the lattice. As a result, the partial Sr?* substitution for Ca?* distorts the symmetric
environment of the OH groups. Therefore, the absorption band at 630 cm™ (due to the OH

librational mode), disappears.

Suchita et al. [199] made the same observation when they prepared ZnHAp by using a sol-gel

method to study the effects of Zn ion on the physicochemical and in vitro behaviour of HAp.

Fig.5-2 also clearly displays that the amount of zinc ion substitution into the HAp structure can
be used as a catalyst for the conversion process of HAp into another calcium phosphate phase of
B-TCP. Paikaew et al. [200] prepared ZnHAp with different Zn levels ( from 1 to 25 wt%) by a
precipitation method. Their studies showed that increasing amounts of Zn substitution into the
HAp crystal lattice accelerates the transformation of HAp to B-TCP when it is subjected to higher

temperatures.

5.3.3 XRD diffraction analysis of sintered ZnHAp (prepared by hydrolysis of
MCP/Ca(OH).).
5.3.3.1 Phase Identification of the ZnHAp powders.

The XRD diffraction patterns of sintered ZnHAp samples with different levels of zinc substitution

are shown in Figure 5-3.
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Figure 5-3: The XRD diffraction patterns of ZnHAp materials with different Zn contents prepared by
hydrolysis of MCP/Ca(OH), after sintering at 900 °C.

HAp’s usual XRD pattern can be seen with the unsubstituted HAp, but it is apparent there
is a small amount of B-TCP present when this is sintered as can be seen from peaks at
17.19°, 31.20°, 32.80°, 33.60°, 34.57 °, 41.14°, 45.20° and 47.36°. In the case of the 0.5
ZnHAp powders, an additional peak that corresponded to CaO phase detected at 2 Theta=
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37.40° (reference card number 04-017-9575). But, in the case of 1.0 and 1.5 ZnHAp
samples, new peaks that can be ascribed to B-TCP were confirmed by XRD at 2 Theta =
29.56°, 30.08°and 37.72° in addition to new peak that can be ascribed to CaO phase
detected at 2 Theta=37.40".

As the Zn content in the HAp lattice increases, it is evident that the level of beta TCP phase
increases at the expense of the HAp phase. This can be seen by increases in the XRD peaks
at 31.40°, 32.66° and 34.57".

In summary we can note that:

1- Once the concentration of Zn?* ions increased, both phases (HAp and B-TCP) have typical
patterns were produced. It is evident from comparison with the Reference patterns for
HAp and beta-TCP that the two phases present are HAp as a major phase and B-TCP as a
minor phase. Table 5-4 shows the phase composition of ZnHAp samples. It is obvious
that the percent of HAp phase decreased with increasing the amount of substitution of

Zn%* ions.

Table 5-4: Phase composition of ZnHAp by hydrolysis method.

Sample HAp % B-TCP
HAp by hydrolysis 98.2 1.8
O.SZnHAF) by 98.0 20
hydrolysis

1.0 znHAp by 57.8 422
hydrolysis

1.5 ZnHAp by 587 413
hydrolysis

2- At 900 °C, the outcome of sintering 1.0 ZnHAp and 1.5 ZnHAp solids is as a biphasic

calcium phosphate (BCP) mixture consisting of the two phases HAp and B-TCP.

These observations were also noted by Nuamsrinuan et al. [201], who prepared ZnHAp
samples by using a chemical precipitation method, where zinc nitrate (Zn(NOs), was used as
the source of zinc ions. The different levels of zinc ions used in that experiment varied from
1 to 25 wt%. The results of that investigation showed that Zn can be used as a catalyst to

transform HAp to B-TCP after heat treatment.
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5.3.3.2 The degree of crystallinity and crystallite size of ZnHAp powders:

The degree of crystallinity and the crystallite size of the sintered ZnHAp containing different levels
of Zn substitution are displayed in Table 5-5.

Table 5-5: The degree of crystallinity and the crystallite size of sintered ZnHAp materials with different
Zn contents prepared by hydrolysis of MCP/Ca(OH); at 900 °C.

Sample D o0z (A) Crystallinity %
Unsubstituted HAp by 549.8+3.6 82.57+2.1
hydrolysis

0.5 ZnHAp by hydrolysis 474.015.3 75.29+4.2
1.0 ZnHAp by hydrolysis 461.1+£3.8 70.72+2.8
1.5 ZnHAp by hydrolysis 470.4+4.1 74.52+5.2

The numerical values of % crystallinity were decreased due to the replacement process of zinc
ions and slightly varied with increasing the level of substitution as shown in Table 5-5. Also, a
clear reduction in the value of crystallite size was also due to the substitution of zinc ions into
HAp lattice and slightly varied with increasing the level of substitutions. This result can be
ascribed to the smaller ionic radius of Zn?* (0.074nm ) compared to Ca?*ions (0.099 nm ), which
might have distorted the crystal structure of hydroxyapatite and inhibited the crystal growth of
HAp [202] . Many previous studies ( [191], [202], [199] and [203] ), reported a decrease in both
values of crystallite size and crystallinity with increasing Zn concentrations which aligns with our
work. Guadalupe et al. [204] prepared ZnHAp powders by the precipitation method with
different levels of substitutions [ Zn/(Ca + Zn)= 0, 2.5, 5 and 10 mol%] and labelled them as 0-
ZnHAp, 2.5-ZnHAp, 5.0- ZnHAp and 10-ZnHAp. The results showed the crystallite size decreased
as a result of increasing the amount of Zn?* ions in the HAp. The value of the crystallite size was
calculated to be 40, 24, 14 and 13 nm for as 0-ZnHAp, 2.5-ZnHAp, 5.0- ZnHAp and 10-ZnHAp,

respectively.

Miyaji et al. [191] prepared ZnHAp by precipitation with different Zn?* concentrations
(substitution in that study was done to a maximum of 15 mol%) The results showed that the
crystallite size drastically decreased for samples containing 3 mol% Zn, and then were observed

to gradually decrease in samples containing over 3 mol% Zn substitution .
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Louyeh [179] prepared ZnHAp powders with different substitution levels (1, 5 and 10 wt%) by
the precipitation method. The results showed that the measured crystallite size decreased with
increasing of the level of Zn ion substitution in the HAp, and that the calculated values were 73,
72, 61.31 and 52.29 nm for unsubstituted HAp, ZnHAp 1%, ZnHAp 5% and ZnHAp 10% samples,

respectively.

5.3.3.3 Lattice parameters and calculated volume of unit cell of the ZnHAp powders:

Table.5-6 displays the lattice parameters and the volume of the hexagonal unit cell of the
sintered ZnHAp materials containing different substitution levels of Zn?* in HAp prepared by
hydrolysis of MCP/Ca(OH);

Table 5-6: The lattice parameters and the volume of hexagonal unit cell of ZnHAp materials after
sintering at 900 °C with different levels of Zn?* substitution by hydrolysis of MCP/Ca(OH),

Sample a[A] c[A] V[A3]

gy”;fobl;'its“ted HAp by 9.421+0.003 6.882+0.005 1581+0.004
0.5 ZnHAp by hydrolysis 9.423+0.002 6.883+0.001 1582 +0.002
1.0 ZnHAp by hydrolysis 9.417+0.005 6.879+0.006 1579+0.006
1.5 ZnHAp by hydrolysis 9.417+0.003 6.881+0.001 1580 +0.002

A contraction was expected in both the value of lattice parameters (a and c), (as Zn?* ions have a
smaller ionic radius (0.074 nm) compared to Ca%* ions (0.099 nm), but in Table 5-6. data have
shown that there was a slight increase in the lattice constants (a and c) as observed in the case
of the 0.5 ZnHAp solids.  This observation can be explained as discussed previously through the

following investigations:

1- Miyaji et al. [191] attributed such a result to the incorporation of H,O into the apatite
structure. They reported the H,0 that substitutes for OH sites in HAp has an effect on the
value of the lattice parameters (a and c). However, the authors also prepared ZnHAp with
different Zn levels in which the substituting limit of Zn was capped at 15 mol%. Their results
revealed that the lattice parameter (a) measured for their solids decreased in value down to
5 mol% Zn, and then started to increase for solids that were substituted with > 5 mol% Zn.
They explained this phenomenon as occurring as a result of water being incorporated into

the HAp lattice when Zn ion substitution levels exceeded 5 mol%.
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2- Other researchers such as LeGeros et al. [205] also observed the effect of the substitution
of the OH site in the HAp lattice by H,0 on the value of the measured lattice parameters.
Their studies [205] involved investigations of the types of “H,0” existing in human enamel
and in precipitated apatites through use of X-ray diffraction, infrared (IR) absorption
spectroscopic and thermogravimetric analyses. They reported that the H,O-for-OH
substitution in the HAp lattice would be expected to cause an expansion in the unit-cell
dimensions due to the following factors:

e The O-H bond length in the OH group of apatite crystal is smaller compared to its
bond length in a H,O molecule.

e The bent geometry of H-OH compared to O-H would occupy a larger volume (when
substituted), causing lattice expansion. Therefore, the loss of “H.0” upon pyrolysis
(i.e. sintering) would cause a rearrangement of the apatite lattice to one with smaller

unit cell dimensions, i.e. contraction in the a-axis dimension.

On the other hand, the result of this investigation showed due to as a result of increasing the
level of substitution of Zn?* ions (1.0 and 1.5 ZnHAp powders), the Rietveld refinement method
displayed a reduction in the volume of cell unit of the ZnHAp powders. This result can be ascribed

to the defect produced as a result of the replacement process involving zinc ions.

Several researchers prepared ZnHAp powders with different levels of substitution by using
different preparation methods. The results of their studies revealed that the lattice constants (a
and c) varied with the substitution levels. These results can be ascribed to several factors such
as the preparation method, the level of substitutions and the phase purity. Below are

summarised some of these investigations (see Table 5-7):
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Table 5-7: The value of lattice parameters of ZnHAp powders prepared by different synthesis routes.

Authors

Preparation method

Results

Ren et al. [202]

prepared ZnHAp with the following chemical
formula: Ca10xZnx(PO4)s(OH)2 by a wet chemical
method (precipitation) with different Zn contents
(x=0.0,0.5,1.0, 1.5, 2.0, 4.0, 6, 8 and 10). The
authors reported that the precipitates maintained
the apatite phase up to a Zn:(Zn + Ca) ratio of 15-20
mol.%.

The results showed a
decrease in both lattice
parameters (a and c), with
an increase being observed
for both values (a and c)
when the[ Zn:(Ca + Zn)] ratio
was higher than 10 mol.%.

hydrothermal method with different levels of Zn
substitution (3,5,10, 15 and 20 mol% Zn) inHAp.

Predoi et al. The researchers prepared Zn doped hydroxyapatite | The XRD results revealed
[206] ZnHAp by using a co-precipitation method with the | that the lattice parameter
following chemical formula : Ca10-xZnx(PO4)s(OH)2, (a) increased as the
where 0.01 £xZn £0.05. percentage of zinc
substitution increased,
while the lattice parameter
(c) decreased with increase
of the Zn content.
Li et al. [207] The authors prepared ZnHAp powders by a The results revealed that the

lattice parameter (a)
decreased with increasing Zn
substitution up to 10 mol%,
but an increase over 10 mol
% Zn had been observed. On
the other hand, the lattice
parameter (c) in this
investigation was found to
decrease with increasing Zn
incorporation.

5.3.4 SEM of sintered ZnHAp materials with different levels of

prepared by the novel hydrolysis method of MCP/Ca(OH)>

Zn?* substitution as

The morphology of the 900 °C sintered ZnHAp samples with different Zn%* content prepared by

hydrolysis of MCP/Ca(OH). was studied using scanning electron microscopy. The obtained

images are displayed in Fig.5-4.

Based on these images, we can conclude that the produced materials consist of particles with

fine grains, in which porous, irregular distribution, spheroidally shaped, and agglomerated
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crystals were obtained in all samples. The morphology of the ZnHAp powders with different
levels of Zn?* ion was not dissimilar to each other with a porous structure being produced due to

the replacement process of Zn%* ions into the HAp lattice.

The shape of the particles remained unchanged as a result of the increase in concentration of
Zn?* ions in the HAp lattice. Several studies have been performed by different researchers in
preparing ZnHAp powders with various levels of substitution. The results of these investigations
showed clearly that the morphology remained unchanged due to the increasing Zn substitution
level although the particles of the prepared powders in these studies demonstrated a trend to

agglomerate. See below for details:

Predoi et al. [208] synthesized ZnHAp with the following chemical formula: Cai0-xZnx(POa4)s(OH)2
with 0.01 < Xz» £ 0.05 using a co-precipitation method. SEM images of these particles revealed
that there was no difference in the morphology for all ZnHAp samples studied. The morphology

and the particles shape remained unchanged as a result of replacement process of zinc ions.

Fuzeng Ren et al. [202] prepared ZnHAp materials by the wet chemical method with the
following formula : Caio-x Znx (PO4)s(OH)2. Compounds with different values of x were prepared
in the experiments (0, 0.5, 1, 1.5, 2, 4, 6, 8, 10). The precipitates maintained the apatite phase
up to aZn:(Zn + Ca) ratio of 15-20 mol.%. SEM images showed that pure HAp crystals had regular
shapes, whereas the Zn-substituted apatite crystals had a clear tendency to agglomerate with
increasing substitution of Zn?* ions in the HAp lattice. This agrees with the observations made in
the present study about agglomeration as a consequence of the substitution of zincions into the

HAp lattice.
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Figure 5-4: SEM images from the present study of (a) unsubstituted HAp (b) 0.5 ZnHAp (c) 1.0 ZnHAp (d)
1.5 ZnHAp, prepared by hydrolysis of MCP/Ca(OH); after sintering at 900 °C.
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The images show the particles exhibiting increasing levels of agglomeration as the level of Zn ion

substitution increases in the HAp lattice for samples.

5.4 SrHAp materials generated by hydrolysis of MCP/Ca(OH).

Three different series of StHAp powders with differing levels of Sr2* substitution (0.5 SrHAp, 1.0
SrHAp and 1.5 SrHAp) were prepared by hydrolysis of MCP/CaOH),, with the experimental details

of the reagents used in their preparation being listed in the Table 5-8.

Table 5-8: Synthesis details of prepared SrHAp materials by hydrolysis of MCP/Ca(OH)s.

MCP
Ca(OH); SrCl,.6H,0 Ca(H,P0.); Ca(OH); Sr Expected
Sample Ca‘”(;)'a"z (g) () (mol)  (mol) (mol)  Ca/P
ﬁ/’;‘;“b“'t”ted 11.6487  3.6522 ; 0.0498  0.0493 - 1.67
0.5 SrHAp 10.8144 3.4227 06534  0.0462 0.0462 0.0025 1.58
1.0 STHAP 10.064 3.1568 1.2748  0.0430 0.0426 0.0048  1.50
1.5 SrHAp 92413 29436 1.8682  0.0395 0.0397 0.0070 1.42

5.5 Characterization of SrHAp powders prepared with different levels of Sr?*

substitution by hydrolysis of MCP/Ca(OH)::
5.5.1 ICP-MS analysis of sintered SrHAp materials after sintering at 900 °C:

The elemental analyses of the SrHAp samples after sintering at 900°C are displayed in Table 5-
9.

Table 5-9: ICP-MS results of SrtHAp materials after sintering at 900 °C. The concentrations quoted are in
ppb units (ug/L):

Sample Cada P31 Na 23 Sr 88
Unsubstituted HAp by hydrolysis 707795 401240 103797 -

0.5 SrHAp by hydrolysis 711449 383124 93656.8 43563.3
1.0 SrHAp by hydrolysis 562155 361925 106468 88506.7
1.5 SrHAp by hydrolysis 647610 338452 88148 130086.1
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The starting (calculated) and actual (measured) degree of chemical composition of the prepared
powders in terms of wt.% of Sr?*ions, the calcium/phosphorus (Ca/P) molar ratios as well as
(Ca+Na+Sr)/P molar ratios were determined by ICP-MS and presented in Table 5-10.

Table 5-10: The ICP-MS analysis data of SrHAp powders after sintering at 900 °C with different Sr?*
contents by ICP-MS measurements.

Samble Ca/P Ca/P (Ca+Na+Sr)/ P Wt.% of Sr?*ions  Wt.% of Sr?* ions
P Theoretical Measured Measured Theoretical measured

Unsubstituted

HAp by hydrolysis 1.67 1.40 1.65 - -

0.5 SHAp by 1.58 1.43 1.71 4.26% 2.18%

hydrolysis

1.0 SrHAp by 1.50 1.20 1.71 8.34% 4.43%

hydrolysis

1.5 SrHAp by 1.42 1.32 1.93 12.22% 6.50%

hydrolysis

Table 5-10 shows the presence of Sr** and Na* ions into HAp samples, as a result the measured
value of Ca:P mole ratios for all prepared powders were lower than the theoretical value of the
stochiometric Hap (1.67). The (Ca+Na+Sr)/ P mole ratios were found to be slightly higher than
the expected value (1.67) for the 0.5 SrHAp and 1.0 SrHAp powders, but in the case of 1.5 SrHAp
samples, the value of (Ca+Na+Sr)/ P mole ratios was significantly higher than the standard value
of stochiometric HAp. The result was taken as evidence of the formation of carbonated HAp
powders as confirmed by FTIR spectra. Table 5-10 shows that the prepared unsubstituted HAp
and SrHAp powders with different level of substitutions also contain Na* ions. The presence of
Na* ions into the prepared powders can be ascribed to the substitution of sodium ions into
calcium ion sites as a result of using sodium hydroxide (NaOH) to adjust the pH value of the

reaction during the synthesis process.

5.5.2 FTIR Spectroscopy of SrtHAp materials.
5.5.2.1 FTIR of non-sintered SrHAp materials.

The FTIR spectra of SrHAp powders before sintering with differing levels of Sr?*

substitution are illustrated in Fig.5-5.
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Figure 5-5: FTIR spectra of the SrHAp powders (before sintering) with different levels of Sr** substitution
as prepared by hydrolysis of MCP/Ca(OH),.

In Fig. 5-5, the FTIR spectra of the prepared SrHAp powders before sintering have an
approximately identical intensity scale, so can be compared in a direct manner. The spectra
indicated the expected fundamental vibrational peaks of the phosphate group, i.e. v and v1

peaks at 1095/1032, and 962 cm™. The phosphate v4 bands were also observed at 604 and 563
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cm. The carbonate v3 band was also observed in spectra as two peaks at around 1416 and 1468
cm™, whereas the carbonate v, band featured as a single peak at 875 cm™ in all samples. The
characteristic sharp and low intensity band due to HAp lattice OH stretching at 3572 cm™ did not
appear (due to the samples being only poorly crystalline) or was obscured by the broad band
between 3000-3700 cm~! due to adsorbed moisture. The peak at 1640 cm™ is the bending mode
of water due to adsorbed moisture. The band that appeared at 1385 cm™ in the unsintered

powders is believed to be due to the N-O stretch of nitrate ion impurities [169].

5.5.2.2 FTIR of the SrHAp materials after sintering at 900 °C:

The FTIR spectra of the sintered SrHAp powders are shown in Fig.5-6.
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Figure 5-6: FTIR spectra of SrHAp materials with different levels of strontium ion substitution as
prepared by hydrolysis of MCP/Ca(OH), after sintering at 900 °C.

The FTIR spectra feature the expected characteristic molecular vibrations of the HAp phase,
where the fundamental vibrational modes of the PO4* group in HAp are detected at 562, 602,
962 and 1032-1095 cm™, as well the typical bands of the lattice OH™ group in HAp at 3572 and
631 cm™ which appear in the sintered samples (as opposed to the unsintered samples). An
important and unusual observation was the detection of peaks due to carbonate, at 875, 1412

and 1450 cm™, in the SrHAp powder containing the highest amount of strontium ions (1.5

SrHAp).
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This phenomenon has been observed before by Zhang et al. [209] who prepared “SrkHAp” (where
x = Sr/(Ca + Sr) =0, 10, 40, 100 mol.% ) by using a hydrothermal method. The presence of the
COs3 % group in the non-sintered powders with increasing Sr content (Sr/(Ca+Sr)=40 and 100%
mol) was confirmed by FTIR spectra. That result was explained in terms of the larger structural
strain that is produced by partial substitution of Sr 2* for Ca%* ions, as strontium has a larger ionic
radius (113 pm) compared to calcium Ca (99 pm), therefore Sr—HAp (at higher substitution levels)
can accommodate more carbonate to reduce this structural strain, resulting in the formation of

a non-stoichiometric carbonated material.

Fig.5-6 showed that the intensity of the librational OH peak at 631 cm™ in samples started to
decrease with an increase in the substitution of Sr ions in the HAp structure. This IR spectral
trend observed for Sr substituted HAps has been extensively discussed by Bulina et al. [198],
who prepared Sr-Substituted Hydroxyapatite with the chemical formula : Caio-x Srx (PO4)s(OH),
where x = 0-2 and a mechanochemical method was used to synthesise it (see FTIR of ZnHAp

powders).

Frasnelli et al. [192] prepared Sr-HAp nanopowders by a precipitation method with different
Sr?* content-(i.e. where the [Sr/(Sr + Ca) molar ratio = 0, 5, 10, 25, 50, 75 and 100%]. FTIR

analysis showed:

1- The absence of carbonate bands in the prepared samples.
2- A change in the FTIR spectra where the peaks representing lattice OH groups at 3572
cm™ (stretching) and 633 cm™ (bending) started to gradually vanish at higher levels of Sr

ion substitution.

Fig. 5-6 also, confirmed a clear shift of the phosphate bending modes at 572 and 604 cm™ to
lower wavenumber values upon Sr?* ion substitution in the HAp lattice. It was found that this
shift increased in extent as the substitution level of Sr ions increased in the HAp. In addition, the
vibrational frequency of the OH librational mode at 632 cm™ shifted to 612 cm™ as the level of
substitution of Sr?*ions increased. This observation was in good agreement with another study
performed by Bigi et al [131], who prepared SrHAp with Sr/(Ca + Sr) molar ratios ranging in value
from 0 to 1 by using Ca(NOs)2. 4H,0, Sr(NOs); and (NH4):HPO4 as starting materials. The results

of that investigation showed that the peak due to the OH librational mode shifted from 632 to
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537 cm’?, while the infrared absorption bands of the phosphate bending mode v shifted from
603 (unsubstituted HAp) to 592 cm™ as a result of increasing the levels of strontium ion in the
lattice. The authors explained that the real factor causing shifts in the HAp-associated PO4
vibrational frequencies to lower wavenumber values is the decreased anion—anion repulsion
concomitant with an increase in the anion—anion separation in the HAp lattice because of the
increasing cation radius. In other words, the shift of the infrared absorption bands of the
phosphate groups with increasing concentration of Sr* ions can be directly attributed to the

increasing mean dimensions of the Sr cation which is being incorporated into the HAp lattice.

5.5.3 -XRD diffraction analysis of the SrHAp materials after sintering at 900 °C.
5.5.3.1 Phase Identification of SrHAp powders.

Fig. 5-7. shows the XRD diffraction patterns of the sintered SrHAp materials prepared in this

study.
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Figure 5-7: The XRD diffraction patterns of SrHAp powders prepared in this study by the novel hydrolysis
method after sintering at 900 °C.

Fig.5-7 displays clearly that unsubstituted HAp powders contain more impurity phases (this being

B-TCP) compared to SrHAp powders. The following observations were detected by XRD patterns:

1- In the case of 0.5 SrHAp we can see that some peaks that were ascribed to an impurity
phase (B-TCP) at 2 Theta = 31.20° and 34.57° have vanished.

2- 2- At higher levels of substitution (1.0 SrHAp and 1.5 SrHAp), the disappearance of one
typical peak of B-TCP at 2 Theta =34.57° as well as a clear reduction the intensity of
another peak that is related B-TCP phase at 2 Theta = 31.20° were confirmed by XRD
analysis. Also, weak peak beginning to emerge that can be attributed to the B-TCP phase

at 2 Theta = 33.10° started to appear with small intensity.

In other words, substitution of Sr?* ions into HAp structure into HAp structure led to

produce an obvious enhancement in the thermal stability.
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The literature studies described below refer to previous work by different researchers to prepare
SrHAp samples with different substitution levels. It can be seen that these discussions supported
what was observed in the present study regarding the stabilization of the HAp structure to

sintering when Sr ion was incorporated into the HAp lattice.

Guo et al [210] prepared SrHAp with different Sr concentrations where the [Sr/(Sr+Ca) atom ratio
=0, 10, 20, 50 and 100%] by using a wet chemical method (i.e. precipitation). The result of that
study revealed that none of the SrHAp materials with various Sr?* contents were not decomposed
below 900 °C. However, when the temperature of heat treatment was increased up to 1200°C,
the SrHAp (with Sr concentration [i.e. the Sr/(Ca+Sr) atom ratio] kept below 20%) showed good
thermal stability to sintering to the extent that no other impurity phase (TCP) was detected in
the sintered SrHAp materials containing Sr ion loadings below 20%. This investigation showed
obviously that incorporation of Sr?* ions into HAp enhances the thermal stability and hence the
phase purity of the resultant sintered HAp, which agrees with the findings of the present study

as discussed above.

Santos Tavares et al. [211] prepared SrHAp with different Sr fractions( 0, 0.5, 1 and 5 mol % ) by
a wet chemical method (precipitation). The XRD patterns of the (0, 0.5, 1 Sr mol%) prepared
samples showed the appearance of one typical peak of B-TCP at 2 Theta = 31.2, while in the case
of 5 Sr mol%, that peak was not detected. This study also showed the replacement process of
strontium ions into the HAp lattice enhances the thermal (and hence phase) stability of the HAp

powders, which further agrees with the present study’s results.

5.5.3.2 Crystallinity and crystallite size of SftHAp powders:

The degree of crystallinity and the crystallite size of the SrHAp materials after sintering at 900°C

are summarised in Table 5-11.
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Table 5-11: The degree of crystallinity and crystallite size data for SrHAp materials generated by the
novel hydrolysis method after sintering at 900°C

Sample D 002 (A) Crystallinity %
Unsubstituted HAp by 549.8+3.6 82.57+2.1
hydrolysis

0.5 SrHAp by hydrolysis 526.745.1 81.6248.5
1.0 SrHAp by hydrolysis 569.4+1.5 79.4512.5
1.5 SrHAp by hydrolysis 677.2+4.2 78.5213.7

The crystallinity of the prepared SrHAp materials indicated a slight decrease in their values (from
82.6 to 78.5) with increases in the amount of strontium ion substituted into the HAp lattice.
Other researchers using different preparation methods to make the substituted HAps have found
the following in their reported studies. The results of their investigations are summarized in

Table 5-12 (see below).
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Table 5-12: lllustrates the results on the degree of crystallinity measurements of SrHAp materials obtained by studies in the literature.

Sr)] molar ratios varying from 0 to 1.

Authors Preparation method Results
The authors prepared Sr-substituted The result revealed that the crystallinity was slightly decreased with an
HAp with different levels of Srion increasing of the substitution levels of Sr?* ions in the HAp. The calculated
Gengetal. substitution given by [Sr/(Ca + Sr)] = | values of crystallinity were 54.5, 42.2 and 39.0% for 10, 30 and 50% Sr
[212] 10, 30 and 50 mol % ) and used a respectively. This result agrees with this investigation that a reduction in
hydrothermal method for the crystallinity was achieved due to substitution of strontium ions into the HAp
synthesis. lattice.
They reported a reduction in crystallinity, and stated how it can be considered
as a measure to reflect how difficult it is for the larger ions such as Sr?* to be
o The researchers prepared (SrHAp) by | ) o
Bigi et al. o ] introduced and hosted by the HAp lattice. In other words, substitution of
a precipitation method with [Sr/(Ca + o _ o '
[131] strontium ions which have larger ionic radius (0.118 nm) values compared to

calcium ions (0.100 nm) [192]into HAp lattice caused a decrease in

crystallinity. Also, this result agrees with the present investigation
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As shown in Table 5-11, the crystallite size of sintered SrHAp powders initially decreased with
increasing substitution of strontium ions into the HAp lattice reaching a minimum value of (526.7
R) for just the 0.5 SrHAp phase, and then started to increase as a result of increasing levels of
strontium ion substitution in the HAp lattice to reach the maximum value of 677.19 A for the 1.5
SrHAp phase. In the literature, various trends of crystallite size for SrHAp phases synthesized by

other workers exist. The results of these investigations were summarized in Table 5-13.
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Table 5-13: lllustrates the results of the crystallite size of SrHAp materials obtained by various studies.

Authors

Preparation method

The results

O’Donnell et al.
[213]

The researchers prepared SrHAp materials
with the following chemical formula (SrxCai-
4)5(P0O4)30H, where x = 0.00, 0.25, 0.50, 0.75
and 1.00 by using a wet chemical route

(precipitation).

The results showed the crystallite size decreased with addition of Sr %*
ions to the HAp lattice and reached a minimum value at around x = 0.5
then started to increase with Sr content. This result agrees with this
investigation that substitution of Sr?* ions into HAp structure caused a
decrease in the numerical value of crystallite size and reached the
minimum value at 0.5 SrHAp. Afterward, an increasing in the value of
crystallite size was recorded with increasing the amount of strontium
substitution and reached a maximum value at 1.5 SrHAp (677.186 A)
compared to unsubstituted HAp (549.770 A)

Xu et a. [214]

The authors prepared undoped
hydroxyapatite (HAp) as well as SrHAp
materials with different levels of strontium
ion substitution (from 1 to 20 mol.%) by

using a hydrothermal method.

The results showed an increase in the numerical value of crystallite size
due to substitution of Sr?* ions in the HAp lattice where the crystallite size
reached a maximum value of 755.1 A with 20% mol of substitution
process of Sr2* ions compared to 401.9 A for undoped/unsubstituted HAp.
This agrees with the present investigation that substitution of strontium

ions into the HAp lattice increases the crystallite size.
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5.5.3.3 Lattice parameters and volume of unit cell of SrHAp powders:

The lattice parameters and the volume of hexagonal unit cell of the SrHAp materials by the novel

hydrolysis method from the present study after sintering at 900 °C are shown in Table 5-14.

Table 5-14: The lattice parameters and the volume of hexagonal unit cell of the SrHAp powders after
sintering at 900 °C.

Sample a[A] c[A] V[A3]
Unsubstituted HAp by 9.421+0.003 6.882+0.005 1581+0.004

hydrolysis

0.5 SrHAp by hydrolysis 9.431+0.008 6.892+0.006 1586+0.007

1.0 StHAp by hydrolysis 9.445+0.003 6.901+0.0002 1593+0.003

1.5 StHAp by hydrolysis 9.453+0.005 6.909+0.003 1598+0.004

Table 5-14. displays that both lattice parameters (a and c) increased gradually with increasing of
the level of substitution of Sr 2* ions in the HAp lattice. This is clearly related to the larger ionic
radius of Sr?* ions (0.118 nm) compared to that of the Ca?* ions (0.100 nm) [192]. Several
researchers reporting studies of SrHAp materials with different substitution levels showed in
their lattice parameter data a clear expansion in both lattice constant values. The following table

(Table 5-15) displays the results of some other workers’ studies of strontium substituted HAp.
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Table 5-15: llustrates the relationship between substitution level of Sr** ions and lattice parameters (a
and c) as shown in other workers’ studies.

Authors

Preparation method

Result

O’Donnell et al. [213]

These researchers prepared
SrHAp materials with the
following chemical formula
(SrxCai1x)s(P0O4)30H, where x =
0.00, 0.25, 0.50, 0.75 and 1.00)
by using a wet chemical route

(precipitation).

The result of this investigation
showed that both the lattice
parameters (a and c) increased
linearly with increasing Sr
substitution in the HAp lattice,
and this agrees with the result
obtained in the present

investigation.

Frasnelli et al. [192]

The researchers prepared
SrHAp nanopowders by a
precipitation approach with
different fractions of Sr ions, to
produce materials with a Sr/(Sr
+ Ca) molar ratio of 0, 5, 10, 25,
50, 75 and 100%.

The result of this investigation
revealed that the lattice cell
parameters (a and c) increased
as the level of Srion
substitution increased in the
HAp lattice. Also, these results
agree with the present study

reported in this thesis.

Geng et al. [212]

The researchers prepared
(using a hydrothermal method)
Sr ion-substituted HAp with
different levels of Sr ion
substitution where [Sr/(Ca +
Sr)] = 10, 30 and 50 mol %.

The results of their studies
revealed that the lattice
parameters (a and c) in the
resultant substituted HAp
increased with increasing
addition of Sr?*. This agrees
also with the result obtained
in the present study reported

in this thesis.

5.5.4 SEM investigation of SrHAp powders prepared by the novel hydrolysis method

after sintering at 900 °C.

Fig 5-8 displays SEM micrographs of the SrHAp powders after sintering at 900 °C.
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Figure 5-8: SEM images of (a) unsubstituted HAp (b) 0.5 SrHAp (c) 1.0 SrHAp (d) 1.5 SrHAp, prepared by
hydrolysis of MCP/Ca(OH), after sintering at 900 °C.

In general, the sintered HAp powders prepared with low levels of Sr ion substitution (e.g.
0.5SrHAp) were porous in nature and did not agglomerate readily. However, with increasing Sr2*
ion substitution, the SEM images of the HAp powders demonstrated that they became less
porous in appearance and showed a uniform, regular distribution of particles with well packed
materials being produced in the case of HAp powders produced with higher (i.e. 1.0 and 1.5
SrHAp) levels of Sr ion substitution. Spheroidal particles of HAp were seen in the cases of the
0.5SrHAp and 1.0 SrHAp powders while combinations of spheroidal and rod like particles were

observed in the case of the 1.5 SrHAp powders.
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Xu et al. [214], also noted that rod like particles were obtained when they prepared SrHAp
samples with different levels of Srions ( from 1 to 20 mol.% ) by a hydrothermal route. However,
their results revealed that all SrHAp samples prepared had a rod-like morphology which was
different to the present study, since the present investigation displayed two kinds of morphology
of SrHAp powders. Spheroidal particles of HAp were recorded in the cases of the 0.5SrHAp and
1.0 SrHAp powders, and combinations of spheroidal and rod like particles was observed in the

case of the 1.5 SrHAp materials.

5.6 CuHAp materials by hydrolysis method:

Three different CuHAp powders with different levels of Cu?* ion substitution (0.5 CuHAp, 1.0
CuHAp and 1.5 CuHAp powders) were prepared by hydrolysis of MCP/Ca(OH),, with the detailed

amounts of the reagents listed in Table 5-16.

Table 5-16: Synthesis details of prepared CuHAp materials by the novel hydrolysis method of
MCP/Ca(OH),.

Sample MCP Ca(OH); CuCl, Ca(H,PO4), Ca(OH), C

u
Ca(H:PO.):  (g) (g) (mol) (mol)  (mol) DXPected
Ca/P
()
Unsubstituted ) cooy 36502 - 0.0494  0.0493 - 1.67
HAp
0.5 CuHAp 10.9001 3.4532 0.3329 0.0466 0.0466 0.0025  1.58
1.0 CuHAp 10.2458 3.2364 0.6786 0.0438  0.0437 0.0050  1.50
1.5 CuHAp 95687 3.0412 09773 0.0409 0.0410 0.0073  1.42

An obvious difference between these powders and the other powders discussed thus far is the
color of the CuHAp powders due to the replacement process of calcium ion by Cu?* in the HAp
crystals. While unsubstituted HAp (and the Sr and Zn substituted HAp powders) have a milky
white color to them, the CuHAp powders have a distinct green color to them which varied in
intensity from light green to dark green depending on the level of Cu ion substitution. This color
can be considered as a telling sign that has proven that replacement of calcium ion by copper
ions has actually taken place. Fig 5-9 illustrates the powders obtained and their comparison with

powders consisting of unsubstituted HAp.
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Unsubstituted HAp 0.5CuHAp
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Figure 5-9: Colours of the non-sintered CuHAp materials containing different levels of Cu? ion
substitution as prepared by the hydrolysis of MCP/Ca(OH);

5.7 Characterization of CUHAp materials
5.7.1 5.6.1ICP-MS of CuHAp materials after sintering at 900 °C

The results of the ICP-MS elemental analyses of the CuHAp samples are displayed in Table 5-

17.
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Table 5-17: ICP-MS results of CuHAp materials prepared using the novel hydrolysis method of
MCP/Ca(OH),. Concentrations are expressed in ppb (ug/L):

Sample Cad4 P31 Na23 Cué63
E;jfoblitsiits”ted HAP by 707795 401240 103797 -
0.5 CuHAp by hydrolysis 697314 381310 130778 26036.7
1.0 CuHAp by hydrolysis 662837 375921 131715 54955.6
1.5 CuHAp by hydrolysis 615229 361280 128236 81290.6

The starting (calculated) and actual (measured) degree of chemical composition of the prepared
powders in terms of wt% of Cu?*ions, the calcium/phosphorus (Ca/P) molar ratios as well as
(Ca+Na+Cu)/P molar ratio were determined by ICP-MS and presented in Table 5-18.

Table 5-18: The chemical analysis data of CuHAp materials after sintering at 900 °C with different Cu?*
contents by ICP-MS measurements.

Ca/P Ca/P Wt.% of Cu** ions  Wt.% of Cu?* ions
Sample Expected Measured (Ca+Na+Cu)/ P Theoretical Measured
Unsubstituted
HAp by 1.67 1.40 - - B
hydrolysis

. HA
0.5 CuHAp by 1.58 1.41 1.91 3.1% 1.30%
hydrolysis
1.0 CUHA.\p by 1.50 1.36 1.90 6.2% 2.74%
hydrolysis
1.5 CuHAp by 1.42 1.32 1.90 9.2% 4.06%
hydrolysis

The elemental composition of the prepared CuHAp materials as determined by ICP-MS are shown
in Table 5-18. The Ca:P mole ratios were lower than the value expected from stoichiometric HAp
(1.67) and this is due to the substitutions also involving Na* ions. However when calculating the
(Ca+Na+Cu)/P ratio, this was found to be higher than the expected value of stochiometric HAp
(1.67) and these higher values cannot be attributed to formation of carbonated HAp powders,

because the prepared CuHAp samples, especially those labelled at 1.0 CuHAp and 1.5 CuHAp
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were confirmed by FTIR spectra to be carbonate free materials. This result may be attributed to

the phase purity, since another phase (CuO phase) was detected by XRD.

5.7.2 FTIR of CuHAp materials with different Cu** contents prepared by hydrolysis
method.

5.7.2.1 FTIR of non-sintered CuHAp materials.

The FTIR spectra of the non -sintered CuHAp powders with different levels of Cu?*

substitution (as prepared by hydrolysis of MCP/Ca(OH);) are shown in Fig.5-10.

1.5 CuHAp
1.0 CuHAp
< 0.5 CuHAp
g
'g Unsubstituted HAp by hydrolysis
C
=
562 cm
1650 cm'! “PO,* v, band
Adsorbed water
3300-3700 cm? 1385 cm! .
Adsorbed water - NO, " band 602 cm
- PO,* v, band
1416 and 1470 cm™ 875 cm
- CO,* band - CO5% band
962 cm™
1032-1090 cm? - PO,* vy band
- PO, v, band
4500 4000 3500 3000 2500 2000 1500 1000 500 0

Wavenumber (cm1)

Figure 5-10: FTIR spectra of non-sintered copper substituted hydroxyapatite materials with
different levels of Cu?* substitution as prepared by the novel hydrolysis method of MCP/Ca(OH);
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The broad band at 3000-3700 cm™ and the small peak at about 1635 cm™ are due to adsorbed
water, while the bands with shoulder at 962— 1093 cm™ were attributed to the P-O stretching
vibration of phosphate (PO4 37). The band at 565-605 cm™ that appears as a doublet was
assigned to the PO4 3~ bending mode, and the carbonate modes detected at 875, 1416 and 1465
cm served as an indication of the formation of COsHAp (B-type). The recorded band at 1385
cm ™ as discussed previously is believed to be due to the N-O stretching vibration of nitrate
ion which could be a residual contaminant in the powders from starting materials or other

sources.

5.7.2.2 FTIR of CuHAp materials after sintering at 900 °C:

The FTIR spectra of the sintered CuHAp powders with different levels of Cu?* substitution

are shown in Fig.5-11.
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Figure 5-11: FTIR spectra of CuHAp hydroxyapatite materials with different levels of Cu?
substitution after sintering at 900 °C.

Fig. 5-11. represents the FTIR spectra of sintered CuHAp powders. It is clear the characteristic
peaks of adsorbed water (3000—-3700cm™) and those due to the substituted carbonates (875,
1415 and 1470 cm?) disappear due to the sintering process. The fundamental vibrational modes

of PO4 3 group of all powders were all retained and are shown at 475 (v2), 570, 605 (vi), 962 (v1)
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and 1035- 1090 cm™ (v3). The presence of the lattice OH group in all CuHAp samples was
detected by the observation of the OH stretching and librational modes at 3572 and 631 cm
respectively. Another observation from the FTIR spectra was that the intensity of both of the
lattice OH-associated bands in the prepared CuHAp materials showed a decrease in intensity at
3572 cm™ and 631 cm™ as the substitution level of copper ion increased in the HAp lattice. This
result has been observed in previous literature reports on CuHAp materials and can be attributed

to the following possibilities:

1- Replacement process of hydroxyl group by chloride ions that were used as a source of
copper ions (CuCly).
2- Replacement of the proton (H*) in the compounds by copper ions. This will be discussed

later in the section on XRD results.

Imrie et al. [196], reported the preparation of Copper-doped hydroxyapatite with the following
nominal formula Ca1o(POa4)sCuxOyH,, where x = 0, 0.5, 0.75 and 1 which was prepared by using a
solid state method. CaHPQa4, CaCOs and copper (Il) oxide (CuO) were the starting materials. The
FTIR investigations reported in that study displayed a clear reduction in intensity of the OH
stretch (3572 cm™) and the OH librational peaks (631 cm™) as the level of copper ion substitution

increased in the HAp compounds generated.

5.7.3 XRD diffraction analysis of CUuHAp materials after sintering at 900 °C.
5.7.3.1 Phase Identification of CuHAp powders.

Fig. 5-12 illustrates the XRD diffraction patterns of the sintered CuHAp materials.
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Figure 5-12: The XRD diffraction patterns of CUHAp materials after sintering at 900 °C.
The powder X-ray diffraction analysis (Fig. 5-12) showed the intensity of one peak at 2 Theta =

23.10° to start exhibiting a slight increase with an increase in the substitution levels of Cu?* ions
in the HAp lattice. In addition, the gradual decrease in intensity of one peak that corresponded
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to the most intense peak in the B-TCP phase at 2Theta = 31.20° was also noted in the series of
XRD patterns with increasing Cu?* ion substitution. The following observations were also

detected by XRD analysis:

1- Anincrease in the intensity of the peak at 2 Theta =33.60 corresponding to the impurity
phase (B-TCP) was confirmed by XRD analysis in all prepared CuHAp powders with
increasing the concentration of copper ions. This observation was associated with
appearance of a new peak with very small intensity at 2 Theta = 38.80 °in all prepared
CuHAp samples, this peak is related to an impurity phase (CuO) [215].

2- In the cases of 1.0 and 1.5 CuHAp samples, a new peak appeared at 2 Theta = 33.10 °,
which can be attributed to the B-TCP phase. The intensity of this peak increased as the

concentration of copper ions increased.

5.7.3.2 Crystallinity and crystallite size of CuHAp powders:

The degree of crystallinity and the crystallite size of the sintered CuHAp containing different

levels of Cu?* substitution are displayed in Table 5-19.

Table 5-19: The degree of crystallinity and the crystallite size of CUHAp materials after sintering at
900 °C.

Sample Dooz (A) Crystallinity %
:;j;‘oﬁizi;“ted HAP by 549.843.6 82.5742.1
0.5 CuHAp by hydrolysis 490.916.8 77.19%4.7
1.0 CuHAp by hydrolysis 474.0+£1.5 73.40%4.6
1.5 CuHAp by hydrolysis 489.91+2.5 74.9513.6

The XRD patterns in Fig.5-12 also, show some broadening of peaks as the level of copper ion
substitution in the HAp lattice increased. This was supported by the calculations of the degree
of crystallinity which showed a clear reduction of the numerical value of crystallinity as the
substitution level of Cu?* ions increased in the HAp lattice (see Table 5-19). This phenomenon

was reported by several authors who also prepared CuHAp powders with different levels of
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substitution via different synthetic methods. Table 5-20 below illustrates some of these

investigations.

Table 5-20: lllustrated the relationship between crystallinity and substitution of copper ions into HAp
crystal.

Authors Preparation method Results

The authors prepared CuHAp by a co- They reported that

Othmani et al. precipitation method with the following | substitution of copperion
[178] chemical formula: Ca(10-Cux(PO4)s(OH)2 | into the HAp structure
(0sx<4). decreased the crystallinity.

The authors reported the synthesis of
o ) The result of that
CuHAp by neutralization methods (acid- | o )
. investigation confirmed that
base reaction, the authors used Ca(OH)2 | ] )
' incorporation of copper into
and H3POa to prepare the materials).

o HAp and doped HAp with two different o )
Stanic” et al. [8] ) ) crystallinity. The numerical
concentrations of Cu ions, namely
((CuHAP1) and (CuHAP2) were
prepared, and Cu/(Ca + Cu) = 0.0004
and 0.004 for CuHAp1 and (CuHAP2)

respectively

HAp structure reduces the

values of crystallinity were
86, 80 and 77% for HAp,
CuHAp1 and CuHAp2,

respectively.

In the present study, Table 5-19, also shows an obvious reduction in the value of crystallite size
because of substitution of copper ions into HAp structure to reach the minimum value at 1.0
CuHAp (474.0 A), a slight increase was obtained due to increasing the substitution level of copper

in 1.5 CuHAp (489.9 A).

5.7.3.3 Lattice parameters and volume of unit cell of CuHAp powders:

The lattice parameters and the volume of hexagonal unit cell of the sintered CuHAp materials are

shown in Table 5-21.
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Table 5-21: The lattice parameters and the volume of hexagonal unit cell of the CuHAp after sintering

at 900 °C.
Sample a[A] c[A] V[A3]
ﬁ;‘j;‘oblitsi;“ted HAP by 9.421+0.00 6.882+0.005 1581+0.004
0.5 CuHAp by hydrolysis 9.424+0.00 6.881+0.003 1582+0.003
1.0 CuHAp by hydrolysis 9.431+0.00 6.877+0.001 1583+0.002
1.5 CuHAp by hydrolysis 9.374+0.00 6.899+0.004 1569+0.004

In the cases of 0.5 and 1.0 CuHAp Table 5-21 reveals that the lattice parameter (a) increased as

the level

of Cu ion substitution increased, while the lattice parameter (c) decreased. In the case

of 1.5 CuHAp, the Rietveld refinement showed that the lattice parameter (a) decreased in a clear

manner while lattice (c) increased.

Based on the ionic radius of Cu?* (73 pm) which is smaller than that of Ca?* (100 pm) [178], a

reduction in both lattice parameters (a and c) of HAp materials should be expected, but Rietveld

refinement, however, displayed an opposite result( an expansion in the volume of unit cell was

recorded). This result can be attributed to the following:

1-

The occurrence of the substitution process of hydroxyl group by chloride ions which
have a larger ionic radius (0.168 nm) [216] compared to that of the OH ion (0.153 nm).
The source of chloride ions was copper (ll) chloride (CuClz), which was used as the Cu-
containing starting material.

Well-known phosphates with apatite structure As(POs)sX are widely investigated and
show high potential for several applications such as biomedical ones [217]. While A-
position, alkaline earth or other large cations are normally situated such as calcium and
strontium, the channels are usually filled with the X units such as hydroxyl group (OH")
and halogen anions. In the phosphate apatite structure, copper was known to
substitute cations in A-position [218]. Even though there is no evidence up to now on
a possibility to introduce copper or any other metal cations in the channels [217], the

Rietveld analysis of our investigation showed an increase in the volume of unit cell with

increasing Cu?* concentrations which may indicate of substitution of copper ions by the
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OH sites in the hexagonal channels of the apatite structure. In other words, this result
provides an evidence of the possibility of copper ions to replace the smaller proton on
the hydroxyl site which will cause an expansion in the volume of unit cell because of
the larger ionic radius of Cu?* (73 pm) compared to the smaller ionic radius of H*. As
a result, an expansion in the volume of unit cell of hexagonal structure of CuHAp
powders was recorded. Similar results were obtained in the literature as detailed

below:

Imrie et al. [196] prepared copper-doped hydroxyapatite with the following nominal formula
Ca10(P04)6CuxOyH;, where x =0, 0.5, 0.75 and 1 by using a solid state method. The authors used
CaHPO4, CaCOs and copper (1) oxide (CuQ) as a starting material. They reported that as the level
of Cu substitution increased in the HAp lattice, both lattice parameters (a and c) were observed
to increase and stated that this observation confirmed the substitution of the Cu?* ion for the

smaller proton on the OH lattice site.

Bhattacharjee et al. [219] prepared copper-doped hydroxyapatite (CuHAp) with the following
nominal composition Ca1o(POa)s[Cux(OH)2-2xOx] (0.0 < x £ 0.8) by using two synthetic methods,
namely solid-state and wet chemical methods (precipitation). The result of this investigation
displayed that the volume of unit cell of the copper doped materials which were prepared by
solid state reaction increased from 527.17 for HAp materials to 533.31 for CuHAp materials with
the following composition (Ca1o(POa)s[Cuo.s(OH)0.400.8). On other hand, the wet chemical method
displayed a slight expansion in the volume of unit cell compared to the solid-state route. The
volume of unit cell was 528.30 for HAp materials to 529.3 of CuHAp materials with the following
formula: Cai10(P0O4)s[Cuo.8(OH)0.400.s. The authors reported that the unit cell expansion of CuHAp
material, when prepared by a solid state route can be used as evidence that Cu enters the HAp
channel X positions (OH- group), rather than the calcium sites (substitution of calcium site).
Direct substitution of CuZ* with smaller ionic radius (0.73 A) for Ca2* with larger ionic radius(0.99
A) would lead to a contraction, but their investigation showed an increase in the volume of the
unit cell of the hexagonal structure of copper doped HAp. The authors explained the slight
increase in the volume of unit cell of CuHAp materials which were prepared by the wet chemical

method in terms of the less complete Cu tunnel incorporation (this means Cu substitutes in the
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channel (X) site) and partial of Cu in place of calcium (i.e. partial substitution of the calcium ion

in its characteristic site by copper ions).

However, in the present study and in the case of 1.5 CuHAp, the Rietveld analysis showed a clear
reduction in the volume of the unit cell of the 1.5 CuHAp powders. The lattice parameters (a and
c) of the prepared 1.5 CuHAp samples were 9.374 and 6.899 A, respectively compared to 9.421
and 6.882 A for unsubstituted HAp materials.  This reduction can be ascribed to defects and

disorder achieved by substituting high levels of copper ions into the HAp structure.

5.7.4 SEM of CuHAp materials after sintering at 900 °C

Figure 5-13 displayed the SEM images of CuHAp powders after sintering at 900 °C.

15.0kV 15.0mm x4.50k SE(M)
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15.0kV 15.0mm x7.00k SE(M)

15.0kV 15.0mm x4.00k SE(M)
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Figure 5-13: SEM images of (a) unsubstituted HAp (b) 0.5 CuHAp (c) 1.0 CuHAp (d) 1.5 CuHAp, prepared
by hydrolysis of MCP/Ca(OH); after sintering at 900 °C.

The SEM images revealed that porous, irregularly distributed, spheroidal shaped, and
agglomerated structures were obtained for all samples. As a result of increasing the percent of
cupper ions (Cu?*), the morphology did not change; the particles remaining have elongated

spheroids, whereas the level of porosity started to show a slight reduction.

5.8 Summary:

A summary of the findings for this chapter can be outlined as follows:

1- A new method to prepare HAps and substituted HAps by hydrolysis of MCP with Ca(OH)»
is shown to be an effective new route to these powders. By means of this new synthetic
route, three MHAp materials were prepared with the following chemical formula: Caio-
xMx(POa)s(OH)2 (M=Zn, Sr and Cu, x=0.5, 1.0 and 1.5), and were characterized by various
methods to be HAp with one of them (ICP-MS) demonstrating the presence of the Zn, Sr and
Cuions in the associated with the HAp samples though not necessarily proving the different

level of substitution.
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2- As stated in 1, different techniques were used to characterize the prepared samples such

as SEM, FTIR, XRD and ICP-MS.

The result of using these techniques showed:

The formation of a hydroxyapatite phase was confirmed to result from the new
hydrolysis method via detection of the fundamental vibrational modes of PO43  group
at 562, 602, 962 and 1032-1095 cm?, as well as by recording the typical HAp lattice-
associated bands of the OH™ group at 3572 and 631 cm™. This result was confirmed
by using FTIR analysis.

The FTIR spectra of the prepared substituted MHAp materials (ZnHAp and SrHAp) also
revealed a clear relationship between the concentration of M ions substituted, and
the observed intensities of lattice OH" vibrational modes at 3572 cm™ (stretching) and
630 cm™ (librational). This observation was attributed to the change in the local
environment of the OH groups, that was obtained due to the substitution of Ca?* ions
by the Zn?* and Sr?* * ions, which would also led to a change in the value of the
frequency of librational mode.

A clear shift of the phosphate bands at 572 and 604 cm™ to lower wave numbers due
to substitution of calcium ions by Sr?* ions was detected by FTIR spectra. The
magnitude of the shift increases as the concentration of Sr?* ions substituted into the
lattice increases. In addition, a shift of the OH librational mode band from 630 to 612
cm™ was observed with increasing substitution of the Sr?* ions into the HAp lattice.
This result was in a good agreement with that obtained from another study performed
by Bigi et al. [131].

The phase purity, crystallinity, crystallite size and lattice parameters of the prepared
MHAp materials with the following chemical formula: Cai10-xMx(PO4)s(OH)2, (where
M=Zn, Sr and Cu, X=0.5, 1.0 and 1.5) varied with increasing substitution levels and the
details of these values were discussed in this Chapter.

SEM images displayed that ZnHAp and CuHAp materials consist of agglomerated
crystals which are spheroidal in shape. Also, spheroidal particles were seen in the
cases of 0.5 SrHAp and 1.0 SrHAp samples, while a combination of spheroidal and rod

like particles was observed in the case of 1.5 SrHAp materials.
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The varying presence of Zn?*, Sr?* and Cu?* ions in the HAp samples was detected by
ICP-MS analysis.

ICP-MS analysis showed that Ca/P mole ratios of prepared MHAp powders with the
following chemical formula: Ca10.xMx(PO4)s(OH)2 ( where M=Zn, Sr and Cu, x=0.5, 1.0
and 1.5), were found to be lower than expected from stoichiometry due to ion
substitution processes occurring other than the ones of interest. These frequently
involved Na*ions that would have come from the use of NaOH to adjust pH value.
Also, Ca+Na+M/ P mole ratios ( where M= Zn, Sr and Cu) were found to be higher than
the value definitive of stoichiometric HAp. This result can be ascribed to the following:
1- The additional formation of carbonated HAp as in the case of 1.5 SrHAp.

2- The formation of biphasic compounds due to the replacement process of Zn?* ions
into HAp crystal as in the case of 0.5, 1.0 and 1.5 ZnHAp powders.

3- The presence of another phase (CuO) as in the case of 0.5, 1.0 and 1.5 CuHAp
materials.

On the other hand, the results of ICP-MS measurements displayed clearly that the
measured (actual) wt.% values of Zn?*, Sr?* and Cu?* ions that had already been
introduced into HAp samples were lower than the theoretical value introduced in
terms of the synthesis parameters indicating how difficult it is for the small ions such
as Zn?* and Cu?*as well as the large ions such as Sr**to be introduced and hosted by
the HAp. It should also be mentioned that although ICP-MS may detect the presence
of the introduced ions (for substitution) it does not prove they are actually

substituted.
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Chapter Six
Studies on cationic substitutions into HAp of little

studied ions

6.1 Introduction:

As discussed previously calcium phosphate compounds have been used for many years in
biomedical fields such as bone substitute materials for orthopaedic and dentistry [220]. The most
used calcium phosphate compound is hydroxyapatite (HAp). Therefore, a novel method was
developed to prepare (unsubstituted) HAp by hydrolysis of monocalcium phosphate (MCP) using
calcium hydroxide as discussed in Chapter 4. Studies were described using this technique with
ions which have been well studied for hydroxyapatite substitutions such as strontium, zinc and

copper ions in Chapter 5

The stoichiometric HAp with Ca10(PO4)s(OH); formula is of great interest for researchers because
of the flexibility/lability of its structure which gives it the ability to accept ionic substituents into
the lattice and into vacancies [63]. Several attempts have been performed previously by other
researchers and discussed extensively in the current literature [221], through substitution of
other impurities into HAp crystal to enhance some properties of HAp such as the biological, the
chemical and the mechanical characteristics. One of these methods is via cationic substitution.
Cationic substitutions occur when the calcium site of HAp is partially replaced, or even occupied
by another cation such as Zn?*, Mg?*, Na*,....etc [29].  As a result, different systems of MHAp
powders with the following chemical formula: Cai0-xMxHAp (where M=Zn, Sr and Cu, X=0.5, 1.0
and 1.5) were prepared by using the novel hydrolysis method. The details of analysis tests that
were used to characterize these samples using the new hydrolysis method had been discussed in
Chapter 5. Chapter six outlined the preparation method of new systems of cationic substituted
hydroxyapatite materials. Specific systems of MHAp materials (where M= Rb, Eu and Sc) with
different substitution levels were prepared using two different synthesis approaches, namely the
novel hydrolysis and the conventional precipitation routes. The purpose of using these ions for

the substitution process into HAp was mentioned in Chapter 1. No studies to the author’s
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knowledge on the synthesis of Rb, Eu and Sc substituted HAp by the hydrolysis method using

MCP/Ca(OH); as a starting material have been published in the chemical literature. Also, no

studies to the author’s knowledge on the preparation process of Rb and Sc substituted HAp by

using the precipitation method have been reported. While, limited previous attempts were

performed to prepare EuHAp powders as discussed in the literature [18,19,25,222,223], one

paper was published describing the preparation of RbHAp by a hydrothermal method [224].

This chapter aimed to achieve the following:

1-

To prepare specific systems of cationic substituted hydroxyapatite, namely 1% RbHAp (1
wt.% Rb*), 1%EuHAp (1 wt.% Eu*) and 1,3 and 5% ScHAp (1, 3 and 5 wt.% Eu3*), by using
two different approaches (precipitation and hydrolysis methods).

To evaluate the effect of the synthesis route on some properties of HAp materials like the
morphology, chemical composition, substitution levels, crystallinity, crystallite size, lattice
parameters and phase purity, simply because the characteristics of HAp materials such as
the physicochemical and morphological properties depend on the preparation method, as
other research has established [167].

To provide an idea through using FTIR analysis about the relationship between the
reduction of intensities of the stretching and librational modes of the OH" group at (3572
and 630 cm?) and the requirement to keep the charge balance for the prepared
substituted HAp powders due to the replacement process of the calcium ion in the HAP

crystal lattice by the trivalent cation (Eu3*) or the monovalent cation (Rb*).

The following techniques were used to characterize the above substituted HAp powders and

the results were discussed extensively:

1- Scanning electron microscope materials.

2- FTIR spectroscopy.

3- Powders X-ray Diffraction (XRD).

4- Inductively coupled plasma mass spectrometry (ICP-MS) analysis.
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6.2 1% RbHAp (1 wt.% Rb*) powders prepared by hydrolysis and precipitation

methods:

Two series of RbHAp powders (1wt% RbHAp) were prepared by precipitation and hydrolysis

methods, and the detailed amounts of the reagents are listed in Table 6-1.
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Table 6-1: Synthesis details of 1% RbHAp (1% wt. Rb*) powders prepared by precipitation and hydrolysis methods.

sample MCP Ca(OH)2 Ca(NOs)2  Na:HPOs RbCI MmcpP Ca(OH)2 Ca(NOs): Na:HPOs RbCl
(g) (g) (8) (g) (g) (mol) (mol) (mol) (mol) (mol)
1%RbHAp (1 wt.% Rb*
° .p.( W ) - - 8.0076 4.2145 0.0777 - - 0.04880 0.0297 0.0006
by precipitation
1% RbHAp (1 wt.% Rb*
% ROHAp (1 wt.% Rb?) 11.4186 3.6087 - - 0.0777 0.0488 0.0487 - - 0.0006

by hydrolysis
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6.2.1 Characterization techniques of prepared 1%RbHAp (1 wt.% Rb*) materials by

hydrolysis and precipitation methods.

6.2.1.1 ICP-MS of 1% RbHAp (1 wt.% Rb*) materials prepared by hydrolysis and precipitation

methods after sintering at 900 °C.

The results of the elemental analyses of 1% RbHAp (1 wt.% Rb*) samples that were prepared by

the conventional precipitation and the novel hydrolysis routes are displayed in Table 6-2.

Table 6-2: ICP-MS results of 1% RbHAp (1% wt. Rb*) materials prepared by precipitation and hydrolysis
methods after sintering at 900 °C. The concentration is given in ppb (ug/L):

Sample Cad4 P31 Na 23 Rb 85
Unsubstituted
HAp by 707795 401240 103797 -

precipitation

1% RbHAp by

S 776621 378042 29600 1041.9
precipitation

Unsubstituted
HAp by hydrolysis

1% RbHAp by
hydrolysis

769928 423970 78396 -

793212 392324 51192 141.4

The starting (calculated) and actual (measured) degree of chemical composition of the prepared
powders in terms of wt% of Rb* ions, the calcium/phosphorus (Ca/P) molar ratios as well as

(Ca+Na+Rb)/P molar ratio were determined by ICP-MS and presented in Table 6-3.
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Table 6-3: The chemical analysis data of 1% RbHAp (1 wt.% Rb*) materials by ICP-MS measurements
after sintering at 900 °C.

Samble Ca/P Ca/P (Ca+Na+Rb)/P Wt.% Rb*ions W+t.% Rb*ions WHt.% of Na* ions
P Theoretical Measured Mole ratio theoretical Measured Measured

Unsubstituted

HAp by 1.67 1.36 1.71 - - 5.2%

precipitation

1% RbHA

7% RoHAD by 1.64 1.56 1.69 1% 0.05% 1.5%

precipitation

Unsubstituted

HAp by 1.67 1.40 1.65 - - 3.9%

hydrolysis

1%RbHA

%RbHAp by 1.64 1.48 1.74 1% 0.01% 2.6%

hydrolysis

Table 6-3 displays that the Ca:P mole ratio for the prepared 1%RbHAp samples was lower than
the expected value (1.64). This result can be attributed to the presence of Na*ions in the samples
which are substituting into the calcium ion sites in the HAp lattice as discussed previously (see
chapter four for details). Also, the ICP-MS analysis showed that the level of Rb* ions associated
(though not necessarily substituted) with the HAp crystal was very low compared to the proposed
percent of substitution (1%). This result was expected due to the larger ionic radius of Rb* (152
pm) compared to Ca?* (100 pm) [225]. However, the (Ca+Na+Rb)/P mole ratios for the prepared
RbHAp samples were slightly higher than the value of stochiometric HAp (1.67), due to formation
of carbonated HAp in the prepared samples. Also, the ICP-MS analysis displayed that the
measured wt.% of Rb* ions that was associated (though not necessarily substituted) with the HAp
crystal by the precipitation method is higher compared to the hydrolysis method, indicating the

effect of the preparation method on the incorporation of Rb as shown in Table 6-3.

6.2.1.2 FTIR of prepared 1%RbHAp (1 wt.% Rb*) by hydrolysis method and precipitation

method:

FTIR of the non- sintered 1% RbHAp (1 wt.% Rb+) materials prepared by hydrolysis and

precipitation methods:

Fig.6-1 displays the FTIR spectra of the non-sintered 1% RbHAp (1 wt.% Rb*) powders

prepared by the conventional precipitation and novel hydrolysis methods.
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Figure 6-1: FTIR spectra of non-sintered 1% RbHAp (1 wt.% Rb*) materials prepared by the conventional
precipitation and novel hydrolysis methods.

The FTIR spectrum of the non-sintered 1%RbHAp materials which were prepared by the

conventional precipitation method and the novel hydrolysis route was similar to the non-sintered

unsubstituted HAp samples that were prepared by the precipitation and the novel hydrolysis

methods as discussed in Chapter 4, as well as to the non-sintered MHAp materials with the

following chemical formula: CaioxMxHAp (where M=Zn, Sr and Cu, X=0.5, 1.0 and 1.5) that were

synthesized by the novel hydrolysis method as shown in Chapter 5. The presence of the

fundamental vibrational modes of PO43 group at 562, 604, 962 and 1020-1100 cm?, were also
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present in all samples, while the carbonate peaks appeared at 875, 1470 and 1416 cm™"

indicating substitution of phosphate sites in HAp by CO3% (B-type). The typical peak of the
nitrate group at 1384 cm was also recorded in the HAP prepared by the precipitation method
and emanate from the starting materials (nitrate salts). However, thobservation of this peak in
HAp products resulting from the hydrolysis method (see Chapter four for details), is instead
believed to be due to the N-O stretching vibration of nitrate ion which was a residual
contaminant in the KBr powder used to make the pellets. In spectra the bending vibration
band of molecular H2O at 1630 cm™ and the broad band at 3300—-3700 cm™ were also
recorded and attributed to adsorbed moisture on the powders. The disappearance of the
(lattice) hydroxyl stretching and bending peaks at 3572 and 630 cm™ for all samples were
confirmed by FTIR, as evidence of the amorphous/poorly crystalline materials that are

initially produced by the hydrolysis and precipitation routes.

FTIR of 1% RbHAp (1 wt.% Rb*) materials prepared by the novel hydrolysis and conventional

precipitation methods after sintering at 900 °C:

The FTIR spectra of the sintered 1%RbHAp materials prepared by different synthesis routes

(precipitation and hydrolysis) are displayed in Fig.6-2
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Figure 6-2: FTIR spectra of 1% RbHAp (1 wt.% Rb*) materials prepared by precipitation and hydrolysis
methods after sintering at 900 °C.

The FTIR spectra of sintered 1%RbHAp powders prepared by hydrolysis and precipitation

methods displayed the presence of the apatitic phase. The bands at 570 and 603 cm™ were
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attributed to the bending mode (va) of the phosphate group. The (v3) and (vi) stretching modes
of phosphate were observed at 1032-1090 and 962 cm™. The sharp peak at 3572 cm™related to
the stretching vibration of lattice OH", as well as the peak at 630 cm ! which corresponds to the
OH ~ librational mode. Well-defined peaks of carbonate at 875, 1412 and 1450 cm™ were
detected as a result of the substitution process of Rb* ions into the HAp structure by the
precipitation method, but by using the hydrolysis method the carbonate bands disappeared.

Other important observations confirmed by FTIR spectra were:

1- The intensity of the peak due to lattice OH (i.e. at 3572 cm™) stretching in the RbHAp
materials prepared by the precipitation route at clearly decreased due to the substitution
process of Rb* ions, while no any significant difference was obtained by hydrolysis
method.

2- The increase of the peak intensities at 570, 603, 1032 and 1090 cm™ of the prepared
1%RbHAp samples which were prepared by the precipitation route compared to the novel
hydrolysis method can be considered as an enhancement of the crystallinity. This
improvement in the crystallinity might be attributed to the higher wt.% of Rb* ions
associated with the HAp crystals by using the precipitation route compared to the novel
hydrolysis method as confirmed by ICP-MS analysis though ICP-MS cannot prove the Rb

ions are substituted in the HAP lattice.

As discussed in the literature, the entry of other ions with different charges may be produced
simply to restore the neutrality of HAp crystals that resulted from the substitution process of
monovalent ions into the calcium sites [226]. The incorporation of Na* ions into HAp can be
considered as an example of such a monovalent substitution process [226]. Several authors
[226,227] described the proposed mechanism of replacement of sodium ions for calcium ions,
suggesting Na* ions can promote the suitable conditions to accommodate the carbonate group
(COs?%) in phosphate sites. A reduction in the intensity of OH" infrared absorption bands, as the
levels of Na* ions increase in HAp structures, was reported in the literature [226]. However, the
Na-containing B-type apatites (NaCOsAps) can be represented by the following formula : Caio-
«Na2x/3(P04)6x(CO3)x(H20)x(OH)2x/3 [228], and the OH- ion content was derived from the
requirement to keep a charge balance. Therefore, the recorded reduction in the intensity of the

stretching mode of the OH group that was associated with formation of carbonated HAp in the
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present study’s for prepared RbHAp materials by the precipitation route at (3572 cm™) can be

attributed to :

1- the presence of sodium ions as confirmed by ICP-MS analysis associated with the
formation of carbonated HAp in the prepared RbHAp materials as discussed above.

2- Also, the partial substitution of hydroxyl group by chloride ions as a result of using RbCl as
a starting material to insert Rb* into the HAp crystal which can cause a reduction in the

stretching mode of lattice OH at (3752cm™).

6.2.1.3 XRD diffraction analysis of sintered and non-sintered 1%RbHAp (1 wt.% Rb*) prepared

by hydrolysis and precipitation method:

Phase Identification of 1% RbHAp (1 wt.% Rb*) materials:

Fig. 6-3 and 6-4 display the XRD diffraction patterns of non-sintered and sintered 1% RbHAp

powders prepared by hydrolysis and precipitation methods.
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Figure 6-3: The XRD diffraction patterns of non- sintered 1% RbHAp (1 wt.% Rb*) materials prepared by
precipitation and hydrolysis methods.

214

70



B-TCP

Sintered 1%RbHAp by hydrolysis

Intensity

Sintered unsubstituted HAp by hydrolysis

Sintered1%RbHAp by precipitation

Sintered unsubstituted HAp by precipitation

0 10 20 30 2Theta (8) 40 50 60 70

Figure 6-4: The XRD diffraction patterns of 1% RbHAp (1 wt.% Rb*) materials prepared by precipitation
and hydrolysis methods after sintering at 900 °C.
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As a possible result of the substitution process of Rb* ions into HAp structure by the precipitation
route (Fig.6-4) the absence of diffraction peaks that related to the impurity phase (B-TCP) at 2
Theta=23.1", 23.8°, 31.2°, 32.8°, 33.6%, 38.8°, 41.14°, 45.2° and 47.63°, is noticeable indicating
the formation of a single phase with very high purity material achieved by preparing the Rb*
substituted HAp crystal, in other words doping of Rb* ions into HAp structure appears to have
produced a material of higher phase purity compared to unsubstituted HAp through using the
precipitation method. Several studies reported an improvement in the thermal stability due to
the substitution process of several cations into HAp crystal, for example Goldberg et al. [229]
prepared AIHAp materials with various substitution levels of AI** (0, 0.5, 1.0, 5, 10 and 20 % mol)
by using the precipitation method. They studied the influence of heat treatment in the range of
300-1400 °C on several properties of substituted Hap, such as the phase composition. The result
of that study revealed that substitution of Al3* ions into HAp lattice in the range (0.5-1.0 mol%)
led to the production of an obvious enhancement in the thermal stability, that a 100 wt.% pure
HAp phase was obtained as a result of heating AIHAp ( 0.5-1.0 Al mol% ) at 1200 °C compared to
90 wt. % of HAp material and 10 wt.% of B-TCP that had already been achieved as a result of

heating pure HAp powders ( 0.0 Al mol %) at the same temperature

Also, Bianco et al. [133] prepared pure HAp and ”half-F” substituted hydroxyapatite ( with the
following formula Ca1o(POa4)sFOH) by a precipitation route using Ca(NO3)2.4H,0, (NH4)2HPO4, and
NH4F as starting materials. The results revealed that pure HAp decomposed at around 1000 °C,
while in the case of F-HAp, the introduction of F" ions into the apatite lattice induced higher
thermal stability, since the decomposition was observed to occur above 1300 °C. In the present
study, the preparation of Rb* ion substituted HAp by the novel hydrolysis method also caused an
enhancement in the thermal stability, since a visible reduction in the intensity of the XRD peaks
that can be ascribed to an often observed impurity phase (i.e. TCP) were confirmed. This
observation suggests that the substitution process of Rb*, Na* and CI" ions into the HAp structure
by hydrolysis method enhanced the thermal stability and hence the phase purity of the resultant
HAp.
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Crystallinity and crystallite size of sintered 1% RbHAp (1 wt.% Rb*) materials:

Table 6-4 displays the degree of crystallinity and crystallite size of sintered 1% RbHAp (1 wt.% Rb*)

materials prepared by precipitation and hydrolysis methods at 900 °C.

Table 6-4: The degree of crystallinity and crystallite size of 1% RbHAp (1 wt.% Rb*) materials prepared
by precipitation and hydrolysis methods after sintering at 900 °C.

Sample Dooz (A) Crystallinity %

Unsubstituted HAp by

bstitt 618.3+3.2 84.15+2.4
precipitation

1% RoHAp by 711.9+1.1 91.10+1.5
precipitation

Unsubstituted HAp by 549.8+3.6 82.57+2.1
hydrolysis.

1% RbHAp by hydrolysis 571.943.1 83.62+1.8

The diffraction patterns of 1%RbHAp materials became sharper and narrower due to substitution
of Rb* ions, suggesting a high degree of crystallinity was obtained by the precipitation method
(Fig. 6-4). On the other hand, only a marginal improvement in crystallinity was recorded in the
case of RbHAp prepared by the novel hydrolysis method. This observation was proven by the
numerical value of crystallinity, that the calculated value of crystallinity of 1%RbHAp powders
prepared by precipitation and hydrolysis was 91.1 and 83.6, compared to 84.1 and 82.5 for

unsubstituted HAp materials prepared by precipitation and hydrolysis respectively.

As a general note, it has been found that the enhancement of crystallinity due to the substitution
process of various ions into the HAp structure has been reported before in several studies. , For
example, Kaygili et al.[146] compared unsubstituted HAp with Ce-substituted HAp samples that
were prepared with different levels of Ce3* ions (0.5, 1.0 and 2 at.%) by the sol-gel method. The
XRD results of that study revealed that the degree of crystallinity of all prepared CeHAp samples
were higher than that of HAp. Qiao et al. [230] substituted fluoride ions into porcine bone-
derived hydroxyapatite (PHAp). which was prepared by using thermal treatment, followed by the
incorporation of fluoride ions through soaking the prepared hydroxyapatite (PHAp) in different
concentrations of sodium fluoride solutions (0.25, 0.50, and 0.75 mol |I) for 24 hours, and
labelled as 0.25-FPHAp, 0.50-FPHAp, and 0.75-FPHAp. The XRD analysis showed an improvement
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in crystallinity, and that result was also confirmed by the numerical value of crystallinity, since

that value (Xc%) increased from 94.4 for PHAp to 98.7% for 0.75FPHAp.

In the present study, Table 6-4, also displays that a visible increase was recorded for the RbHAp
samples in the value of crystallite size, when calculated by the Debye Scherrer equation, through
using the conventional precipitation and novel hydrolysis routes. The effect of the synthesis route
on such variables was also confirmed by Table 6-4, that the precipitation route produced
materials with higher crystallinity and crystallite size, compared to those produced by the
hydrolysis route. This can be ascribed to the higher wt.% of Rb* ions that associated with the HAp
structure as prepared by the precipitation route compared to that prepared by the novel

hydrolysis method as confirmed by ICP-MS results.

Lattice parameters and volume of unit cell of sintered 1% RbHAp (1 wt.% Rb*):

The lattice parameters and the volume of hexagonal unit cell of the sintered 1% RbHAp (1 wt.%
Rb*) materials prepared by precipitation and hydrolysis methods at 900 °C are shown in Table 6-
5.

Table 6-5: The lattice parameters and the volume of hexagonal unit cell of 1% RbHAp (1 wt.% Rb*)
materials prepared by precipitation and hydrolysis methods after sintering at 900 °C.

Sample a[A] c[A] V[,&3]
Unsubstituted

HAP by 9.416+0.004 6.879+0.003 1579+0.004
precipitation

1% RoHAp by 9.423+0.001 6.882 +0.001 1581+0.001
precipitation

Unsubstituted 9.421+0.003 6.882+0.005 1581+0.004
HAp by hydrolysis

1% RbHAp by 9.424+0.001 6.882+0.002 1582+0.002

hydrolysis

While an increase in both lattice constants (a and c) of 1%RbHAp (1 wt.%Rb"*) by the precipitation
method was shown, the lattice parameter (a) in the case of hydrolysis method just showed a slight
increase. However, an increase in the volume of unit cell of the whole prepared RbHAp powders
by precipitation and hydrolysis methods was produced. This expansion in the unit cell can be

ascribed to the following factors:
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1- The substitution process of hydroxyl group by chloride ions because RbCl was used as a
precursor of Rb* ions during the preparation method. This expansion can be attributed to
the effect of chloride ions which have a larger ionic radius (1.81 A) [123]compared to that
of the hydroxyl group(1.68 A).

2- Although the wt.% of Rb* ions associated with the HAp sample was very low as confirmed
by ICP-MS analysis, the Rietveld analysis suggests that the expansion in the unit cell can
possibly be attributed to the replacement process of Rb* ions which has a larger atomic
radius ( 152 pm)[225] compared to Ca®* (100 pm).

Liu et al [224] prepared RbHAp materials by using the hydrothermal method. Different
substitution levels of RoHAp materials were synthesized in this study: 1, 3, 5,7 and 10 %
RbHAp samples through setting the atomic ratio of Rb/(Rb+Ca) at 1, 3, 5, 7 and 10%). The
researchers used Ca(NOs)2.4H,0, RbNOs and (NHa);HPO4 as starting materials. The
Rietveld refinement showed an increase in the lattice parameters due to the substitution
of Rb* ions into HAp as shown in Table 6-6. This result supports the present investigation
that posits that substitution of Rb* ions caused an increase in the values of lattice

parameters.

Table 6-6: The lattice constants and the volume of unit cell of 1,3,5,7 and 10% RbHAp materials.

Sample a(nm) c(nm) V(nmd)
HAp 0.9389 0.6865 0.5241
1%RbHAp 0.9401 0.6972 0.5261
3%RbHAp 0.9402 0.6974 0.5265
5%RbHAp 0.9405 0.6977 0.5268
7%RbHAp 0.9414  0.6977 0.5275

10%RbHAp 0.9425 0.6979 0.5290
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6.2.1.4 SEM of 1% RbHAp (1 wt.% Rb*) materials prepared by hydrolysis and precipitation

methods:

SEM of non-sintered 1% RbHAp (1 wt.% Rb*) prepared by hydrolysis and precipitation methods.

Fig.6-5. displays SEM images of non-sintered 1% RbHAp (1 wt.% Rb*) powders prepared by

hydrolysis and precipitation methods.

15.0kV 15.0mm x4.00k SE(M)
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Figure 6-5: SEM images of non-sintered (a) unsubstituted HAp by hydrolysis (b) unsubstituted HAp by
precipitation (c) 1% RbHAp (1 wt. % Rb*) by hydrolysis (d) 1% RbAHp (1 wt.% Rb*) by precipitation.

Irregular distribution and the ability to agglomerate were recorded for these samples by both
methods as shown in Fig 6-5, whereas a reduction in the level of porosity was observed for 1%

RbHAp powders by the hydrolysis method.

SEM of 1%RbHAp (1wt.% Rb*) materials prepared by hydrolysis and precipitation methods after

sintering at 900 °C:

The morphology of the sintered 1% RbHAp powders prepared by precipitation and hydrolysis
methods at 900 °C are shown in Fig. 6-6.
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Figure 6-6: SEM images of (a) unsubstituted HAp by precipitation (b) unsubstituted HAp by hydrolysis (c
and d)1%RbHAp (1% wt. Rb*) by precipitation (e) 1%RbHAp (1% wt. Rb*) by hydrolysis, after sintering
at 900 °C.

It can be seen that the morphology of the prepared 1% RbHAp powders had not been affected
by the preparation method and the supposed cationic substitution of Rb* ions, since the level of
Rb* ions associated with the HAp was very low as confirmed by ICP-MS. The samples produced
by the precipitation method consist of spherical particles with fine grains, while those prepared
by the novel hydrolysis route led to the production of spherical particles which had a slight trend
to agglomerate, which was associated with the enhancement in the level of porosity as confirmed

by SEM images.

6.3 1%EuHAp (1 wt.% Eu®*) powders prepared by hydrolysis and precipitation

methods:

A series of 1%EuHAp powders (1 wt.% Eu3*ions) was prepared by the precipitation and hydrolysis

methods, and the detailed amounts of the reagents are listed in Table 6-7.
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Table 6-7: Synthesis details of 1% EuHAp (1 wt.% Eu3* ions) powders

Ca(N03)z Ca(OH)z MCPM NazHP04 EU(N03)3.5H20 Ca(NO3)2 Ca(OH)z MCPM NazHPO4 EU(N03)3.5H20
Sample
(g) (g) (g) (g) (g) (mol) (mol) (mol) (mol) (mol)

0,
EuHAP (1 wt.% Eu) 7.9921 ; ; 4.1822 0.1452 0.0487 - - 0.0295 0.0003
by precipitation

0,
EuHAp (1 wt.% Eu) - 3.6244 12.328 ; 0.1449 - 0.0489  0.0489 - 0.0003

by hydrolysis
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6.3.1 Characterization techniques of 1%EuHAp (1 wt.% Eu3*) materials prepared by the

conventional precipitation and novel hydrolysis methods:

The prepared materials were subjected to various kinds of analysis tests to confirm the presence
of hydroxyapatite and to calculate the crystallinity, crystallite size, lattice parameters, Ca:P mole

ratio and the substitution level of the cation. See below for details:

6.3.1.1 ICP-MS of 1% EuHAp (1 wt.% Eu3*) materials prepared by hydrolysis and precipitation

method after sintering at 900 °C

The results of the elemental analyses of 1% EuHAp (1 wt.% Eu3*) samples that prepared by

precipitation and hydrolysis routes are displayed in Table 6-8.

Table 6-8: ICP-MS results of 1% EuHAp (1 wt.%Eu®*) materials prepared by precipitation and hydrolysis
methods after sintering at 900 °C. The concentration values are given in ppb (ug/L):

Sample Ca4d4 P31 Na23 Eul53
Unsubstituted
HAp by 707795 401240 103797 -

precipitation

1% EuHAp by

. 750984 373050 65838 14904
precipitation

Unsubstituted
HAp by hydrolysis

1% EuHAp by
hydrolysis

769928 423970 78396 -

710087 370113 72516 5103.4

The starting (calculated) and actual (measured) degree of chemical composition of the prepared
powders in terms of wt.% of Eu3*ions, the calcium/phosphorus (Ca/P) molar ratios as well as

(Ca+Na)/P molar ratio were determined by ICP-MS and presented in Table 6-9.
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Table 6-9: The chemical analysis data of 1% EuHAp (1 wt.% Eu®*) materials by ICP-MS measurements
after sintering at 900 °C.

Wt.% Eu® Wt.% Eu®

Ca/P Ca/P . . Wt.% Na* ions
Sample Theoretical Measured (Ca+Na+Eu)/p |ons. lons measured
theoretical measured

Unsubstituted
HAp by 1.67 1.36 1.71 - - 5.2%
precipitation

)
1% EuHAp by 1.65 1.56 1.80 1% 0.74% 3.3%
precipitation
Unsubstituted
HAp by 1.67 1.40 1.65 - - 3.9%
hydrolysis

o)
L%EUHAp by 1.65 1.48 1.75 1% 0.25% 3.6%
hydrolysis

The ICP-MS results suggested (though did not prove conclusively) that Eu3* as well as Na*ions
substituted for calcium ions. This was manifested by an observed reduction in the Ca:P mole
ratios in HAp samples prepared using the precipitation and hydrolysis methods (1.56 and 1.48).
The (Ca+ Eu+ Na) / P for the prepared powders (1.80 and 1,75) were higher than the proposed
value of stochiometric HAp. However higher ratios of Ca:P were expected in COsHAp [185,231],
due to the substitution of phosphate site by carbonate ions, and suggesting formation of B-type
of carbonated HAp powders, which is in a good agreement with FTIR analysis that displayed the

presence of COs% into HAp crystal.

On the other hand, Table 6-9 displays that the doped concentrations of Eu3* ions in the prepared
samples were (0.74 and 0.25%) which were lower than the theoretical substituted value (1%),
and the possible effect of the preparation method on the substitution levels was also
demonstrated, because the levels of Europium ions associated with the HAp samples were found
to be higher in HAps made by the precipitation method compared to those prepared by the novel

hydrolysis route.
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6.3.1.2 FTIR of 1% EuHAp (1 wt.% Eu3*) materials prepared by hydrolysis and precipitation

methods:

FTIR of non-sintered 1% EuHAp (1 wt.% Eu®*) materials prepared by hydrolysis and precipitation

methods.

The FTIR spectra of non-sintered 1%EuHAp powders prepared by hydrolysis and precipitation
routes is displayed in Fig.6-7.

1%EuHAp by hydrolysis
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Figure 6-7: FTIR spectra of non-sintered 1%EuHAp (1 wt.% Eu3*) materials prepared by precipitation
and hydrolysis methods.

The FTIR spectra of all samples of the non-sintered 1%EuHAp materials that were prepared by the
precipitation and the hydrolysis methods are similar to the other substituted HAp materials,

which were prepared by the precipitation and the novel hydrolysis methods.

The FTIR spectra of the non-sintered 1%EuHAp samples prepared by different synthesis routes

(precipitation and hydrolysis methods) displayed bands corresponding to the HAp structure as
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confirmed in Fig.6-7. The broad band at 3300-3600 cm™ and a small band at about 1630 cm™
are related to absorbed water. The fundamental peaks at 562, 602, 962, 1026 and 1100 cm?
were assigned to the phosphate group. The presence of the carbonate group was confirmed by
the appearance of typical bands of carbonate at 875, 1418 and 1470 cm™, A typical band of the
nitrate group (NOs3’) at 1385 cm™, was also detected by using the precipitation route. The
recorded peak at 1385 cm™ through using the hydrolysis method, is instead believed to be due
to the N-O stretching vibration of nitrate ion which was a residual contaminant in the KBr

powder used to make the pellets.

FTIR of 1%EuHAp (1 wt.% Eu?*) materials prepared by hydrolysis and precipitation methods

after sintering at 900 °C.

Figure 6.8. shows the FTIR spectra of the sintered 1% EuHAp powders prepared by using different

synthesis routes (the conventional precipitation and novel hydrolysis methods).
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Figure 6-8: FTIR spectra of 1% EuHAp (1 wt.% Eu?') materials prepared by the conventional
precipitation and novel hydrolysis methods after sintering at 900 °C.

Figure 6.8. shows the characteristic bands of phosphate group was recorded at 1091, 1035, 962,
602, 568 and 475cm™, whereas the typical bands of hydroxyl group appeared at 3571 and 634
cm?, confirming the existence of the apatitic phase by the hydrolysis and precipitation methods.
Another important observation should be taken into account, was the reduction in the intensities
of stretching and librational modes of the lattice OH™ group which may have occurred due to the
substitution of calcium ions by the trivalent cation (Eu3*) in the 1%EuHAp powders that were

prepared by the precipitation method. Such an observation was also recorded by Serret et al.
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[232], when they prepared LaHAp materials with chemical formula : CajoxLax(POa)s(OH)y (0 < x <
2), by solid-state reaction. They used CaCOs, (NH4);HPO4, and La,0s3 for that purpose. The FTIR
results revealed the absorption bands of hydroxyl ions at 3572 and 630 cm™ were detected in a
sample with x = 0. In the case of x = 0.5, just a weak band at 3572 cm™ was observed, but at
higher x values, absorption bands corresponding to hydroxyl ions were not observed. They
reported that the substitution of Ca?* by La3* diminishes the number of OH" ions, which they
suggested was as a result of substitution of trivalent cation into HAp structure, and in order to
keep the charge balance the transformation of the OH™ to O ions can be considered as an
acceptable possibility to increase the negative charge. Also, Han et al. [18] prepared EuHAp with
different levels of Eu3* ions( molar ratios of (Eu)/(Eu+Ca)=0.25-4% ). They used Ca(NOs); 4H,0,
Eu(NOs)3 6H20 and Ca(H2P0a4)2 2H,0 as a precursors. The authors reported that the OH" in the
apatite structure can be replaced by 0% ion to achieve charge compensation for the substitution,

formulated as Caio-xEux(PO4)s(OH)2-xOx.

6.3.1.3 XRD diffraction patterns of non-sintered and sintered 1% EuHAp (1 wt.% Eu®)

materials prepared by hydrolysis and precipitation methods:

Phase Identification of Sintered 1%EuHAp materials:

The XRD patterns of the 1%EuHAp materials prepared by precipitation and hydrolysis methods

are shown in Fig.6-9 and Fig.6.10.

232



1% EuHAp by hydrolysis

Unsubstituted HAp by hydrolysis

Intensity

1% EuHAp by precipitation

Unsubstituted HAp by precipitation

0 10 20 30 40 50 60 70
2 Theta (©)

Figure 6-9: The XRD diffraction patterns of non-sintered 1% EuHAp (1 wt.% Eu3) materials prepared by
precipitation and hydrolysis methods.

233



B-TCP

1% EuHAp by hydrolysis

=
=
z
= Unsubstituted HAp by hydrolysis
1% EuHAp by precipitation
A A A
Unsubstituted HAp by precipitation
0 10 20 30 40 50 60 70
2 Theta (©)

Figure 6-10: The XRD diffraction patterns of 1% EuHAp (1 wt.% Eu*') materials prepared by the
conventional precipitation and novel hydrolysis methods after sintering at 900 °C.
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In the case of the substituted samples of 1%EuHAp powders prepared by both routes, the
characteristic diffraction peaks of unsubstituted HAp are still obvious, and the diffraction peaks
can be well indexed and correspond to the hexagonal structure with p63/m space group as

compared to standard patterns of HAp card no. 01-074-9780.

The effect of the introduction and possible substitution of Eu3*ions into the HAp structure on the
phase composition was confirmed by XRD patterns in both routes (precipitation and hydrolysis).
The substitution process using the precipitation method reduced the intensities of most of the
peaks related to B-TCP in a clear manner. This observation was also associated with
disappearance of other characteristic peaks of impurity phase at 2 Theta =38.8°,41.14° and 45.2".
In the case of the hydrolysis method, Fig. 6-10 displays that two peaks of an impurity phase ( B-
TCP) at 2 Theta = 31.20° and 34.57° completely vanished. These observations by both routes
(precipitation and hydrolysis methods) suggest introducing of Eu 3* ions into HAp (and possibly in
the HAp lattice) produced higher phase purity in the prepared 1% EuHAp materials compared to

the unsubstituted HAp powders.

In other words, Fig. 6-10 showed that the introduction of Eu3* into the HAp crystal by the
conventional precipitation and the novel hydrolysis methods produced more purer phase of HAp
material and reduced B-TCP phase. The conventional precipitation route improved the phase
purity of HAp and exhibited less B-TCP in the HApsamples relative to HAp prepared by the novel
hydrolysis method. This observation can be attributed to the higher wt.% of Eu3*ions associated
with and possibly substituted into the HAp structure by using the precipitation route compared

to the hydrolysis method as confirmed by ICP-MS results.

Crystallinity and crystallite size of sintered 1%EuHAp materials:

Table 6-10 displays the degree of crystallinity and crystallite size of sintered 1% EuHAp (1 wt.%

Eu3*) materials prepared by precipitation and hydrolysis methods at 900 °C.
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Table 6-10: The degree of crystallinity and crystallite size of 1% EuHAp (1 wt.% Eu3*) materials prepared
by precipitation and hydrolysis methods after sintering at 900 °C.

Sample name Dooz (A) Crystallinity %
Unsubstituted HAp by

precipitation 618.3%£3.2 84.15+2.4
L%EuHAp by 677.245.2 83.32+4.7
precipitation

Unsubstituted HAp by 549.8+3.6 82.57+2.1
hydrolysis

%EuHAp by hydrolysis 476.0£3.5 77.0413.1

In this project the calculated value of crystallinity was not strongly affected as a result of
substitution of Eu3* ions, especially in the case of precipitation route since it was 84.14 for
unsubstituted HAp compared to 83.32 to 1%EuHAp. But, through using the hydrolysis process,

the peaks became less intense and much broader confirming the relatively lower crystallinity.

However, Table 6-10 shows that an increase in the value of crystallite size was produced by
precipitation route due possibly to the substitution of Eu3* ions into the HAp structure, but that
the hydrolysis method caused a clear reduction in that value. This result can be ascribed to the
effect of the preparation method on the value of crystallite size. As shown in Table 6-9, the
conventional precipitation method produced higher wt.% of Eu3* ions associated with theHAp
sample (0.74 % of Eu3*) compared to the novel hydrolysis method (0.25 % of Eu3*). Therefore,
there were different chemical compositions obtained through using the different synthesis
routes. Also, Table 6-10, showed that the crystallite size and crystallinity are different to each
other. While the crystallite size can be calculated through using the Debye Scherrer equation
[146], the crystallinity refers to the degree of structural order in a solid. Several researchers
obtained different values of crystallinity and crystallite size when studying substituted HAps. As
an example, Kaygili et al. [146] prepared undoped HAp and Ce-doped HAp using by the sol—gel
method. The amounts of Ce were 0 (undoped HAp), 0.5, 1.0 and 2.0 at.% and the samples were
labelled as H1, H2, H3 and H4, respectively. The results of Kaygili’s XRD analysis are shown in
Table 6-11:
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Table 6-11: The XRD results of Ce-doped HAp with different level of substitution of Ce ** ions as reported
by, Kaygili et al. [146].

Sample Dooz ()  Crystallinity %
H1 27.46 84.2
H2 29.76 89.2
H3 35.01 86.9
H4 28.42 85.4

Lattice Parameters and volume of unit cell of 1%EuHAp materials:

Table 6-12 displays the lattice parameters and the volume of the hexagonal unit cell of the
sintered 1% EuHAp (1 wt.% Eu3*) materials prepared by the precipitation and hydrolysis methods
at 900 °C

Table 6-12: The lattice parameters and the volume of hexagonal unit cell of 1% EuHAp (1 wt.% Eu®*)
materials prepared by precipitation and hydrolysis methods after sintering at 900 °C.

Sample a[A] c [A] V[A3]
Unsubstituted
HAp by 9.416%0.004 6.879+0.003 1579+0.004

precipitation
1%EuHAp by

UHAP 9.419+0.001 6.881+0.002 1580+0.002
precipitation
Unsubstituted
HAp by 9.421+0.003 6.882+0.005 1581+0.004
hydrolysis
1%EUHAp by 9.420+0.002 6.881+0.002 1580+0.002
hydrolysis

Also, Table 6-12. shows a slight increase in both lattice parameters (a and c) due putatively to the
replacement of Eu3* ions into the HAp lattice structure by the precipitation method and this can
be ascribed to the slightly bigger ionic radius of Eu3* 1.087 A [233] compared to (1.0 A ) of Ca?*,

Avery slight decrease in both lattice parameters (a and c) resulted by using the hydrolysis process.

Carmen et al [234] prepared EuHAp materials by coprecipitation with the following chemical
formula : Caio—x Eux(POa)s(OH)2, where X= 0, 0.01, 0.02, 0.1 and x = 0.2 ( in terms of wt.% the
substitution levels would be 0.15, 0.30, 1.50 and 3.00 wt.% of Eu3* ions). However, the XRD
analysis revealed that the lattice parameters did not modify significantly after substitution. The

lattice parameters (a) and (c) for 1% EuHAp were found to be (0.9418 and 0.6884 nm), but in the
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case of 2% EuHAp the calculated values were (0.9416 and 0.6881 nm) compared to standard
data of JCPDS No. 09-0432 for pure HAp (0.9417 and 0.6883nm ).

Sun et al. [222] prepared EuHAp powders, where (Eu3*/(Eu3*+ Ca?*) = 1%). The results of the XRD
analysis revealed that the calculated lattice constants of EuHAp were (a =b =0.9416 nm and c =
0.6881 nm) compared to standard data of JCPDS No. 09-0432 for pure HAp (a = b = 0.9418 nm
and c¢=0.6884 nm).

6.3.1.4 SEM of 1%EuHAp (1 wt.% Eu3*) materials prepared by hydrolysis and precipitation

methods:

SEM of non-sintered 1%EuHAp (1 wt.% Eu3*) materials prepared by hydrolysis and precipitation

methods.

Fig.6-11. displays the morphology of 1%EuHAp materials prepared by precipitation and hydrolysis

routes.
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Figure 6-11: SEM images of non-sintered (a) unsubstitutedHAp by precipitation (b) unsubstituted HAp
by hydrolysis (c) 1% EuHAp(1 wt.% Eu3*) by precipitation (d) 1% EuHAp(1 wt.% Eu®*) by hydrolysis.

As observed in Fig.6-11, the morphology of the prepared samples did not vary due to the
substitution process of Eu3* ions, since the EuHAp materials prepared by precipitation and
hydrolysis routes appeared as porous materials with an irregular distribution coupled with a clear

trend to agglomerate.

SEM of 1% EuHAp ( 1 wt.% Eu®*) materials prepared by the novel hydrolysis and conventional

precipitation methods after sintering at 900 °C:

Fig. 6-12 shows the morphology of 1%EuHAp samples prepared by the conventional precipitation

and novel hydrolysis methods.
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Figure 6-12: SEM images of (a) unsubstituted HAp by precipitation (b) unsubstituted HAp by hydrolysis
(c and d) 1 % EuHAp (1 wt.% Eu®*) by precipitation (e) 1 % EuHAp (1 wt.% Eu®') by hydrolysis, after
sintering at 900 °C.

Fig.6-12. showed that the morphology of EuHAp powders is strongly influenced and affected by

the synthesis route. A well-defined morphology had been obtained due to heat treatment of

EuHAp materials at 900 °C by both methods (precipitation and hydrolysis). While, a spherical

shape was obtained by the hydrolysis method, it can be seen that precipitation approach
produced EuHAp materials that consist of particles with spherical shape and a small quantity of
whiskers as observed by SEM images, but as a result of using hydrolysis method spheroidal like
shapes with porous materials were recorded. It seems that replacement process of Eu3* ions by
precipitation method have a tendency to form whiskers. However, the SEM/EDX techniques was
also used to get better idea about the elemental composition of the 1%EuHAp that was prepared
by the conventional precipitation method. The results of SEM/EDX analysis for the above
mentioned system can be found in Appendix (see appendix A ). The SEM/EDX results showed

that:
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1- The whiskers consist of Ca%*, PO43-, OH and Na* ions.

2- Also, the weight percent of Na* ions (23.74%) in the whiskers were found to be higher
than the spherical particles (2.22%).

3- The whiskers have lower Ca/P mole ratio (0.91) compared to spherical particles (1.40).
The results of SEM/EDX analysis for the above-mentioned system can be found in
Appendix A through the illustration of one computed example involving 1%EuHAp that

was prepared by precipitation route.
6.4 1,3 and5% ScHAp (1, 3 and 5 wt.%Sc>*) powders prepared by hydrolysis and
precipitation methods:

Tite et al. [221] reported that rare — earth metals such as lanthanides and scandium are of great
interest in biomedical applications especially in orthopedic areas because of their high biological

activity as well as their ability to substitute for calcium ions in the HAp structure.

Three different series of ScHAp material (1, 3 and 5 wt.% Sc3*) were prepared by using two
different synthesis routes (precipitation and hydrolysis). Sc203 was used as the scandium
precursor. 0.20 g of Sc,03 was converted to ScCls.(H20)s by using (30 mL of 6M HCI) as described

in [235], according to the proposed equation [235]:
Sc2034+6 HCl+ 9 H20 - 2 ScCls.(H20)6

The detailed amounts of the reagents are listed in the Tables 6-13, 6-14 and 6-15.
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Table 6-13: Synthesis details of 1%ScHAp (1 wt.% Sc**) powders

Ca(N03)z Ca(OH)z( MCPM( Na;HPO, SCC|3.6H20( Ca(N03)z Ca(OH)z MCPM Na;HPO, ScCls.6H,0

Sample

(g) g) 8) @) g) (mol) (mol) (mol) (mol) (mol)
1% ScHAp (1
wt.% Sc3*) by 7.9483 - - 4.2304 0.3585 0.0484 - - 0.0298 0.0014
precipitation
1% ScHAp (1
wt.% Sc3*) - 3.5819 12.1845 - 0.3585 - 0.0483 0.0483 - 0.0014
by hydrolysis

Table 6-14: Synthesis details of 3%ScHAp (3 wt.% Sc**) powders

Sample Ca(N03)2 Ca(OH)z MCPM NazHPO4 SCC|3.6H20 Ca(N03)z Ca(OH)z MCPM NazHPO4 SCC|3.6H20

(g) (g) (g) (g) (g) (mol) (mol) (mol) (mol) (mol)
3% ScHAp (3
wt.% Sc3*) by 7.5685 - - 4.1976 0.9560 0.0461 - - 0.0296 0.0037
precipitation
3% ScHAp (3
wt.% Sc3*) by - 3.40562  11.5987 - 0.9560 - 0.0460 0.0460 - 0.0037
hydrolysis
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Table 6-15: Synthesis details of 5%ScHAp(5 wt.% sc**) powders

Ca(NOs); Ca(OH);y MCPM( Na;HPO, ScCls.6H,O0 Ca(NOs),; Ca(OH), MCPM Na;HPO,  ScCl;.6H.0
Sample

(8) 8) 8) @) (8) (mol) (mol) (mol) (mol) (mol)
5% ScHAp (5
wt.% Sc3*) by 7.1998 - - 4.2098 1.4340 0.0439 - - 0.0297 0.0055
precipitation
5% ScHAp (5
wt.% Sc3*) by - 3.2487 11.0598 - 1.4340 - 0.0438 0.0439 - 0.0055
hydrolysis
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6.4.1 1%ScHAp (1 wt.% Sc**) powders prepared by the novel hydrolysis and

conventional precipitation methods:
One series of 1% ScHAp material (1 wt.% Sc3*) was prepared by using two different synthesis

routes (precipitation and hydrolysis), and the detailed amounts of the reagents are listed in Table

6-13.
6.4.1.1 Characterization techniques of 1% ScHAp (1 wt.% Sc3*) materials prepared by the novel
hydrolysis and conventional precipitation methods:

6.4.1.2 ICP-MS of 1%ScHAp (1 wt.% Sc3*) materials prepared by hydrolysis and precipitation

methods after sintering at 900 °C:

The results of the elemental analyses of 1%ScHAp (1 wt.% Sc3*) samples prepared by precipitation

and hydrolysis routes are displayed in Table 6-16.

Table 6-16: ICP-MS results of 1%ScHAp (1% wt. Sc3*) materials prepared by precipitation and hydrolysis
methods after sintering at 900 °C. The concentration was in ppb unit (ug/L):

Sample Cada P31 Na23 Sc45

Unsubstituted HAp
by precipitation

1% ScHAp by
precipitation

707795 401240 103797 -

750385 375632 46230 226.4

Unsubstituted HAp
by hydrolysis

1% ScHAp by
hydrolysis

769928 423970 78396 -

796143 382950 59771 204.5

The starting (calculated) and actual (measured) degree of chemical composition of the prepared
powders in terms of wt% of Sc3*ions, the calcium/phosphorus (Ca/P) molar ratios as well as
(Ca+Na+Sc)/P molar ratio were determined by ICP-MS and are presented in Tables 6-17.

Table 6-17: The chemical analysis data of 1%ScHAp (1 wt.% Sc**) materials by ICP-MS measurements
after sintering at 900 °C.

Ca/P Ca/P (Ca+Na+Sc)/P Wt.% Sc* ions Wt.% Sc* ions Wt.% Na* ions

Sample . . .
P Theoretical Measured Mole ratio theoretical measured measured
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Unsubstituted
HAp by
precipitation
1% ScHAp by
precipitation
Unsubstituted
HAp by
hydrolysis
1%ScHAp by
hydrolysis

1.67

1.62

1.67

1.62

1.36

1.54

1.40

l.61

1.71

1.71

1.65

1.81

1%

1%

0.01%

0.01%

5.2%

2.3%

3.9%

3.0%

Table 6-17, displays that the Ca:P mole ratio of the prepared 1% ScHAp samples were lower than
the expected value of stochiometric HAp (1.67). This result can be attributed to the presence of
Na* ions in the samples which are substituting into the calcium ion sites in the HAp lattice as
discussed previously (see chapter four for details). The (Ca+Na+Sc)/P mole ratios of the prepared
1%ScHAp samples were slightly higher than the stochiometric value of HAp (1.67). This
observation can be ascribed to the presence of carbonate group as confirmed by FTIR spectra.
Also, Table 6-17, showed that the substitution level of Sc3* ions (if occurring) into HAp samples
by both routes was expected to be very low compared to the proposed percent of substitution
(1%). This result can be explained in terms of the lower concentration of Sc.03 material that was
used as a source of scandium ions (0.2 g of Sc;03 were dissolved in 30 mL of 6M HCIl to obtain

the ScCl3.6H,0 solution).

6.4.1.3 FTIR of 1% ScHAp (1 wt.% Sc3*) materials prepared by the novel hydrolysis and

conventional precipitation methods.

FTIR of non-sintered 1%ScHAp (1 wt.% Sc3*) materials prepared by hydrolysis and precipitation

methods.

Figure 6-13 displays the FTIR spectra of the prepared non-sintered 1% ScHAp (1 wt.% Sc3*)

materials prepared by the precipitation and hydrolysis methods.
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Figure 6-13: FTIR spectra of non-sintered 1%ScHAp (1 wt.% Sc3*) materials prepared by precipitation
and hydrolysis methods.

The FTIR analysis of all samples (Fig. 6-13) showed the characteristic bands of HAp. The broad

band at 3300 - 3700 cm™ and the peak at 1635 cm™ were related to adsorbed water on the
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powders. The band at 1028-1090 cm™ was assigned to the P—O stretching vibration of the
phosphate groups (PO4 37), while the band at 568—-605 cm™ which appears as a doublet was also
attributed to the PO4 3~ bending mode. The small bands at about 1416 and 1465 cm™ are related
to the CO3 2~ group indicating the formation of COsHAp (B-type). In the case of the precipitation
method, the band at 1385 cm™ can be assigned to the nitrate group (NOs *) due to the starting
materials using metal salts, but its observation in solids made by using the hydrolysis method,
indicate it is likely due to the nitrate ion which was a contaminant in the KBr powder used to

make the pellets.

FTIR of 1%ScHAp (1 wt.% Sc3*) materials prepared by hydrolysis and precipitation methods after

sintering at 900 °C:

Figure 6-14 displays the FTIR spectra of sintered 1%ScHAp (1 wt.% Sc3*) materials prepared by

the precipitation and hydrolysis methods.
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Figure 6-14: FTIR spectra of 1%ScHAp (1 wt.% Sc3*) materials prepared by precipitation and hydrolysis
methods after sintering at 900 °C.

The corresponding FTIR spectra (Fig. 6-14) of 1%ScHAp (1 wt.% Sc3*) materials prepared by
precipitation and hydrolysis methods displayed the characteristic vibrational modes of HAp
materials. While the phosphate group appeared at (963, 472, 1104, 1035 cm™, 603 and 565 cm"
1), it can be seen the lattice OH stretching and librational bands appeared at (3572 and 631 cm™)
indicating formation of high crystalline materials. Also, Fig. 6-14 showed a clear reduction in the
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intensity of the stretching mode of OH™ group at 3572 cm™ due possibly to the substitution
process by precipitation and hydrolysis methods at 3572 cm™. This observation can be discussed

as follows:

1- The partial substitution of hydroxyl group by chloride ions as a result of using ScCls as
a precursor to substitute Sc3* ions into HAp crystals.

2- The presence of sodium ions which comes from using sodium hydroxide to adjust pH
value (confirmed by ICP-MS analysis) coupled with the formation COsHAp powders (
as detected in FTIR spectra). These kinds of Na-containing B-type apatites (NaCOsAps)
were discussed extensively (see FTIR of sintered 1%RbHAp), whereas the OH" ion
content was derived by the requirement to keep charge balance and to restore the
neutrality of HAp crystals.

3- Although, the results of ICP-MS analysis showed that the measured wt.% of Sc3* ions

associated with the HAp was very low by both routes (the precipitation and the novel

hydrolysis), the reduction in the intensity of the stretching mode of the OH" group at 3572

cm™ in HAP samples obtained by both preparation methods, might be attributed to the

substitution process of a trivalent cation such as the trivalent scandium ion into the HAp

structure as explained by Serret et al. [232] (see FTIR of sintered EUHAp materials).

6.4.1.4 XRD diffraction patterns of non-sintered and sintered 1%ScHAp (1 wt.% Sc*)

materials prepared by hydrolysis and precipitation methods:

Phase Identification of 1%ScHAp (1 wt.% Sc3*) materials:

The XRD diffraction patterns of non-sintered and sintered 1%ScHAp (1 wt.% Sc3*) materials
prepared by conventional precipitation and novel hydrolysis synthetic methods are shown in Fig.

6-15 and 6-16, respectively.
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Figure 6-15. The XRD diffraction patterns of non-sintered 1% ScHAp (1 wt.% Sc3*) materials prepared by
conventional precipitation and novel hydrolysis methods.
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Figure 6-16: The XRD diffraction patterns of 1%ScHAp (1 wt.% Sc3*) materials prepared by precipitation
and hydrolysis methods after sintering at 900 °C.
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Fig.6-16. shows a disappearance of some peaks of the impurity phase at 2 Theta = 31.24° and
38.8°, and a reduction in the intensities of all other peaks that are related to impurity phase (B-
TCP) due to substitution of Na*, CI and Sc3* ions by precipitation route. In the case of the
hydrolysis method, no clear difference was recorded in the phase purity due to the replacement
process of Sc3* ions into HAp crystal, except for an additional peak related to CaO at 2 Theta =
37.5 ° ( reference card number 04-017-9575) that started to appear with small intensity in the
ScHAp sample coupled with a reduction in the intensity of the other characteristic peaks of B-TCP

at 2 Theta=32.6" and 33.6°.

Crystallinity and crystallite size of sintered 1% ScHAp (1 wt.% Sc3*) materials:

Table 6-18 displays the degree of crystallinity and the crystallite size of sintered 1% ScHAp (1

wt.% Sc3*) materials by the precipitation and hydrolysis methods.

Table 6-18: The degree of crystallinity and the crystallite size of 1%ScHAp (1 wt.% Sc**) materials
prepared by the conventional precipitation and novel hydrolysis methods after sintering at 900 °C.

Sample Dooz (A) Crystallinity %
Unsubstituted HAp by 618.3+3.2 84.15+2.4
precipitation

1% ScHAp by 711.945.5 88.305.3
precipitation

Unsubstituted HAp by 549.8+3.6 82.57+2.1
hydrolysis

1% ScHAp by hydrolysis 649.11+4.8 80.70£3.6

An increase in the numerical value of crystallinity was recorded, while a slight reduction of
crystallinity produced by hydrolysis method as confirmed by Table 6-18. This might be due to the
substitution of the trivalent scandium ion in the HAp samples at least via the precipitation

method.

Also, Table 6-18 suggests that the replacement process of Sc3* ions into HAp crystals has possibly

affected crystallite size, since an increase was achieved by both methods.
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The effect of the low substitution levels on several properties of HAp materials such as the lattice
constants and the crystallite size were reported in the literature. As an example: Daniela Predoi
and others [206] prepared Zn doped hydroxyapatite ZnHAp by using co-precipitation method
with the following chemical formula : Cai0-xZnx(POa4)s(OH)2, where 0.01 < x < 0.05. The XRD
results are shown in Table 6-19. The SEM images from Predoi et al.’s study indicated that the
morphology of the non-sintered ZnHAp materials was similar for all zinc ion concentrations and
the shape of particles remained unchanged.

Table 6-19: The effect of the low substitution levels of Zn?* ions on the lattice constants and the
crystallite size of the prepared HAp [206] .

Sample a(A) b (A) Crystallite size
(A)

JCCD-PDF # 9-432 9.418 6.884 -

XZn =0.00 9.4320 6.8838 231.879 £1.000

XZn =0.01 9.4325 6.8828 230.797£1.000

XZn =0.03 9.4348 6.8818 224.182+1.000

XZn =0.04 9.4365 6.8808 201.651+1.000

In the present study, the effect of substitution process on the numerical values of crystallinity

and crystallite size can also be ascribed to:

1- the presence of Na*, COs? in addition to the Sc3*ions into HAp structure as confirmed
by ICP-MS analysis and FTIR spectra.
2- Also, the existence of Cl-ions in the HAp is expected because of the use of ScCl;.6H,0

as a precursor of Sc3* ions.

Lattice parameters and volume of unit cell of sintered 1%ScHAp (1% wt. Sc3*) materials:

Table 6-20 displays the lattice parameters and the volume of hexagonal unit cell of the sintered

1% ScHAp (1 wt.% Sc3*) materials prepared by precipitation and hydrolysis methods.
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Table 6-20: The lattice parameters and the volume of hexagonal unit cell of 1%ScHAp (1 wt.% Sc3*)
materials prepared by precipitation and hydrolysis methods after sintering at 900 °C.

Sample a[A] c[A] V[A3]
Unsubstituted
HAp by 9.416+0.004 6.879+0.003 1579+0.004

precipitation

1%ScHAp by

cHAp 9.417+0.002 6.879+0.002 1579 +0.004
precipitation
Unsubstituted
HAp by 9.421+0.003 6.882+0.005 1581+0.004
hydrolysis
1%ScHAp by 9.422+0.002 6.882+0.002 1581+0.002
hydrolysis

Based on the given values of ionic radius of Sc3* (87.1 pm) compared to Ca?* ions (100 pm), we
expected a contraction in both values, but the XRD analysis showed that no significant difference
in the lattice parameters was recorded due to immersion of Sc3* ions into HAp crystal by both
routes. These results can be ascribed to lack of substitution of Sc3* ions in the HAp lattice as
suggested by the the ICP-MS analysis which shows a low level of Sc (about 0.01 wt.% Sc3*)
associated with the HAp sample, so increasing the level of substitution was performed to see

whether a higher level of substitution could be achieved in the samples.

6.4.1.5 SEM of 1%ScHAp (1 wt.% Sc3*) materials prepared by hydrolysis and precipitation

methods:

SEM of non-sintered 1%ScHAp (1 wt.% Sc3*) materials prepared by hydrolysis and precipitation

methods:

The SEM technique was used to observe the surface morphology of the the non-sintered
1%ScHAp materials prepared by precipitation and hydrolysis methods and the resulting images

are shown in Fig.6-17.
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Figure 6-17: SEM images of non -sintered (a) unsubstituted HAp by precipitation (b) unsubstituted HAp
by hydrolysis (c) 1 % ScHAp (1 wt.% Sc3*) by precipitation (d) 1 % ScHAp (1 wt.% Sc*) by hydrolysis.
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As shown in Fig.6-17, the morphology of the prepared samples did not appear to vary after
substitution process of lattice ions by Sc3* ions. The particles of ScHAp powders showed the
ability to agglomerate in samples prepared by both routes (hydrolysis and precipitation

methods).

SEM of 1%ScHAp (1 wt.% Sc3*) materials prepared by hydrolysis and precipitation methods after

sintering at 900 °C:

The following figure (Fig.6-18) shows the morphology of the sintered 1% ScHAp powders as

prepared by the conventional precipitation and novel hydrolysis methods.
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Figure 6-18: SEM images of (a) unsubstituted HAp by precipitation (b) unsubstituted HAp by hydrolysis
(c+d+e) 1 % ScHAp (1 wt.% Sc**) by precipitation (f) 1 % ScHAp (1 wt.% Sc**) by hydrolysis, after sintering
at 900 °C.

Fig.6-18. showed that the morphology of 1% ScHAp powders is highly dependent on the synthesis
route. The prepared sample by precipitation method consists of particles with spherical shape
and a small quantity of whiskers, indicating that the substitution of HAP lattice ions involving Sc3*
ions by precipitation tends to form solids which contain whiskers. On the other hand, Fig.6-18(f)
shows that substitution processes of Sc-based species based on the novel hydrolysis method
produced spherical shaped particles with an irregular distribution. The ability also to agglomerate
and to form porous materials was also confirmed by SEM images. The SEM/EDX techniques was
also used to get a better idea about the elemental composition of the 1%ScHAp that was
prepared by the conventional precipitation method. The results of SEM/EDX analysis for the
above-mentioned system can be found in the Appendix (see appendix A). The SEM/EDX results

showed that:

1- The whiskers consist of Ca%*, PO43, OH and Na* ions.
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2- Also, the weight percent of Na*ions (2.17%) in the whiskers were found to be higher than

the spherical particles (1.59%).
3- The Ca/P mole ratio of the whiskers is (1.47) compared to (1.50) of the spherical particles.

6.4.2 3% ScHAp (3 wt.% Sc**) powders prepared by hydrolysis and precipitation

methods:

Two series of 3% ScHAp (3 wt.% Sc3*) powders were prepared by precipitation and hydrolysis

methods, and the detailed amounts of the reagents were listed in table 6-14.

6.4.2.1 Characterization techniques of 3% ScHAp (3 wt.% Sc3*) materials prepared by

hydrolysis and precipitation methods:

ICP-MS of prepared 3% ScHAp (3 wt.% Sc3*) materials prepared by hydrolysis and precipitation

methods after sintering at 900 °C:

The results of the elemental analyses of 3% ScHAp samples that were prepared by the

precipitation and hydrolysis routes are displayed in Table 6-21.

Table 6-21: ICP-MS results of 3% ScHAp (3 wt.% Sc**) materials prepared by precipitation and hydrolysis
methods after sintering at 900 °C. The concentration was in ppb unit(ug/L).

Sample Cad4 P31 Na23 Sc45
Unsubstituted
HAp by 707795 401240 103797 -

precipitation
3% ScHAp by

. 660305 352548 129900 510.7
precipitation

Unsubstituted

HAp by 769928 423970 78396 -
hydrolysis

(o)

3% ScHApby /o191 367382 99800  215.9
hydrolysis

The starting (calculated) and actual (measured) degree of chemical composition of the prepared
powders in terms of wt.% of Sc3*ions, the calcium/phosphorus (Ca/P) molar ratios as well as

(Ca+Na+Sc)/P molar ratio were determined by ICP-MS and presented in Table 6-22.
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Table 6-22: The chemical analysis data of 3% ScHAp (3 wt.% Sc3*) materials by ICP-MS measurements
after sintering at 900 °C.

Sample Ca/P Ca/P (Ca+Na+Sc)/P Wt.% Sc®*ions Wt.% Sc3*ions Wt.% Na* ions
P Theoretical Measured theoretical Measured measured

Unsubstituted

HAp by 1.67 1.36 1.71 - - 5.2%

precipitation

% ScHA

3% SCHAp by 1.55 1.45 1.94 3% 0.03% 6.5%

precipitation

HAp by 1.67 1.40 1.65 ; ; 3.9%

hydrolysis

(o)

3%ScHAp by 1.55 1.35 1.72 3% 0.01% 5.0%

hydrolysis

As shown in Table 6-22, the doped concentrations of Sc* ions ( 0.03 and 0.01% by precipitation
and hydrolysis methods) in the prepared samples were very low and far away from the expected
one (3%), whereas the Ca:P mole ratio of the prepared 3% ScHAp samples was lower than the
expected value of stoichiometric HAp (1.67) due to the presence of sodium ions in the samples
which are substituting into the calcium ion sites in the HAp lattice as discussed previously (see
chapter four for details). The measured (Ca+Na+Sc)/P mole ratios of the prepared 3%ScHAp
samples by the precipitation and the novel hydrolysis methods were found to be higher than the
stoichiometric value of HAp (1.67) due to the formation of carbonated HAp as confirmed by FTIR

spectra.

6.4.2.2 FTIR of 3% ScHAp (3 wt.% Sc3*) materials prepared by the novel hydrolysis and

conventional precipitation methods.

FTIR of non-sintered 3% ScHAp (3 wt.% Sc3*) materials prepared by the novel hydrolysis and

conventional precipitation methods.

FTIR spectra of the non-sintered 3%ScHAp powders prepared by the precipitation and hydrolysis

methods are shown in Fig.6-19
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Figure 6-19: FTIR spectra of non-sintered 3% ScHAp (3 wt.% Sc®*) materials prepared by precipitation
and hydrolysis methods.

The spectra consist of the typical bands due to HAp. P04 bands were observed at 562, 603,
963, and 1032-1095 cm™. The FTIR spectra showed the presence of adsorbed water, through
detecting the typical modes of water at 1640 and 3000—-3700 cm™. The characteristic bands of
carbonate were also detected at 875, 1415 and 1465 cm™ as evidence of substitution of
phosphate group by carbonate and also confirming the presence of B-type carbonated HAp. The
typical band of the nitrate group at 1385 cm™ was observed in the prepared samples from the
precipitation route. This observation can be ascribed to the use of calcium nitrate as a precursor,
but in the case of hydrolysis method that peak (at 1385 cm™), it is more possible that this impurity
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may have existed in the KBr powder used to make the disks for IR analysis. However, a new,
weak peak was observed to appear at 831 cm™ in the Sc-substituted sample prepared by the
precipitation method, while by hydrolysis route, the peak did not appear. In both spectra, the
peak was interpreted to be due to the nitrate ion. In the solid phase prepared by
precipitation, the co-appearance of the 831 cm™ peak is merely because the level of nitrate

contamination in this sample is higher than in the solid prepared by the hydrolysis method.

FTIR of ScHAp (3 wt.% Sc3*) materials prepared by the hydrolysis and precipitation methods

after sintering at 900 °C:

Figure 6-20 shows the FTIR spectra of the sintered 3% ScHAp (3 wt.% Sc3*) materials prepared by

the conventional precipitation and novel hydrolysis methods.
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Figure 6-20: FTIR of 3% ScHAp (3 wt.% Sc**) materials prepared by precipitation and hydrolysis methods
after sintering at 900 °C.

The corresponding FT-IR spectra (Fig. 6-20) of the prepared 3% ScHAp powders displayed the
characteristic vibrational modes of the HAp phase. The typical peaks of phosphate group were
observed at (472, 565, 603, 963, 1035 and 1092 cm™) by both routes, and weak peaks due to
carbonate substitutions were detected at (875,1417 and 1456 cm™?) in the case of the 3% ScHAp
sample prepared by the precipitation method. Also, OH stretching and librational modes by both

methods were observed at 3572 and 631 cm™.

Also, Fig. 6-20 displayed in clearly a visible reduction in the intensity of the stretching mode of

OH group at 3572 cm™™.
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This observation resulted from:

1- The partial substitution of hydroxyl group by chloride ions as a result of using ScCls as a
precursor to substitute Sc3* ions into HAp crystals.

2- The presence of sodium ions as confirmed by ICP-MS analysis coupled with formation
COsHAp powders as detected by FTIR spectra in the both ScHAp powders that were
prepared by precipitation and hydrolysis methods. The OH" ion content was derived by
the requirement to keep charge balance and to restore the neutrality of HAp crystals (see
the FTIR of sintered RbHAp materials for more details).

3- The ICP-MS results showed that the measured wt.% of Sc3* ions that was associated with
the HAp was very low by both routes (the precipitation and the novel hydrolysis routes).
This could mean that scandium ion may not have substituted in the lattice given the

amount of Sc associated with the HAp sample is low.

6.4.2.3 XRD diffraction patterns of non-sintered and sintered 3% ScHAp (3 wt.% Sc*)

materials prepared by hydrolysis and precipitation methods:

Phase identification of 3% ScHAp (3 wt.% Sc3*) materials:

The XRD patterns of non-sintered and sintered 3% ScHAp materials prepared by precipitation and

hydrolysis methods are displayed in Fig.6-21 and Fig.6-22, respectively.
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Figure 6-21: The XRD diffraction patterns of non-sintered 3% ScHAp (3 wt.% Sc**) materials prepared
by the conventional precipitation and novel hydrolysis methods.
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Figure 6-22: The XRD diffraction patterns of 3% ScHAp (3 wt.% Sc3*) materials prepared by precipitation
and hydrolysis methods after sintering at 900 °C.
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Fig. 6-22, displays that the increasing levels of substitution process of Sc3*ions caused a visible
effect on the diffraction patterns of hydroxyapatite by both routes. A new peak appeared by
precipitation method at 26 = 37.5° (This peak is related to CaO, reference card number 04-017-
9575) associated with a decrease in the intensity of one typical peak that is related to impurity
phase (B-TCP) at 2 6= 33.60°. On the other hand, the diffraction patterns of impurity phase by
hydrolysis method of 3%ScHAp powders had not shown any significant difference compared to
HAp materials but an obvious reduction in the intensities of the whole peaks that were related

to HAp structure were observed.

Crystallinity and crystallite size of sintered 3% ScHAp (3 wt.% Sc*) materials:

Table 6-23 displays the degree of crystallinity and the crystallite size of sintered 3% ScHAp (3

wt.% Sc3*) materials prepared by precipitation and hydrolysis methods.

Table 6-23: The degree of crystallinity and the crystallite size of 3% ScHAp (3 wt.% Sc**) materials
prepared by precipitation and hydrolysis methods after sintering at 900 °C.

Sample Dooz (A) Crystallinity %
Unsubstituted HAp

by precipitation 618.33.2 84.1542.4
3%ScHAp by 790.0%6.1 77.28+4.2
precipitation

Unsubstituted HAp 549.8+3.6 82.57+2.1
by hydrolysis

3%ScHAp by 444.4+4.5 70.32+3.8
hydrolysis

Due to increasing the concentration of Sc 3* ions, a visible reduction in the intensities of the
diffraction patterns were recorded by the hydrolysis route, associated with peaks broadening as
an indication of decrease the degree of crystallinity. This observation was also confirmed by the
numerical value of crystallinity as shown in (Table 6-23), that a clear reduction the value of
crystallinity by both routes had been achieved due to increase in the amounts of Sc3* ions. As
confirmed by the ICP-MS analysis, the wt.% of Sc3* ion that was associated with the HAp by both
methods was very low, so the reduction in the crystallinity can be more likely be attributed to
the presence of other ions such as Na*, Cl" and carbonate group (COs%). It was noted that an

increase in the value of crystallite size of the prepared ScHAp samples by the precipitation route,
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was observed but in the case of the hydrolysis method, a reduction in the value of crystallite size

was shown.

As shown in Table 6-23, the numerical values of crystallinity and crystallite size were varied due
to the substitution of Sc3* ions into HAp samples. The effect of replacement process on the
crystallinity and the crystallite size can be ascribed to the effect of the preparation method, the

chemical composition and the phase purity as confirmed by ICP-MS, XRD and FTIR analysis.

Lattice parameter and volume of unit cell of sintered 3% ScHAp (3 wt.% Sc3*) materials:

Table 6-24 shows the lattice parameters and the volume of hexagonal unit cell of 3%ScHAp (3

wt. % Sc3*) materials prepared by precipitation and hydrolysis methods after sintering at 900 °C.

Table 6-24: The lattice parameters and the volume of hexagonal unit cell of 3%ScHAp (3 wt. % Sc**)
materials prepared by precipitation and hydrolysis methods after sintering at 900 °C.

Sample name a[Al c[A] V[A3]
Unsubstituted

HAp by 9.416+0.004 6.879+0.003 1579+0.004
precipitation

3% ScHAD by 9.424+0.003 6.884+0.003 1582+0.003
precipitation

Unsubstituted

HAp by 9.421+0.003 6.882+0.005 1581+0.004
hydrolysis

3% SCHAD by 9.428+0.002 6.881+0.001 1583+0.002
hydrolysis

Anincrease in both lattice parameters (a and c) were seen in samples prepared by the both routes
(precipitation and hydrolysis). This result could not be ascribed to the substitution of Sc3*ions
into HAp materials with smaller ionic radius ( 87.1 pm) compared to Ca?* ions ( 100 pm), because
the ICP-MS results showed that the measured wt.% of Sc3* ions that associated with the HAp was
very low by the both preparation methods. The expansion that had taken place in the lattice
constants as confirmed by the XRD analysis can be attributed to the effect of chloride ions
(introduced into HAp crystal through using ScCls as a starting material). These ions have a larger
ionic radius (1.81 A) [123] compared to the hydroxyl group(1.68 A), since ScCls was used as a

precursor of Sc3* ions during the preparation process
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6.4.2.4 SEM of 3% ScHAp (3 wt.% Sc3*) materials prepared by hydrolysis and precipitation

methods:

SEM of non-sintered 3% ScHAp (3 wt.% Sc3*) materials prepared by hydrolysis and precipitation

methods:

Fig.6-23. displays SEM images of the non-sintered 3%ScHAp powders prepared by hydrolysis and

precipitation methods.

5.0kV 8.2mm%11.0k SE(M)
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Figure 6-23: SEM of images (a) unsubstituted HAp by precipitation (b) unsubstituted HAp by hydrolysis
(c) 3 % ScHAp by precipitation (d) 3% ScHAp by hydrolysis.

The morphology of the prepared samples by precipitation did not appear to vary due to the
addition of Sc3* ions into HAp samples and this was explained by the lower levels of Sc3* detected
as confirmed by ICP-MS results. Spheroidal like shapes associated with a trend to agglomerate
were produced by the precipitation route. On the other hand, flake like shapes resulted in
samples prepared by the hydrolysis method so confirming the effect of that synthesis route on

the morphology.

SEM of 3% ScHAp (3 wt.% Sc3*) materials prepared by hydrolysis and precipitation methods and

sintered after sintering at 900 °C:

Fig.6-24. shows the morphology of sintered 3% ScHAp powders prepared by precipitation and

hydrolysis methods.
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Figure 6-24: SEM images of (a) unsubstituted HAp by precipitation (b) unsubstituted HAp by hydrolysis
(c+d) 3 % ScHAp by precipitation (e) 3% ScHAp by hydrolysis, after sintering at 900 °C.

Fig.6-24. showed that the morphology of 3% ScHAp powders depends on the synthesis route.
While a well-defined morphology due to heat treatment of 3% ScHAp materials at 900 °C by
precipitation had been produced, the SEM images showed that the prepared 3% ScHAp sample
consists of particles with a rod like shape. On the other hand, the synthesis process of 3% ScHAp
by the hydrolysis method produced particles with a spherical shape and with an irregular
distribution.  The high ability to agglomerate and to obtain porous material by the novel

hydrolysis method was also confirmed by SEM images.

As discussed in the literature ([236], [237], [238]), the morphology of the HAp depends on several
variables used in the synthesis conditions such as temperature and the concentrations of calcium
and phosphate ions. As an example Nathanael et al. [239] prepared hydroxyapatite (HAp)
substituted with different levels of fluorine ions (P/F =0, 6, 4 and 2) by the hydrothermal method,
and labelled as FHAp1 (P/F ratio = 6), FHAp2 (P/F ratio = 4) and FHAp3 (P/F ratio = 2). FESEM

displayed that some elongated crystals along with mostly spherical ones were visible for HAp,
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but the effect of fluoride ions substitution was clearly visible in that the morphology of the rod-

shaped crystals increased with increasing levels of fluoride ions.

6.4.3 5% ScHAp powders prepared by hydrolysis and precipitation methods:

One series of 5% ScHAp (5 wt.% Sc3*) powders were prepared by two different synthesis methods

(precipitation and hydrolysis), and the detailed amounts of the reagents are listed in Table 6-15.
6.4.3.1 Characterization techniques of prepared 5% ScHAp (5 wt.% Sc3*) materials by
hydrolysis and precipitation methods.

6.4.3.2 ICP-MS of prepared 5% ScHAp (5 wt.% Sc3*) materials prepared by hydrolysis and

precipitation methods after sintering at 900 °C.

The results of the elemental analyses of sintered 5%ScHAp samples that were prepared by

precipitation and hydrolysis routes are displayed in Table 6-25.

Table 6-25: ICP-MS results of 5% ScHAp (5 wt.% Sc*) materials prepared by precipitation and hydrolysis
methods after sintering at 900 °C. The concentration was in ppb unit (ug/L):

Sample Cad4a P31 Na23 Sc45
Unsubstituted
HAp by 707795 401240 103797 -

precipitation
5% ScHAp by

e 589319 315216 105800 1992.9
precipitation

Unsubstituted

HAp by 769928 423970 78396 -
hydrolysis

o)

5% SCHAPbY  oooc0g 366970 63700 357.7
hydrolysis

The starting (calculated) and actual (measured) degree of chemical composition of the prepared
powders in terms of wt.% of Sc3*ions, the calcium/phosphorus (Ca/P) molar ratios as well as

(Ca+Na+Sc)/P molar ratio were determined by ICP-MS and presented in Table 6-26.
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Table 6-26: The chemical analysis data of sintered 5% ScHAp (5 wt.% Sc3*) materials by ICP-MS
measurements after sintering at 900 °C.

Sample Ca/P Ca/P (Ca+Na+Sc)/P Wt.% Sc®*ions Wt.% Sc3*ions Wt.% Na* ions
P Theoretical Measured theoretical measured measured

Unsubstituted

HAp by 1.67 1.36 1.71 - - 5.2%

precipitation

9 HA

5% SCHAp by 1.47 1.45 1.90 5% 0.10% 5.3%

precipitation

Unsubstituted

HAp by 1.67 1.40 1.65 - - 3.9%

hydrolysis

(o)

S%SCHAD by 1.47 1.35 1.61 5% 0.02% 3.2%

hydrolysis

As shown in Table 6-26 the doped concentration of Sc3*ions (0.1 and 0.02% by the precipitation
and the novel hydrolysis methods) in the prepared samples were very low compared to the
expected one (5.00%) this can be attributed to the low concentration of Sc,03 material that was
used as a source of scandium ions (0.2 g of Sc.03 were dissolved in 30 ml of 6M HCl). The Ca:P
mole ratio of the prepared 5%ScHAp samples was also found to be lower than the expected value
of stochiometric HAp (1.67 due to the presence of sodium ions in the samples which are
substituting into the calcium ion sites in the HAp lattice as discussed previously (see Chapter four
for details), whereas the measured (Ca+Na+Sc)/P mole ratios of the prepared 5%ScHAp samples
by precipitation method were found to be higher than the stochiometric value of HAp (1.67).
This observation can be ascribed to the formation of carbonated HAp as confirmed by FTIR

spectra.

6.4.3.3 FTIR of 5% ScHAp (5 wt.% Sc3*) materials prepared by precipitation and hydrolysis

methods.

FTIR of non-sintered of 5% ScHAp (5 wt.% Sc3*) materials prepared by hydrolysis and

precipitation methods.

The FTIR spectra of non-sintered 5% ScHAp powders prepared by precipitation and hydrolysis

methods are shown in Fig. 6-25.
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Figure 6-25: FTIR spectra of sintered 5% ScHAp (5 wt.% Sc3*) materials prepared by precipitation and
hydrolysis methods.

The FTIR spectra of 5%ScHAp powders at room temperature are shown in Fig. 6-25. The
characteristic peaks of phosphate group were displayed at (562, 603, 962, 1028 and 1093 cm™).
The absence of the stretching and librational modes of hydroxyl groups at (630 and 3572 cm™?)
as evidence of nanocrystalline materials had been confirmed by the FTIR spectra. The presence
of adsorbed water was recorded by detecting the characteristic peaks of water at (1630 and

3000-3700 cm™). The characteristic bands of carbonate were also detected at 875, 1415 and
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1465 cm™ as evidence of substitution of phosphate group by carbonate and confirming the

presence of the B-type of carbonated HAp.

FTIR of 5% ScHAp (5 wt.% Sc3*) materials prepared by hydrolysis and precipitation methods

dfter sintering at 900 °C:

Fig. 6-26 shows the FTIR spectra of sintered 5%ScHAp materials prepared by precipitation and

hydrolysis methods.
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Figure 6-26: FTIR of 5% ScHAp (5 wt.% Sc**) materials prepared by precipitation and hydrolysis methods

after sintering at 900 °C.
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The presence of the apatitic phase was confirmed by FTIR through detecting the fundamental
modes of phosphate bands at (562, 603, 962, 1035 and 1095 cm™) as well as the typical modes

of hydroxyl groups at (631 and 3572 cm™).

Also, Fig. 6-26 revealed an obvious reduction in the intensity of the stretching mode of OH- group
at 3572 cm™ due to substitution process by precipitation and hydrolysis routes. This observation

as discussed previously, resulted from:

1- The partial substitution of hydroxyl group by chloride ions as a result of using ScCls as a
precursor to substitute Sc3* ions into HAp crystals.

2- The presence of sodium ions as confirmed by ICP-MS analysis coupled with formation
COsHAp powders as detected by FTIR spectra in the whole prepared 5% ScHAp powders.
As a result, the OH ion content was derived by the requirement to keep charge balance
and to restore the neutrality of HAp crystals (see FTIR of RbHAp for details).

3- Although, the results of ICP-MS analysis showed that the measured wt.% of Sc3* ions that
associated with the HAp was very low by both routes (the precipitation and the novel
hydrolysis). The reduction in the intensity of the stretching mode of OH™ group at 3572
cm that was obtained by both preparation methods, was thought to be due to the
substitution process of a trivalent cation into HAp samples as explained by Serret et al.

[232] (see the FTIR of EuHAp materials)
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6.4.3.4 XRD diffraction patterns of 5% ScHAp (5 wt.% Sc3*) materials prepared by hydrolysis

and precipitation methods:

Phase Identification of 5% ScHAp (5% wt. Sc3*) materials:

The XRD patterns of non-sintered and sintered 5% ScHAp (5 wt.% Sc3*) materials prepared by

precipitation and hydrolysis routes are displayed in Fig.6-27 and Fig.6-28, respectively.
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Figure 6-27: The XRD diffraction patterns of non-sintered 5% ScHAp (5 wt.% Sc**) materials as prepared
by the conventional precipitation and novel hydrolysis methods.
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Figure 6-28: The XRD diffraction patterns of 5% ScHAp (5 wt.% Sc3*) materials prepared by precipitation
and hydrolysis methods after sintering at 900 °C.
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Fig. 6-28, showed that the XRD diffraction patterns of the prepared 5% ScHAp powders by both
methods were very similar to that of 3%ScHAp materials, but an enhancement in the intensities
of the typical peaks that were related to HAp powders were detected by XRD analysis especially

in the case of hydrolysis method.

Crystallinity and crystallite size of sintered 5% ScHAp (5 wt.% Sc3*) materials:

Table 6-27 shows the degree of crystallinity and the crystallite size of sintered 5% ScHAp (5 wt.%

Sc3*) materials prepared by the conventional precipitation and novel hydrolysis methods.

Table 6-27: The degree of crystallinity and the crystallite size of 5% ScHAp (5 wt.% Sc**) materials
prepared by precipitation and hydrolysis methods after sintering at 900 °C.

Sample Dooz (A) Crystallinity %
Unsubstituted

HAp by 618.31£3.2 84.15+2.4
precipitation

5% ScHAp by 711.06.6 79.43+4.6
precipitation

Unsubstituted

HAp by 549.843.6 82.57+2.1
hydrolysis

5% SCHAP by 444.4432 73.83+3.8
hydrolysis

As shown in Table 6-27, a clear reduction in the degree of crystallinity of the 5% ScHAp powders

was achieved due to the substitution process of scandium ions by both routes.

The results of crystallite size of the prepared 5%ScHAp samples displayed an increase by
precipitation route, while a reduction was detected in samples prepared using the novel
hydrolysis method. The variation in the values of crystallinity and crystallite size of the prepared
5% ScHAp samples, which were prepared by the conventional and the novel hydrolysis methods

can be attributed to the effect of the preparation method and the chemical composition.

Lattice parameter and volume of unit cell of sintered 5% ScHAp (5 wt.% Sc3*) materials:

Table 6-28 shows the lattice parameters and the volume of hexagonal unit cell of 5% ScHAp (5
wt. % Sc3*) materials prepared by the precipitation and hydrolysis methods after sintering at 900

°C
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Table 6-28: The lattice parameters and the volume of hexagonal unit cell of 5% ScHAp (5 wt.% Sc3*)
materials prepared by precipitation and hydrolysis methods after sintering at 900 °C.

Sample a[A] c[A] V[A3]
Unsubstituted
HAp by 9.416+0.004 6.879+0.003 1579+0.004

precipitation
5% ScHAp by

L 9.420+0.003 6.883+0.002 1581+0.003
precipitation
Unsubstituted
HAp by 9.421+0.003 6.882+0.005 1581+0.004
hydrolysis
5% ScHAp by
hydrolysis 9.421+0.002 6.8821+0.002 1581+0.002

Table 6-28, showed the unit cell parameters and volume of unit cell of the calcined 5% ScHAp

materials prepared by precipitation and hydrolysis methods at 900 °C.

An increase in the both lattice parameters (a and c) were recorded by the precipitation method,
and this may be ascribed to the replacement process of chloride ions with bigger ionic radius
(1.81 A) compared to hydroxyl group (1.68 A).  On the other hand, no clear effect on the lattice

parameters were produced by hydrolysis method.

6.4.3.5 SEM of 5% ScHAp (5 wt.% Sc3*) materials prepared by hydrolysis and precipitation

methods.

SEM of non-sintered 5% ScHAp (5 wt.% Sc3*) materials prepared by hydrolysis and precipitation

methods.

Fig. 6-29 shows the SEM images of the non-sintered 5%ScHAp powders prepared by hydrolysis

and precipitation methods.
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Figure 6-29: SEM images of non-sintered (a) unsubstituted HAp by precipitation (b) unsubstituted HAp
by hydrolysis (c) 5% ScHAp by precipitation (d) 5% ScHAp by hydrolysis.
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Fig. 6-29, showed the effect of the increasing level of Sc3 addition on the morphology, in that
porous material with anirregular structure associated with ability to agglomerate were recorded

by both methods.

SEM of 5% ScHAp (5 wt.% Sc3*) materials prepared by hydrolysis and precipitation methods

dfter sintering at 900 °C:

Fig.6-30 displays SEM images of the sintered 5% ScHAp powders prepared by hydrolysis and

precipitation methods.

5.0kV 8.0mm x20.0k SE(M)
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Figure 6-30: SEM of (a) unsubstituted HAp by precipitation (b) unsubstituted HAp by hydrolysis (c+d) 5
% ScHAp by precipitation (e) 5% ScHAp by hydrolysis, after sintering at 900 °C.
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The SEM images showed the sintered 5%ScHAp powders prepared by the precipitation method
consist of particles with a rod like shape, indicating the effect of the preparation method, the
chemical composition as well as phase purity on the morphology. On the other hand, the
preparation of 5% ScHAp by the hydrolysis method produced spherical like shapes with an
irregular distribution. Also, the ability to agglomerate and to form porous material was

confirmed by the SEM images.

6.5 Summary:

1- Different systems of cationic substituted HAp, namely 1% RbHAp (1 wt.% Rb*), 1%EuHAp
(1 wt.% Eu®*) and 1,3 and 5% ScHAp(1, 3 and 5 wt.% Sc3*), were prepared by using two
different methods (precipitation and hydrolysis).

2- Different techniques were used to characterize the samples such as SEM, FTIR, XRD and

ICP-MS.
The result of using these techniques showed:

e The presence of Rb*, Eu** and Sc3* ions into HAp samples were detected by using ICP-
MS analysis. This technique could not prove substitution of the aforementioned ions
but if they were present as substituted ions, the level of substitution was either very
low or non existent. The following Table (Table 6-29) summaries the measured wt.%

of doped ions (Rb*, Eu3* and Sc3*) into HAp samples:
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Table 6-29: The measured wt.% of doped ions (Rb*, Eu®*, Sc** and Na*) into HAp structure as confirmed
by ICP-MS analysis.

Wt.% Rb*ions Wt.% Eu3*ions W1t.% Sc3* ions

Sample
P measured measured measured

1%RbHAp by
precipitation
1%RbHAp by
hydrolysis

1%EuHAp by
precipitation
1%EuHAp by
hydrolysis

1%ScHAp by
precipitation
1%ScHAp by
hydrolysis

3%ScHAp by
precipitation
3%ScHAp by
hydrolysis

5%ScHAp by
precipitation
5%ScHAp by
hydrolysis

0.05% - -

0.01% - -

- 0.74% -

- 0.25% -

- - 0.01

- - 0.01

- - 0.03

- - 0.01

- - 0.10

- 0.02

e The effect of preparation method on the morphology were confirmed by SEM images.
While all samples that prepared by the novel hydrolysis method (1%RbHAp, 1%EuHAp
aswellas 1, 3, and 5% ScHAp) resulted in spherical particles. the precipitation method
led to the formation of different morphologies. As an example: 1% RbHAp powders
consist of spherical particles with fine grain, but the prepared 1%EuHAp materials
consisted of particles with spherical shape and small quantity of whiskers. The SEM
images showed that the morphology of ScCHAp materials prepared by the precipitation
route depend on the levels of Sc salts introduced at point of preparation. As an
example: 1% ScHAp materials were found to contain particles with spherical shape
and small quantity of whiskers, but 3% and 5% ScHAp samples consist of particle with
rod like shape. (These results were detected by using the SEM technique). The

variation in the morphology of 1,3 and 5% ScHAp samples that were prepared by
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precipitation route can be ascribed to the chemical composition, since the presence
of other ions such as Na*, CO3s? and CI- were detected by FTIR and ICP-MS analysis.
The presence of the apatite phase in the whole prepared powders was confirmed
through detecting the fundamental vibrational modes of PO4> group at 562, 602, 962
and 1032-1095 cm?, as well as by recording the typical bands of the OH™ group at
3572 and 631 cm™. On the other hand a reduction of the intensities of stretching and
librational modes of the OH™ group at ( 3572 and 630 cm™) due putatively to the
replacement process of calcium site by trivalent cation (Eu3*) and monovalent cation
(Rb*) had been produced in order to keep charge balance. (These results were
detected by using FTIR analysis).

The effect of the replacement process of calcium site by the following cation (Rb*,
Eu3* and Sc3*) on the crystallinity, crystallite size and lattice parameters were varied
and the details of these values were discussed in the Chapter (these results were

confirmed by using XRD technique).
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Chapter Seven

Specific systems of anionic substituted HAp powders.

7.1 Introduction:

As discussed in the current literature [132], stoichiometric HAp is not regarded as suitable as a
bone graft material because HAp does not dissolve over time and remodel in vivo but instead
remains as a permanent fixture means it can be susceptible to failure in the long-term due to
displacement or non union with other bone. Natural bone differs from stoichiometric HAp in that
natural bone contains other ions substituted into the HAp lattice, such as carbonate, silicate,
magnesium, etc. Therefore, the addition process of ions such as COs%, F, SiO4* and other anions
(which are present in native hard tissue) into the HAp crystal lattice enhances biomaterial
properties, such as solubility and dissolution rate [132]. In terms of anionic substitution, which

is the subject of this chapter, the way this occurs can be divided into three categories [29]:

1- Type A substitution : in this kind of replacement process a hydroxyl group would be
replaced by other anions such as a larger halide ion (ClI") [29].

2- Type B substitution : this type of substitution occurs when the phosphate group is replaced
by another group, such as a silicate group for instance [29].

3- Type AB substitution : occurs when hydroxyl and phosphate groups are replaced by other

anions such as the carbonate ion [10].

This Chapter serves to outline the preparation method of new systems of anionic substituted
hydroxyapatite materials. Specific systems of novel anionic substituted HAp materials were
prepared using three synthetic approaches, namely the novel hydrolysis approach, as well as
the more conventional precipitation and ion exchange methods. No studies to the author’s
knowledge on the synthesis of NoHAp, BsO7HAp, Br,Ap, SAp and NaCl co substituted HAp
(synthesized by the hydrolysis method using MCP/Ca(OH); as a starting materials) have been
published before in the chemical literature. While, limited attempts have been carried out
to prepare NbHAp powders as discussed in the literature [32,240], one work was reported to
prepare NaClHAp co substituted HAp materials in the chemical literature by using the

precipitation method [28]. No previous works to the author’s knowledge have been reported
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for the preparation of BsO;HAp by the precipitation route. Also, no previous works to the

author’s knowledge was reported on synthesising B2Ap and SAp by using the precipitation

method, however, calcium-bromapatite (Br.Ap) and calcium- sulfoapatite (SAp) materials

were prepared by using other methods [23,25]. The details of possible benefits of studying

the substitution processes of these ions into the HAp crystal lattice were discussed elsewhere

(see Chapter 1).

This chapter outlines the detailed results for:

1- The preparation process of specific systems of anionic and co substituted HAp, namely:

1, 3 and 5% NbHAp.

1% B4O7HAP.

Calcium-bromapatite ( Cai0(PO4)eBr2 ).

Calcium- sulfoapatite ( Caio(POa)sS).

NaCIHAp (CasNa(POa4)s(OH)CI). Different preparation methods were employed for
that purpose such as precipitation, hydrolysis and ion exchange routes. The
procedures of the preparation methods were described elsewhere (see Chapter 3

for details).

2- The evaluation of the effect of the synthesis route on some properties of HAp materials such

as the morphology, chemical composition, substitution levels, crystallinity, crystallite size,

lattice parameters and phase purity.

The following techniques were used to characterize the above substituted HAp powders and the

results were discussed extensively.

1- Scanning electron microscope materials.

2- FTIR spectroscopy.

3- Powder X-ray diffraction (XRD).

4- Inductively coupled plasma mass spectrometry (ICP-MS) analysis.
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7.2 1%, 3% and 5% NbHAp (1%, 3% and 5 wt.% niobate ions) powders prepared

by precipitation and hydrolysis methods.

Three different series of NboHAp material (known as 1, 3 and 5% wt Nb) were prepared by using
two different synthesis routes (i.e. the conventional precipitation and novel hydrolysis methods)

as used in other studies reported by this thesis.

The structure of “Nb ions” in aqueous media is not fully understood at present [32]. Jehng et al.
[241]reported the niobium ions in solutions do not exist as Nb>* but as a hexaniobate ionic species
[ HiNbgO1s X | x=0-3] at pH>7. The hexaniobate ionic species starts to degrade into another
ionic species such as the monomeric species with the following chemical formula : NbO2(OH)43[
HaNbOg>1[241], and therefore this monomeric species [ HiNbOg3] can exist only in very basic

and dilute Nb solutions (< 0.08 M)[32].

Sommers [242] reported that the dissolution of NbCls in (12 N HCI ) is an endothermic process,
resulting in a clear yellow solution, so in order to convert Nb;Os to NbCls, 0.2 g of Nb,Os was
dissolved in 30 mL HCI (12 M) for that purpose. Afterwards the solution was heated at 200 °C
with reflux for 10 hours, and the obtained yellow NbCls solution (as shown below in Fig. 7-1) was

used as a precursor to generate niobate ions.
NbHAp powders were prepared based on the following:

1- Niobium precursors (e.g., NbCls) undergo hydrolysis in alkaline aqueous solutions leading
to the formation of oxyanions (generic formula NbxO, #" ) instead of (Nb>*) [31], and this
report was also extensively discussed in the literature [32,241]

2- The density of NbCls is 2.75 g/cm? and molecular weight= 270.2 g/mol.

299



Figure 7-1: NbCls solution that resulted from dissolving Nb,Os in 12 M HCl and heated at 200 °C with
reflux for 10 hours.

The detailed amounts of the reagents that used to prepare 1%, 3% and 5% NbHAp powders are
listed in the Tables 7-1, 7-2 and 7-3.
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Table 7-1: Synthesis details of 1% NbHAp powders by precipitation and hydrolysis methods.

MCPM Ca(OH)z Ca(N03)z NazHP04 NbC|5 MCPM Ca(OH)z Ca(N03)z NazHP04 NbC|5
Sample Ca(H.P04)..H.0
(8) (g) (8) (8) (8) (mol) (mol) (mol) (mol) (mol)
(o)
1% I\.lb.HAP by - - 8.1156 4.1722 0.0825 - - 0.0495 0.0294 0.0003
precipitation
(o)
1% NbHAp by 12.4552 3.6616 - - 0.0825 0.0494 0.0494 - - 0.0003
hydrolysis
Table 7-2: Synthesis details of 3% NbHAp powders by precipitation and hydrolysis methods.
MCPM
MCPM Ca(OH)z Ca(N03)z NazHP04 NbC|5 Ca(OH)z Ca(N03)z NazHPO NbC|5
Sample Ca(H,P04),.H,0
(8) (8) (g) (8) (g) (mol) (mol) (mol) (mol) (mol)
(o)
3% I\.lb.HAP by - - 8.0348 4.0545 0.2200 - - 0.0490 0.0286 0.0008
precipitation
0,
3% NbHAp by 12..3496 3.6259 - - 0.2200 0.0490 0.0489 - - 0.0008
hydrolysis
Table 7-3: Synthesis details of 5% NbHAp powders by precipitation and hydrolysis methods.
MCPM
MCPM Ca(OH); Ca(NOs), Na;HPO, NbCls Ca(OH); Ca(NOs); Na;HPO, NbCls
Sample Ca(H2P04):.H,0
(g) (g) (g) (g) (g) (mol) (mol) (mol) (mol) (mol)
o)
5%NbHAp by - , 7.9325 39326  0.3300 ; ; 0.0483  0.0277  0.0012
precipitation
55NbHAP by 12.1785 3.5818 - - 0.3300 0.0483 0.0483 - - 0.0012
hydrolysis
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7.2.1 1% NbHAp (1 wt.% niobate ions) powders prepared by precipitation and
hydrolysis methods:

One series of 1% NbHAp materials (1 wt.% niobate ions) was prepared by using two different
synthesis routes (i.e. the precipitation and hydrolysis methods), and the detailed amounts of the

reagents were listed in the Table 7-1 (see page 5 for details)

7.2.1.1 Characterization techniques of prepared 1% NbHAp (1 wt.% niobate ions) materials by

the precipitation and hydrolysis methods:

ICP-MS of 1%NbHAp (1 wt.% niobate ions) materials prepared by precipitation and hydrolysis

methods after sintering at 900 °C:

The results of the elemental analyses of 1% NbHAp samples that were prepared by the

precipitation and hydrolysis routes are displayed in Table 7-4.

Table 7-4: ICP-MS results of 1% NbHAp samples prepared by the precipitation and hydrolysis methods
after sintering at 900 °C. The concentration was in ppb (ug/L):

Sample Cad4 P31 Na 23 Nb 93
Unsubstituted HAp by precipitation = 707795 401240 103797 -
1%NbHAp by precipitation 735373 369440 115490 N/D
Unsubstituted HAp by hydrolysis 769928 423970 78396 -
1%NbHAp by hydrolysis 704990 392719 81562 N/D

The starting (calculated) and actual (measured) degree of chemical composition of the prepared
powders in terms of wt% of niobate ions, the calcium/phosphorus (Ca/P) molar ratios as well as

(Ca+Na)/P molar ratio were determined by ICP-MS and presented in Table 7-5.
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Table 7-5: The chemical analysis data of 1% NbHAp materials by ICP-MS measurements after sintering
at 900 °C.

Ca/P Ca/P Wt.% Wt.%
Sample . (Ca+Na+Nb)/P niobateions niobate ions
Theoretical Measured .
theoretical measured

Unsubstituted
HAp by 1.67 1.36 1.71 - -
precipitation

o,
% l\.lb.HAP by 1.68 1.54 1.96 1.00% 0.00%
precipitation
Unsubstituted
HAp by 1.67 1.40 1.65 - -
hydrolysis

0,
1% NbHAp by 1.68 1.39 1.67 1.00% 0.00%
hydrolysis

As shown in Table 7-5, niobate ions were not detected (N/D) by ICP-MS analysis, suggesting the
substitution of niobate ion (had it occurred if Nb were present or associated with the HAp sample)
had not occurred. These results may be attributed to the lower concentration of NbCls that was
used as a source of niobate ions (0.2 g of Nb,Os were dissolved in 30 mL of 12 M HCIl to obtain
NbCls solution). Therefore, increasing the amount of Nb introduced to the preparation at time
of synthesis was performed (as shown later) to see whether a higher level of substitution could
be achieved in the samples. The reduction in the measured value of Ca:P mole ratios for the
whole prepared 1%NbHAp powders can be ascribed to the presence of Na* ions, whereas the
(Ca+Na)/ P in solids prepared by the precipitation method were recorded to be higher than the
expected value of stoichiometric HAp (1.67), due to the formation process of B-type of COsHAp
powders as confirmed by the FTIR spectra (see later), but the (Ca+Na)/ P by hydrolysis method

were found to be the same as the theoretical value of stoichiometric HAp (1.67).
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FTIR of 1%NbHAp (1 wt.% niobate ions) materials prepared by precipitation and hydrolysis

methods:

FTIR of non-sintered 1% NbHAp (1 wt.% niobate ions) materials prepared by precipitation and

hydrolysis methods:

FTIR spectra of the non-sintered 1% NbHAp powders prepared by precipitation and hydrolysis

methods are shown in Fig.7-2.

1%NbHAp by hydrolysis

Unsubstituted HAp by hydrolysis

Transmittance(T%)

o

3300-3700cmt
Adsorbed water

4500 4000

1%NbHAp by precipitation

Unsubstituted HAp by precipitation

]

— \562cm
1650cm™ 7 A384cmt “PO,* v, band
Adsorbed water / _NO, - bahd \
604 cm?
r v 4 -PO,* v, band
1416 and 1470 cm® 1020-1100cm*
- CO,* band -PO7 vsband |
875cm?
962 cm? - CO,% band
- PO,* v, band
3000 2500 2000 1500 1000 500 0

Wavenumber(cm-1)

Figure 7-2: FTIR spectra of non-sintered 1% NbHAp (1 wt.% niobate ions) materials prepared by
precipitation and hydrolysis methods.

The spectra consist of the typical bands ascribed to HAp material. PO4 % bands were detected at

562, 603, 963, and 1030-1098 cm™. The absence of fundamental bands of the OH" group at 630

and 3570 cm™ were confirmed by FTIR analysis due to the presence of adsorbed water, whereas

the typical modes of adsorbed water appeared clearly at 1640 and 3000-3700 cm™. The

characteristic bands of carbonate were also detected at 875, 1415 and 1465 cm™ as evidence of
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the substitution of the phosphate group by carbonate and confirming the presence of B-type

carbonated HAp.

FTIR spectra of 1%NbHAp(1 wt.% niobate ions) materials prepared by precipitation and hydrolysis

methods after sintering at 900 °C:

Fig.7-3 shows the FTIR spectra of the sintered NbHAp powders prepared by precipitation and

hydrolysis methods.

1%NbHAp by hydrolysis
__._.ﬁ_/_._—__

Unsubstituted HAp HAp by hydrolysis

<
'_
o
5
= 1%NbHAp by precipitation
£
z
o
= Unsubstituted HAp HAp by precipitation
___—‘-‘T-'—'.'.-.-.-—_ \‘
/ 475cm?
\ \ PO,* v, band
A~ 1416 and 1470 cm™
N 1385cm™ | 570cm?
3572cm? - CO,* band -NO, * band | “PO,* v, band
- OH v, band I'
I III'.
1035-1090cm? | 605cm?
- PO, v, band I' \ - PO,* v, band
v \
v
962 cm! 631cm?
-PO* v,band ~OHW. band
4500 4000 3500 3000 2500 2000 1500 1000 500 0

Wavenumber (cm™)

Figure 7-3: FTIR spectra of 1%NbHAp (1 wt.% niobate ions) materials prepared by precipitation
hydrolysis methods after sintering at 900 °C.

The characteristic bands of HAp are exhibited in all prepared materials. The vibrational and

stretching modes of hydroxyl group appeared at 632 and 3571 cm™?, indicating highly crystalline
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powders. The typical bands of the phosphate group were recorded at 570, 603, 963, 1028-1070
cm!, whereas the fundamental peaks of the carbonate group appeared in the prepared NbHAp
powders, which were prepared by the precipitation method at 875, 1411 and 1452 cm™. These
results suggest the carbonate uptake has occurred from the reaction solutions. The bands that
appeared at 1384 cm™ by hydrolysis method is believed to be due to the N-O stretching

vibration of the nitrate group.

A further remarkable observation had also been recorded by FTIR spectra, that a clear reduction
in the intensity of stretching modes of OH- group at 3572 cm™ was obtained in the whole prepared
1%NbHAp powders, especially in those prepared by the precipitation method, while the
librational band of OH - at 632 cm™ did not display any significant difference. This reduction in the
intensity of stretching mode was also associated with the appearance of a well- defined peak

which corresponded to the carbonate group at 875 cm™. This reduction can be ascribed to:

1- The partial substitution of hydroxyl group (OH") by chloride ions (CI"). The substitution of
Clions occurred as a result of using NbCls as a starting material to insert niobate ions into
HAp crystal. So, Cl may have substituted instead of niobate ions. Therefore, reduction in
the stretching mode of lattice OH at (3752 cm™) was observed.

2- The presence of sodium ions, coupled with the formation of COsHAp powders in the whole
1%NbHAp powders which were prepared by the precipitation method. Therefore, the OH"
ion content was derived by the requirement to keep charge balance and to restore the
neutrality of HAp crystals as discussed earlier in Chapter 6 (see FTIR of 1%RbHAp samples

for details).

XRD diffraction analysis of 1%NbHAp (1 wt.% niobate ions) materials prepared by precipitation

and hydrolysis methods:

Phase Identification of 1% NbHAp materials:

Figures 7-4 and 7-5 show that the XRD diffraction patterns of the non-sintered and sintered 1%
NbHAp (1 wt.% niobate ions) materials prepared by two different methods (precipitation and

hydrolysis routes).

306



1%NbHAp by hydrolysis

Unsubstituted HAp by hydrolysis

=
z
8]
E
1% NbHAp by precipitation
Unsubstituted HAp by precipitation
0 10 20 30 40 50 60 70
2 Theta (©)

Figure 7-4: The XRD diffraction patterns of non-sintered 1% NbHAp (1 wt.% niobate ions) materials
prepared by precipitation and hydrolysis methods.
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Figure 7-5: The XRD diffraction patterns of 1%NbHAp (1 wt.% niobate ions) materials prepared by
precipitation and hydrolysis methods after sintering at 900 °C.

Although most of the XRD patterns showed the mean peaks of hydroxyapatite, we can see in the
case of the precipitation route that a reduction in the intensity of some peaks, that were related
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to a B-TCP at 2 Theta = 33.60° and 47.36°, was observed. Also, an increase in the intensity of one
peak that belongs to HAp at 2 Theta =34.10° was associated with the appearance of new peak at
2Theta=37.40°. This peak that appeared at 37.40 ° peak can be attributed to CaO (reference card
number 04-017-9575). In the case of the hydrolysis method, the XRD analysis had not shown
any detectable difference in the phase purity, since the only recorded variation between the
prepared powders was a very slight increase in the intensity of one typical peak due to a B-TCP

impurity phase at 2 Theta = 33.6°.

Crystallinity and crystallite size of sintered 1% NbHAp materials:

Table 7-6 shows the degree of crystallinity and the crystallite size of sintered 1% NbHAp (1 wt.%

niobate ions) materials prepared by precipitation and hydrolysis methods.

Table 7-6: The degree of crystallinity and the crystallite size of 1% NbHAp (1 wt.% niobate ions) materials
by precipitation and hydrolysis methods after sintering at 900 °C.

Sample Dooz (A) Crystallinity %
Unsubstituted HAp by precipitation 618.3+£3.2 84.15+2.4
1%NbHAp by precipitation 751.7+2.4 80.49+4.1
Unsubstituted HAp by hydrolysis 549.843.6 82.5712.1
1%NbHAp by hydrolysis 473.6%3.2 76.09t3.4

The numerical value of the crystallinity of the 1% NbHAp powders which was prepared by different
methods, displayed a clear reduction as confirmed in Table 7-6, suggesting that it is difficult to

substitute one ion, such as niobate, because of the larger ionic radius of that monomer
(HsNbOg 3~ ) compared to PO4* ions (0.30 nm and 0.23 nm [32], respectively).

Also, Table 7-6 shows the crystallite size of 1%NbHAp powders that were prepared by
precipitation route was significantly increased. The hydrolysis method had a completely different
effect on the crystallite size in that there was a decrease in size, indicating the effect of the

synthesis route on the numerical value of crystallite size.
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Lattice parameters and volume of unit cell of 1%NbHAp materials:

Table 7-7 displays the lattice parameters and the volume of hexagonal unit cell of the sintered

1% NbHAp (1 wt.% niobate ions) materials prepared by precipitation and hydrolysis methods.

Table 7-7: The lattice parameters and the volume of hexagonal unit cell of 1% NbHAp (1 wt.% niobate
ions) prepared by precipitation and hydrolysis methods, after sintering at 900 °C.

Sample a[A] c[A] V[A3]

Unsubstituted HAp by precipitation 9.416+0.004 6.879+0.003 1579+0.004
1%NbHAp by precipitation 9.422+0.003 6.884+0.003 1582+0.003
Unsubstituted HAp by hydrolysis 9.421+0.003 6.882+0.005 1581+0.004
1%NbHAp by hydrolysis 9.422+0.001 6.883+0.003 1581+0.002

Table 7-7 shows a clear increase in both values of lattice constants (a and c), especially with the
precipitation method. This expansion obtained by both methods can be ascribed to the
substitution of chloride ions which have larger ionic radius (1.81 A) [123] compared to hydroxyl
group(1.68 A). The presence of Cl" ions into HAp crystal can be determined through using other

techniques such as XRD analysis and FTIR spectra (see latter, NaCIHAp materials).

SEM of prepared 1%NbHAp(1 wt.% niobate ions) materials prepared by precipitation and

hydrolysis methods:

The SEM was used to analyze the surface morphology of the substituted HAp compounds to

check whether they were of porous or crystalline character, see below:

SEM of non-sintered 1% NbHAp (1 wt.% niobate ions) materials prepared by precipitation and

hydrolysis methods:

Figure 6-7 shows the morphology of the non-sintered 1% NbHAp powders prepared by

precipitation and hydrolysis methods.
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Figure 7-6: SEM images of non-sintered (a)unsubstituted HAp by precipitation (b) unsubstituted HAp by
hydrolysis (c) 1%NbHAp by precipitation (d) 1%NbHAp by hydrolysis.

312



As recorded by SEM images, the morphology of the prepared materials had not varied by the
synthesis methods due to the attempted substitution of niobate ions into HAp samples. Irregular
distribution, porous materials and a trend to agglomerate were recorded for these samples by

both methods as shown in Fig 7-6 but this would have occurred due to other reasons.

SEM of 1% NbHAp (1 wt.% niobate ions) materials prepared by precipitation and hydrolysis

methods after sintering at 900 °C:

Figure 7-7 shows the morphology of the sintered NbHAp materials as prepared by precipitation

and hydrolysis methods.

5.0kV 8.0mm x20.0k SE(M)
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Figure 7-7: SEM images of (a) unsubstituted HAp by precipitation (b)unsubstituted HAp by hydrolysis (c)
1% NbHAp by precipitation (d) 1% NbHAp by hydrolysis after sintering at 900 °C.

Fig.7-7 shows that the 1% NbHAp materials which were prepared by the precipitation method
have a much more uniform structure with a lesser tendency to agglomerate compared to the
hydrolysis method. The hydrolysis process as recorded by SEM images showed irregular

structure, a high level of porosity and a high capacity to agglomerate.

7.2.2 3% NbHAp (3 wt.% niobate ions) powders prepared by the precipitation and
hydrolysis methods:

One series of 3%NbHAp materials (3 wt.% niobate ions) was prepared by using two different
synthesis routes (precipitation and hydrolysis), and the detailed amounts of the reagents were

listed in the table 7-2.
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7.2.2.1 Characterization techniques of 3% NbHAp (3 wt.% niobate ions) materials prepared by

precipitation and hydrolysis methods.

ICP-MS of 3% NbHAp (3 wt.% niobate ions) materials prepared by precipitation and hydrolysis

methods after sintering at 900 °C.

The results of the elemental analyses of sintered 3%NbHAp samples prepared by precipitation

and hydrolysis routes are displayed in Table 7-8 .

Table 7-8: ICP-MS results of 3%NbHAp (3 wt.% niobate ions) materials prepared by precipitation and
hydrolysis methods after sintering at 900 °C. The concentration was in ppb unit (ug/L):

Sample Ca44 P31 Na 23 Nb 93
Unsubstituted HAp by precipitation 707795 401240 103797 -
3%NbHAp by precipitation 622596 335522 125100 -
Unsubstituted HAp by hydrolysis 769928 423970 78396 -
3%NbHAp by hydrolysis 634459 387761 116100 -

The starting (calculated) and actual (measured) degree of chemical composition of the prepared
powders in terms of wt.% of niobate ions, the calcium/phosphorus (Ca/P) molar ratios as well as
(Ca+Na)/P molar ratio were determined by ICP-MS and presented in Table 7-9.

Table 7-9: The chemical analysis data of 3%NbHAp (3 wt.% niobate ions) materials by ICP-MS
measurements after sintering at 900 °C.

o, 1 0,
Ca/P Ca/P  (Ca+NasNb)p |Vt niobate Wt.%
Sample . . ions niobate ions
Theoretical Measured Mole ratio .
theoretical measured

Unsubstituted HAp 1.67 1.36 1.71 ; ;
by precipitation

0,
5% NbHAp by 1.71 1.54 1.94 5% :
precipitation
Unsubstltut.ed HAp 167 1.40 165 i i
by hydrolysis

0,
5% NDHAp by 1.71 1.39 1.67 5% ;
hydrolysis

As discussed previously, the niobate ions were not detected in the prepared 1%NbHAp materials

through using ICP-MS techniques. Such an observation was attributed to the lower concentration
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of niobium ions used in the syntheses, therefore increasing the amount of niobate ions in the
synthesis was done in order to evaluate such results and to determine whether any Nb
substitution had occurred in the HAp samples. However, Tables 7-8 and 7-9 show clearly that
there was still no evidence from ICP-MS that Nb was even associated with the HAp samples
indicating that the substitution process was not achieved at this level of Nb addition either. A
reduction in the measured value of Ca:P mole ratios for the whole prepared 3% NbHAp powders
were confirmed due to the presence of Na* ions, whereas the (Ca+Na)/ P by precipitation method
were measured to be higher than the expected value (1.67), due to the presence of carbonate in
the prepared materials as confirmed by the FTIR spectra, but the (Ca+Na)/ P mole ratio by
hydrolysis method were found to be at the same level as would be seen in stoichiometric HAp

(1.67).

FTIR of prepared 3% NbHAp (3 wt.% niobate ions) materials prepared by precipitation and

hydrolysis methods:

FTIR of non-sintered 3%NbHAp (3 wt.% niobate ions) materials prepared by precipitation and

hydrolysis methods:

Figure 7-8 displays the FTIR spectra of the non-sintered 3%NbHAp powders prepared by

precipitation and hydrolysis methods.
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Figure 7-8: FTIR of non-sintered 3%NbHAp (3 wt.% niobate ions) materials prepared by precipitation and

hydrolysis methods.

While the characteristic bands of the phosphate group stood out at (562, 603, 962, 1032 and 1092
cm?), the carbonate substitution was detected at (875, 1415 and 1452 cm™) as and showed that
B-type substituted COsHAp had occurred. Also, in all phases prepared by the precipitation
method, the typical band of nitrate group which came from the starting material (calcium nitrate)
appeared clearly at 1385 cm™, however, in the case of phases prepared by the hydrolysis route

(nitrate free preparations), it is likely to have come about from contamination of the KBr powder

nsubstituted HAp by hydrolysis

3%NbHAp by precipitation

Unsubstltuted HAp by precipitation

1650 cm™
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used to prepare the KBr disks for IR analysis.
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FTIR of 3% NbHAp (3%wt. Nb>*) materials prepared by precipitation and hydrolysis methods after

sintering at 900 °C:

Fig.7-9 shows the FTIR spectra of the sintered 3% NbHAp powders prepared by different methods

(precipitation and hydrolysis).
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Figure 7-9: FTIR spectra of 3%NbHAp (3 wt.% niobate ions) materials prepared by precipitation and
hydrolysis methods after sintering at 900 °C.

The characteristic IR bands of HAp were confirmed in the whole prepared materials. The

vibrational and stretching modes of the hydroxyl group appeared at 632 and 3571 cm™ confirmed
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that the powders were of high crystallinity, and the typical bands of the phosphate group were
recorded at 570, 603, 963, 1028-1070 cm™*. Also, the fundamental peaks of the carbonate group
appeared in the whole prepared 3% NbHAp powders that were synthesized by the precipitation

method at 875, 1411 and 1452 cm™ as an indication of the formation of carbonated HAp.,

Also, Fig. 7-9 shows that a clear reduction in the intensity of stretching modes of OH" group at
3572 cm™ in the whole prepared 3% NbHAp samples that were synthesized by precipitation and
hydrolysis methods. However, the intensity of the librational mode of OH ~at 632 cm™ displayed
a slight reduction, and this reduction in the intensity of the stretching and librational modes is
associated with the appearance of a well-defined peak corresponding to carbonate group at 875

cm. This reduction can be ascribed to:

1- The partial substitution of hydroxyl group by chloride ions. The substitution of Cl-ions
occurred as a result of using NbCls in the synthesis. Though Nb species had not substituted
it is possible that Cl substitution had occurred instead. Therefore, reduction in the
stretching mode of lattice OH at (3752 cm™) was observed.

2- The presence of sodium ions, coupled with the formation of COsHAp powders in the
whole 3%NbHAp materials which were prepared by the precipitation method. Therefore,
the OH ion content was derived by the requirement to keep charge balance and to restore
the neutrality of HAp crystals as discussed earlier in chapter 6 (see FTIR of sintered RbHAp

samples for details).

XRD diffraction patterns of 3%NbHAp (3 wt.% niobate ions) materials prepared by precipitation

and hydrolysis methods:

Phase Identification of 3% NbHAp materials:

The XRD patterns of the non-sintered and sintered 3%NbHAp powders prepared by different

methods (precipitation and hydrolysis) are shown in Fig.7-10 and Fig.7-11, respectively.
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Figure 7-10: The XRD diffraction patterns of the non-sintered 3%NbHAp (3 wt.% niobate ions) materials
prepared by precipitation and hydrolysis methods.
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Figure 7-11: The XRD diffraction patterns of 3%NbHAp (3 wt.% niobate ions) materials prepared by
precipitation and hydrolysis methods after sintering at 900°C.
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Fig. 7-11, displays the impact of substituting increasing levels of niobate ions from 1%NbHAp to
3%NbHAp, which caused:

1- A new peaks to appear when using the precipitation method at 26 = 37.40°, coupled with
a decreased intensity of two typical peaks that is related to an impurity phase B-TCP) at 2
©=32.80° and 33.60°. The new peak that appeared at 2 © =37.40 ° can be ascribed to
the CaO phase (reference card number 04-017-9575).

2- Also, an increase in the intensity of one typical peak that was ascribed to HAp phase at 2

© =34.1° had been detected by the precipitation method.

On the other hand, the hydrolysis methods had not displayed an obvious difference that can
be ascribed to an increase in the concentration of niobate ions which is supported by ICP-MS
which showed there was no Nb associated with the HAp samples The only observation that
was detected was an increase in the intensity of one peak related to the impurity phase at 2
©= 33.60°, associated with a reduction in the intensity of one peak that can be attributed to

HAp samples at 2 © = 34.10°.

Crystallinity and crystallite size of 3% materials:

Table 7-10 displays the degree of crystallinity and the crystallite size of sintered 3% NbHAp (3

wt.% niobate ions) materials prepared by precipitation and hydrolysis methods.

Table 7-10: The degree of crystallinity and the crystallite size of 3% NbHAp (3 wt.% niobate ions)
materials prepared by precipitation and hydrolysis methods after sintering at 900 °C.

Sample Dooz (A) Crystallinity %
Unsubstituted HAp by precipitation 618.313.2 84.15+2.4
3%NbHAp by precipitation 711.016.2 75.0315.2
Unsubstituted HAp by hydrolysis 549.8+3.6 82.57+2.1
3%NbHAp by hydrolysis 418.3+4.4 72.97+3.8

Table 7-10 shows that the numerical values of the crystallinity have been reduced, this can be
ascribed to the presence of Na* and COs% ions as confirmed by ICP-MS and FTIR analysis. In
addition to the partial substitution of hydroxyl group by chloride ions as a result of using NbCls in

the synthesis. On the other hand, the value of crystallite size of the prepared 3%NbHAp samples
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by precipitation method was enlarged due to the (Cl) substitution process, whereas a reduction

in the value of crystallite size was produced by hydrolysis method.

Lattice parameters and volume of unit cell of prepared 3% NbHAp materials:

Table 7-11 shows the lattice parameters and the volume of hexagonal unit cell of the sintered 3%

NbHAp (3 wt.% niobate ions) materials prepared by the precipitation and hydrolysis methods.

Table 7-11: The lattice parameters and the volume of hexagonal unit cell of 3% NbHAp (3 wt.% niobate
ions) prepared by precipitation and hydrolysis methods after sintering at 900 °C.

Sample a[A] c[A] V[A3]

Unsubstituted HAp by precipitation 9.416+0.004 6.879+0.003 1579+0.004
3% NbHAp by precipitation 9.419+0.005 6.885+0.003 1581+0.004
Unsubstituted HAp by hydrolysis 9.421+0.003 6.882+0.005 1581+0.004
3% NbHAp by hydrolysis 9.422+0.002 6.883+0.004 1582+0.003

An increase in both lattice parameters (a and c) were recorded by both methods, which caused
an expansion in the volume of unit cell of the whole prepared materials, especially when the
precipitation method was used. As discussed previously, this result could not be ascribed to the
replacement of phosphate by niobate ions, since niobate ions were not detected by ICP-MS
analysis. This expansion obtained by both methods can be ascribed to the substitution of chloride

ions which have larger ionic radius (1.81 A) [123] compared to hydroxyl group(1.68 A).

SEM of 3% NbHAp (3 wt.% niobate ions) materials prepared by precipitation and hydrolysis

methods:

SEM of non-sintered 3% NbHAp (3 wt.% niobate ions) materials prepared by precipitation and

hydrolysis methods:

Fig.7-12. displays the SEM images of non-sintered 3% NbHAp powders prepared by hydrolysis and

precipitation methods.
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Figure 7-12: SEM images of non-sintered (a) Unsubstituted HAp by precipitation (b)Unsubstituted HAp
by hydrolysis (c) 3%NbHAp by precipitation (d)3%NbHAp by hydrolysis.
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As detected by SEM images, the observed morphology of the samples which were prepared by
both methods were not different from each other. The spheroidal-like shape associated with a

trend to agglomerate were produced by both routes (precipitation and hydrolysis methods).

SEM of 3% NbHAp (1 wt.% niobate ions) materials prepared by precipitation and hydrolysis

methods after sintering at 900 °C:

Figure 7-13 shows the morphology of the sintered 3%NbHAp materials prepared by using

different synthesis routes (the conventional precipitation and novel hydrolysis methods).

5.0kV 8.0mm x20.0k SE(M)

327



5.0kV 8.0mm x11.0k SE[M)

5.0kV 7.8mm x15.0k SE(M)

328



5.0kV 7.8mm x9.00k SE{M)

Figure 7-13: SEM of (a) Unsubstituted HAp by precipitation (b)Unsubstituted HAp by hydrolysis (c)
3%NbHAp by precipitation (d) 3%NbHAp by hydrolysis, after sintering at 900 °C.

The spheroidal shape with small quantity of rod-like shapes resulted from the precipitation
method. On the other hand, the SEM images showed that the hydrolysis method produced
spherical shaped particles coupled with an irregular distribution, a high level of porosity coupled

with a high ability to agglomerate.

7.2.3 5% NbHAp (5 wt.% niobate ions) powders prepared by precipitation and
hydrolysis methods:

One series of 5% NbHAp material (5 wt.% niobate ions) was prepared by using two different
synthesis routes (precipitation and hydrolysis), and the detailed amounts of the reagents were

listed in the table 7-3.
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7.2.3.1 Characterization techniques of 5% NbHAp (5 wt.% niobate ions) materials prepared by

precipitation and hydrolysis methods.

ICP-MS of 5% NbHAp (5 wt.% niobate ions) materials prepared by precipitation and hydrolysis

methods, after sintering 900 °C.

The results of the elemental analyses of 5% NbHAp samples that were prepared by precipitation

and hydrolysis routes are displayed in Table 7-12.

Table 7-12: ICP-MS results of 5% NbHAp (5 wt.% niobate ions) materials prepared by precipitation and
hydrolysis methods after sintering at 900 C°. The concentration was in ppb (ug/L):

Sample Cad4 P31 Na 23 Nb 93
Unsubstituted HAp by 707795 401240 103797 .
precipitation

5% NbHAp by precipitation 678563 359133 114200 .
Unsubstituted HAp by 769928 423970 78396 ]
hydrolysis

5% NbHAp by hydrolysis 673498 399577 97200 ]

The starting (calculated) and actual (measured) degree of chemical composition of the prepared

powders in terms of wt.% of niobate ions, the calcium/phosphorus (Ca/P) molar ratios as well as

(Ca+Na)/P molar ratio were determined by ICP-MS and presented in Table 7-13.
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Table 7-13: The chemical analysis data of 5%NbHAp (5 wt.% niobate ions) materials by ICP-MS
measurements after sintering at 900 °C.

Ca/P Ca/P Wt.% Wt.%
Sample . (Ca+Na+Nb)/P niobateions niobate ions
Theoretical Measured .
theoretical Measured

Unsubstituted
HAp by 1.67 1.36 1.71 - -
precipitation

(o)
5% NbHAp by 1.74 1.46 1.89 5% ;
precipitation
Unsubstituted
HAp by 1.67 1.40 1.65 - -
hydrolysis

[o)
5% NbHAp by 1.74 1.30 1.63 5% ]
hydrolysis

Once again, the increase in substitution levels of niobium ions has not made any difference, since
Tables 7-12 and 7-13 show clearly that Nb was not detected in the prepared samples. The Ca: P
mole ratios were lower than expected due to the existence of sodium ions. The (Ca+Na)/ P by
precipitation were found to be higher than supposed value (1.67) due to the replacement process
of carbonate group, but that value achieved by hydrolysis method was found to be close to the

expected value.

FTIR of 5% NbHAp (5 wt.% niobate ions) materials prepared by precipitation and hydrolysis

methods:

FTIR of non-sintered 5%NbHAp (5 wt.% niobate ions) materials prepared by precipitation and

hydrolysis:

The FTIR spectra of the non-sintered 5%NbHAp samples prepared by precipitation and hydrolysis

methods are shown in Fig. 7-14
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Figure 7-14: FTIR of non-sintered 5% NbHAp (5 wt.% niobate ions) materials prepared by precipitation
and hydrolysis methods.

The broad band at 3300 - 3700 cm™ and the peak at 1635 cm™ in the whole prepared powders
can be attributed to the absorbed water. The doublet band at 1028—1090 cm™ was assighed to
the P-O stretching vibration of the phosphate groups (PO4 3), while the band at 568—-605 cm™
which appears as a doublet was also ascribed to the PO, 3~ bending mode. The small bands at
about 1416 and 1465 cm™ are related to CO3 2~ group indicating the formation of COsHAp (B-
type). In the case of the precipitation method, the visible band recorded at 1385 cm™ refers to
the nitrate group (NOs °), that may be present as a result of either the starting materials or

contamination in the KBr used to make the pellets.
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FTIR of 5% NbHAp (5 wt.% niobate ions) materials prepared by precipitation and hydrolysis

methods after sintering at 900 °C:

The FTIR spectra of the sintered 5%NbHAp powders prepared by different methods (the
precipitation and hydrolysis) are shown in Fig.7-15.
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Figure 7-15: FTIR of 5% NbHAp (5 wt.% niobate ions) materials prepared by precipitation and hydrolysis
methods after sintering at 900 °C.

The characteristic bands of HAp were confirmed in the whole prepared materials. The vibrational
and stretching modes of hydroxyl group appeared at 632 and 3571 cm?, while the characteristic
bands of phosphate group were recorded at 570, 603, 963, 1028-1070 cm™. In contrast, the
fundamental peaks of the carbonate group appeared in the whole prepared 5% NbHAp powders

that were synthesized by the precipitation method at 875, 1411 and 1452 cm™ so indicating the
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formation of carbonated HAp, but in the case of hydrolysis method the carbonate bands
disappeared due to the heating process. Also, Fig. 7-15 showed that a clear reduction in the
intensity of the stretching modes of the OH™ group at 3572 cm™ in the whole prepared 5%NbHAp
samples. This reduction in the intensity of stretching mode are associated with the appearance
of a well-defined peak, which corresponded to carbonate group at 875 cm™. The reduction in

intensity can be ascribed to:

1- The partial substitution of hydroxyl group by chloride ions. The substitution of Cl-ions
occurred as a result of using NbCls in the synthesis of HAp. Therefore, reduction in the
stretching mode of lattice OH at (3752 cm™) was observed.

2- The presence of sodium ions, coupled with the formation of COsHAp materials in the
whole 5% NbHAp samples which were prepared by the precipitation method. Therefore,
the OH ion content was derived by the requirement to keep charge balance and to restore
the neutrality of HAp crystals as discussed earlier in Chapter 6 (see FTIR of sintered RoHAp

samples for details).

XRD diffraction patterns of 5% NbHAp (5 wt.% niobate ions) materials prepared by precipitation

and hydrolysis methods:

Phase Identification of 5% NbHAp materials:

The XRD patterns of the non-sintered and sintered 5% NbHAp samples prepared by different

methods (precipitation and hydrolysis) are shown in Fig.7-16 and Fig.7-17, respectively.
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Figure 7-16: The XRD diffraction patterns of the non-sintered 5%NbHAp (5 wt.% niobate ions) materials
prepared by precipitation and hydrolysis methods.
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Figure 7-17: The XRD diffraction patterns of 5% NbHAp (5 wt.% niobate ions) materials prepared by
precipitation and hydrolysis methods after sintering at 900 °C.

Fig. 7-17, which displays the increased level of substitution from 1%NbHAp to 5%NbHAp in the

HAp samples by the precipitation method caused the following:
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1- A new peak to appear by precipitation method at 26 = 37.40°. This peak that appeared at
37.40° is attributable to CaO (reference card number 04-017-9575).

2- The disappearance of two typical peaks that are related to impurity phase (B-TCP) at 2 6=
32.80° and 33.60°, and also an increase in the intensity of one typical peaks of HAp phase
at 26=34.10".

On the other hand, the substitution process by hydrolysis methods showed an increase in the
intensity of one peak that was related to an impurity phase at 33.6°, coupled with a reduction in

the intensity of one peak that can be attributed to HAp samples at 26 = 34.1".

Crystallinity and crystallite size of prepared 5%NbHAp materials:

Table 7-14 shows the degree of crystallinity and crystallite size of the sintered 5% NbHAp (5 wt.%

niobate ions) materials prepared by precipitation and hydrolysis methods.

Table 7-14: The degree of crystallinity and crystallite size of 5%NbHAp (5 wt.% niobate ions) materials
prepared by precipitation and hydrolysis methods after sintering at 900 °C.

Sample Dooz (A) Crystallinity %
Unsubstituted HAp by precipitation 618.3+3.2 84.15+2.4
5% NbHAp by precipitation 836.5+6.6 78.83+6.2
Unsubstituted HAp by hydrolysis 549.813.6 82.57+2.1
5% NbHAp by hydrolysis 418.3+4.6 68.8014.2

The numerical values of crystallinity of the whole prepared samples were varied due to an
increase in the substitution level, as shown in (Table 7-14). A clear reduction in the value of
crystallinity by hydrolysis route had been achieved, whereas a slight reduction was recorded by
precipitation route. The calculated value of the crystallite size of the prepared 5%NbHAp samples
by using the precipitation route showed an increase. On the other hand, the hydrolysis route led
to a clear reduction in the value of crystallite size, which reflects the effect of synthesis route on
the crystallinity as well as crystallite size. In the present study, the effect of substitution process

on the numerical values of crystallinity and crystallite size can be ascribed to:
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1- The presence of Na* and COs% ions into HAp samples as confirmed by ICP-MS analysis and FTIR
spectra. 2- The partial substitution of hydroxyl group by chloride ions as a result of using NbCls

as a starting material.

Lattice parameters and volume of unit cell of prepared 5%NbHAp materials:

Table 7-15 displays the lattice parameters and the volume of hexagonal unit cell of the sintered

5% NbHAp (5 wt.% niobate ions) prepared by precipitation and hydrolysis methods.

Table 7-15: The lattice parameters and the volume of hexagonal unit cell of 5% NbHAp (5 wt.% niobate
ions) prepared by precipitation and hydrolysis methods after sintering at 900 °C.

Sample a[A] c[A] V[A3]

Unsubstituted HAp by precipitation 9.416%0.004 6.87910.003 1579+0.004
5%NbHAp by precipitation 9.422+0.005 6.884+0.005 1582+0.005
Unsubstituted HAp by hydrolysis 9.421+0.003 6.882+0.005 1581+0.004
5%NbHAp by hydrolysis 9.423+0.003 6.88210.004 1582+0.004

An increase in both lattice parameters ( a and c) and in the volume of unit cell were recorded by
the both routes, This result can be attributed to replacement process of chloride ions with bigger

ionic radius (1.81 A) compared to hydroxyl group(1.68 A) [123].

SEM of 5%NbHAp (5 wt.% niobate ions) materials prepared by precipitation and hydrolysis

methods:

SEM of the non-sintered 5% NbHAp (5 wt.% niobate ions) materials prepared by precipitation and

hydrolysis methods powders:

Fig.7-18. displays the SEM images of the non-sintered 5% NbHAp powders prepared by hydrolysis

and precipitation methods.

338



.-

5.0kV 8.2mm™%11.0k SE(M)

5.0kV 8.2mm x4.50k SE(M)

339



DR B bl b L

5.0kV 7.2mm x6.02k SE(M) Gt - 4 . 3.00dm" 4

Figure 7-18: SEM images of (a)Unsubstituted HAp by precipitation (b)Unsubstituted HAp by hydrolysis
(c) 5%NbHAp by precipitation (d)5%NbHAp by hydrolysis.
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SEM images showed the observed morphology of the prepared samples by both routes had not
varied due to substitution process of niobate ions into HAp samples. A spheroidal-- like shape

associated with a trend to agglomerate was recorded.

SEM of 5%NbHAp (5 wt.% niobate ions) materials prepared by precipitation and hydrolysis

methods after sintering at 900 °C:

Fig.7-19 shows the SEM images of the sintered 5% NbHAp powders as prepared by the novel

hydrolysis and precipitation methods.
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Figure 7-19: SEM images of (a) Unsubstituted HAp by precipitation (b) Unsubstituted HAp by hydrolysis
(c) 5%NbHAp by precipitation (d) 5%NbHAp by hydrolysis, after sintering at 900 °C.

While the rod-like shape was produced by precipitation method, the hydrolysis method led to the
production of an irregular structure with a high tendency to agglomerate, and an enhancement
in the level of porosity was recorded by SEM images. Such a result confirmed the effect of the

preparation method on the morphology.
7.3 1% B4O;HAp (1 wt.” B;0,*) powders prepared by precipitation and hydrolysis
methods:

In this project, one series of 1% BsO;HAp (1 wt.% B4O7%) materials were prepared by using
precipitation and hydrolysis methods. The detailed amounts of the reagents that used to prepare

1% B4O7HAp powders are listed in the Table 7-16.
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Table 7-16: Synthesis details of 1% B;O;HAp (1 wt.% B,0,*) materials prepatred by precipitation and hydrolysis methods.

MCPM Ca(OH)z Ca(N03)z Na;HPO, Na.B;,0,.10H,0 MCcPM Ca(OH)z Ca(N03)z Na;HPO, Na.B,0,.10H.0
Sample name (Ca(H2P04),.H,0)
(g) (g) (g) (g) (g) (mol) (mol) (mol) (mol) (mol)
B.O/HAP by 12.5013 3.6697 - - 0.1230 0.0496 0.0495 - - 0.0003
hydrolysis
B4O7HAP by - - 8.1365 4.1784 0.1239 - - 0.0496 0.0294 0.0003

precipitation
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7.3.1 Characterization techniques of prepared 1% B;sO7HAp (1 wt.% B40O7) materials prepared
by precipitation and hydrolysis methods:

7.3.1.1 ICP-MS of 1% B1O;HAp (1 wt.% B40;%) materials prepared by precipitation and hydrolysis

methods, after sintering at 900 °C:

The results of the elemental analyses of 1%B407HAp samples that were prepared by precipitation and

hydrolysis routes are displayed in Table 7-17 .

Table 7-17: ICP-MS results of 1%B,0;HAp (1 wt.% B,0,;%*) materials prepared by precipitation and hydrolysis
methods after sintering at 900 °C. The concentration is reported in ppb (ug/L):

Sample Cada P31 Na 23 B11
Unsubstituted HAp by precipitation 707795 401240 103797 -
1% B4O7HAp by precipitation 768865 362636 88590 5890.2
Unsubstituted HAp by hydrolysis 759928 423970 78396 -
1% B4O7HAp by hydrolysis 676696 391910 127512 901.5

The starting (calculated) and actual (measured) degree of chemical composition of the prepared
powders in terms of wt.% of B4O;% ions, the calcium/phosphorus (Ca/P) molar ratios as well as

(Ca+Na)/P molar ratio were determined by ICP-MS and presented in Table 7-18.
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Table 7-18: The chemical analysis data of 1% B,O;HAp (1 wt.% B4O,%*) materials by ICP-MS measurements after
sintering at 900 °C.

Wt. % Wt. % B407%

Ca/P Ca/P 2 .
Sample Theoretical Measured (Ca+Na)/(P+B) B4O7 |c.>ns ions
theoretical measured
Unsubstitute
d HAp by 1.67 1.36 1.71 - -

precipitation

1% B4O7HAp
by 1.69 1.64 1.88 1% 0.30%
precipitation

Unsubstitute
d HAp by 1.67 1.40 1.65 - -
hydrolysis

0,
1% B4O7HAP 1.69 1.33 1.76 1% 0.05%
by hydrolysis

Tables 7-17 and 7-18, show the presence of borate and Na* ions in the HAp samples, whereas the
experimental values of (Ca+Na )/(P+B) mole ratios for the prepared borate substituted hydroxyapatite
powders by precipitation and hydrolysis methods were (1.88 and 1.76), respectively. However, these
values were higher than the expected values of stoichiometric HAp, indicating the substitution of

phosphate site by carbonate group (as detected by FTIR spectra), as well (possibly) as by the borate

group.

7.3.1.2 FTIR of 1% B4O;HAp (1 wt.% B4O7) materials prepared by precipitation and hydrolysis

methods.

FTIR of the non-sintered 1% B40O;HAp (1 wt.% B40O7) materials prepared by precipitation and hydrolysis

methods at room temperature.

Fig.7-20 shows the FTIR spectra of the non-sintered 1%B.O;HAp material prepared by different

synthesis routes.
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Figure 7-20: FTIR spectra of the non-sintered 1%B,0;HAp (1 wt.% B,O;) materials prepared by precipitation
and hydrolysis methods.

An amorphous/poorly crystalline material was produced, which was confirmed by FTIR through the
absence of fundamental peaks of hydroxyl group at 630 and 3572 cm™* and broadening of the observed
peaks. The characteristic peaks that are related to PO4> group appeared at 1098 and 1029cm™ (v3),
605 and 564 cm™ (v4). The adsorbed H,0 appeared at 1650 cm™, whereas the broad bands at 3300-
3700 cm™ were also assigned to the adsorbed water. However, the presence of typical peaks of
carbonate groups at 875, 1416 and 1474 cm™ can be considered as evidence of replacement of the

PO43group by carbonate and formation of B-type carbonated HAp.
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FTIR of 1% B4O;HAp (1 wt.% B4O7-) materials prepared by precipitation and hydrolysis methods after

sintering at 900 °C.

Fig.7-21 displays the FTIR spectra of the sintered 1%B4O;HAp material as prepared by different

synthesis routes (the precipitation and hydrolysis).

Na,B,0,.10H,0

1% B,O,HAP by hydrolysis

S Unsubstituted HAp by hydrolysis
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=
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— .
// .. 475cm
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Figure 7-21: FTIR spectra of 1% B;O;HAp (1 wt.% B,O;) materials prepared by precipitation and hydrolysis
methods after sintering at 900 °C.

348



Ternane et al. [243] introduced boron into the HAp structure by a solid state method using CaCOs ,
(NH4)2HPO4 and H3BOs as starting materials with the following proposed nominal stoichiometry : Caio
[ (POa4)sx (BO3)x][(BO3)y(BO2),(OH)2-3,.. They suggested that phosphate and OH groups would be
partially substituted by borate groups. The IR spectra of BHAp ( where X=0.5) compared to free boron
hydroxyapatite revealed clear bands that can be assigned to borate group vibrations. The results
showed several bands attributed to antisymmetric stretching vs of BOs3 group at 1304, 1253, 1208 cm"
1, whereas the peaks at 784, 771 and 755 cm™* were assighed to the symmetric bending v, mode of the

BOs* group.

In the present study, the FTIR spectrum of the prepared 1% B4sO;HAp materials as shown in Fig. 7-21
displayed the characteristic absorption bands of HAp materials. The vibrational modes of thePQO4 3~ ions
appeared at 572, 604 cm™ (v4); 963 cm™ (v1); 1045 cm™ (v3), while the fundamental OH™ peaks at 630
and 3572 cm™ are clearly visible in the whole samples indicating highly crystalline materials. However,
FTIR spectra of prepared HAp and 1% B4O7HAp by using precipitation route confirmed the substitution
of CO3 2~ groups in B-site through observing the carbonate bands at 874, 1416 and 1470 cm™. The band
at 1384 cm™ can be assigned to the nitrate group (NOs °) due to the starting materials using metal

nitrate salts.

A clear reduction in the intensity of stretching and librational modes of the lattice OH" group at 3572
and 630 cm™ by both methods were also observed. This reduction in the intensities of stretching and
librational modes is associated with the appearance of a well-defined peak and corresponded to the
carbonate group at 875 cm™ by using the precipitation route. This reduction of intensities can be
ascribed to the presence of sodium ions as confirmed by ICP-MS analysis, coupled with formation of
COsHAp powders as detected by FTIR spectra in the case of precipitation route. Therefore, the OH- ion
content was derived by the requirement to keep the charge balance and to restore the neutrality of

HAp crystals (see Chapter 6 for details).

In the present study, the FTIR spectra showed another important observation was that a new peak with
very slight intensity appeared at 757 cm™ by using precipitation route, while no evidence of that peak

was seen by hydrolysis method. This peak may be attributed to the B0 group.

349



7.3.1.3 XRD diffraction patterns of 1% B4O7HAp (1 wt.% B4O7 %) materials prepared by precipitation

and hydrolysis methods:

Phase Identification of 1% B4,O;HAp materials:

The X-ray diffraction patterns of the non-sintered and sintered 1% BsO;HAp materials prepared by

precipitation and hydrolysis are given in Figures 7-22 and 7-23, respectively.

1%B,0,HAp by hydrolysis

Unsubstituted HAp by hydrolysis

=
z
8]
E
1%B,0,HAp by precipitation
Unsubstituted HAp by precipitation
0 10 20 30 40 50 60 70

2 Theta (©)

Figure 7-22: XRD diffraction patterns of the non-sintered of 1% B,0;HAp (1 wt.% B,0, %) materials prepared by
precipitation and hydrolysis methods.

350



B-TCP

1%B,0,HAp by hydrolysis

=
B
=
z
=
- Unsubstituted HAp by hydrolysis
1%B,0,HAp by precipitation
Unsubstituted HAp by precipitation
0 10 20 30 40 50 60 70

2 Theta (B)

Figure 7-23: XRD diffraction patterns of 1% B;0;HAp (1 wt.% B,0;%*) materials prepared by precipitation and
hydrolysis methods after sintering at 900 °C.
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Fig.7-23. showed the disappearance of the major peaks that were related to impurity phase (B-TCP),
except two typical peaks of B-TCP with very slight intensity appeared at 2 Theta = 41.14° and 47.36.
This observation was associated with the appearance of a new peak at 2 Theta = 37.40°. This peak
appearing at 37.40° can be attributed to a CaO phase (reference card number 04-017-9575). In the
case of the hydrolysis method, Fig.7-25 displayed some peaks that are related to the impurity phase (B-
TCP) at 2 Theta = 31.20° and the peak at 34.57° disappeared, while at the same time there was an
increase in the other intensities of the impurity peaks (B-TCP), especially those at 2 Theta = 32.80° and
33.60°.

Crystallinity and crystallite size of 1% B;O;HAp materials:

Table 7-19 displays the degree of crystallinity and crystallite size of the sintered 1% B4O7HAp materials

prepared by precipitation and hydrolysis methods.

Table 7-19: The degree of crystallinity and crystallite size of 1% B,O;HAp (1 wt.% B,O;*) materials prepared by
precipitation and hydrolysis methods after sintering at 900 °C.

Sample Dooz (A) Crystallinity %
Unsubstituted HAp by precipitation 618.3+£3.2 84.15%4.2
1%B40O7HAp by precipitation 568.414.4 85.6215.2
Unsubstituted HAp by hydrolysis 549.8+3.6 82.57+2.1
1%B40;HAp by hydrolysis 507.9+7.4 72.78+5.2

Also, Table 7-19 shows a slight increase in the numerical value of crystallinity obtained due to prepared
1% B4O7HAp powders by precipitation route, whereas a significant reduction in the calculated value of
crystallinity was recorded in the case of hydrolysis method. This observation was also confirmed by
XRD diffraction patterns (Fig.7-25), which shows a decrease in the intensities of the major peaks of HAp
materials combined with peak broadening achieved through preparing 1% B4sO7HAp samples by the

hydrolysis method. The values of the crystallite size displayed a reduction by both routes.

Lattice Parameters and volume of unit cell of 1% B;0;HAp materials:

Table 7-20 displays the lattice parameters and the volume of hexagonal unit cell of the sintered 1%

B2O7HAp prepared by precipitation and hydrolysis methods.
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Table 7-20: The lattice parameters and the volume of hexagonal unit cell of 1% B,O;HAp (1 wt.% B,0;%)
materials prepared by precipitation and hydrolysis methods after sintering at 900 °C.

Sample a[A] c[A] V[A3]

Unsubstituted HAp by precipitation 9.416+0.004 6.879+0.003 1579+0.004
1%B40;HAp by precipitation 9.428+0.005 6.911+0.005 1590+0.005
Unsubstituted HAp by hydrolysis 9.421+0.003 6.882+0.005 1581+0.004
1%B407HAp by hydrolysis 9.434+0.002 6.896+0.004 1588+0.003

The refined crystal lattice constants (a and c) of the prepared materials using various synthesis routes
are listed in Table 7-20. We can notice the substitution of BsO7 % ions into HAp samples was
characterized by an expansion in the both lattice constants (a and c). This observation can be attributed
to the general fact that BsO72 ions have bigger ionic radius (3.507 A ) [244] compared to phosphate (2.3
A) [32] and hydroxyl group ( 1.68 A)[123], which lead to an increase the unit cell in both directions. The
presence of other ions such as Na* and CO3% group in the HAp samplewas confirmed by using ICP-MS
and the FTIR analysis. But the expansion in the lattice parameters could not be ascribed to these ions
(Na* and COs? group). Because the ionic radius of Na* ions (0.99 A) and Ca?* (1.00 A) are very close
[136], also the substitution of phosphate anion by COs* will not cause an increase in the lattice
constants. The replacement of PO43 group by COs% will cause a reduction in the lattice constants,
simply because the phosphate site is characterized by a larger ionic radius (0.23 nm) compared to the

smaller ionic radius carbonate group (0.189 nm) [216].

7.3.1.4 SEM of 1% B40;HAp (1 wt.% B4O;) materials prepared by precipitation and hydrolysis

methods.

SEM of the non-sintered 1% B407HAp (1 wt.% BiO;) materials prepared by precipitation and

hydrolysis methods.

Fig.7-24. displays the SEM images of the non-sintered 1% B4O;HAp powders prepared by hydrolysis and

precipitation methods.
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Figure 7-24: SEM images of non-sintered (a) Unsubstituted HAp by precipitation (b) Unsubstituted HAp by
hydrolysis (c) 1%B.0;HAp by precipitation (e) 1%B.0;HAp by hydrolysis.
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The surface morphology of the prepared 1% B4O;HAp materials at room temperature was observed by
using SEM technique. The SEM images displayed the morphology of HAp materials which had not been
affected by substitution process, and the BsO7HAp materials prepared by both methods were recorded

to be generally spherical-like shape coupled with a trend to agglomerate.

SEM of 1% BsO;HAp (1 wt.% B4O;) materials prepared by precipitation and hydrolysis methods

after sintering at 900 °C.

Fig.7-25 displays the SEM images of the sintered 1% B4O;HAp powders as prepared by the hydrolysis

and precipitation methods.
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Figure 7-25: SEM imaged of (a) Unsubstituted HAp by precipitation (b) Unsubstituted HAp by hydrolysis (c) 1%
B1O;HAp by precipitation (d) 1%B40;HAp by hydrolysis, after sintering at 900 °C.

The SEM images of the sintered materials by different synthesis methods at 900 °C are shown in Fig. 7-
25. These had spheroid-like shapes with a clear ability to agglomerate which were obtained by using

the precipitation method.

The hydrolysis method was also characterized by particles which formed spheroid like shape materials,
and a visible trend to agglomerate, but the effect of the replacement process by using hydrolysis
method was obviously recorded, indicating that a visible enhancement in the level of porosity was

obtained.

7.4 Br:Ap powders prepared by precipitation and hydrolysis:

E. Dykes prepared bromapatite [23] with the following chemical formula: Ca1o(POa)eBr; through two
stages. The first stage was the preparation of HAp by refluxing HsPO4 and calcium carbonate for one
week, after which the precipitate was filtered and dried at 900 °C for one hour. The second step can
be summarized in heating the HAp powders at 900 “C in a flow of hydrogen bromide for 10 hours. As a

result, bromoapatite powders were obtained with the following chemical formula: Ca10(PO4)eBrz. In
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this project, BrHAp and BroAp materials were prepared by using three different preparation methods,
namely precipitation, hydrolysis and ion exchange methods. The detailed amounts of the reagents are

listed in the Table 7-21, see below for details:
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Table 7-21: Synthesis details of BrHAp and Br,Ap materials prepared by precipitation, hydrolysis and ion exchange methods

mce Ca(OH), Ca(NOs); NaHPO, NaBr  MCP(Ca(H.PO;) Ca(OH)2  Ca(NOs). Na,HPO, NaBr

Sample Ca(H,PO,)
(&) (g) (g) (g) (g) (mol) (mol) (mol) (mol) (mol)

Caso(POa)sBr2 ; - - ; 102.89 - - - ; 1.0000
by soaking
Caw(PO“)GB.” 10.345 3.2615 - - 0.9172 0.0442 0.0440 - - 0.0089
by hydrolysis
Caso(POa)sBr2 - - 7.2610 3.7658  0.9096 - - 0.0443 0.0265 0.0088
by precipitation
Ca10(PO4)eBr(OH) - ; 7.6855  3.9855  0.4911 - - 0.0468 0.0281 0.0048

By precipitation
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7.4.1 Characterization methods of prepared Br.Ap materials prepared by precipitation,

hydrolysis and ion exchange methods.

7.4.1.1 ICP/MS of Br.Ap materials prepared by precipitation, hydrolysis and ion exchange

methods:

The results of the elemental analyses of Br,Ap and BrHAp samples that were prepared by

precipitation, hydrolysis and ion exchange routes are displayed in Table 7-22.

Table 7-22: ICP-MS results of Br,Ap and BrHAp materials prepared by precipitation, hydrolysis and ion
exchange methods after sintering at 900 °C. The concentration is in ppb (ug/L):

Sample Cad4 P31 Na 23
Unsubstituted HAp by precipitation 707795 401240 103797
BrHAp by precipitation 827512 419428 86237
Br2Ap by precipitation 696613 374532 94984
Unsubstituted HAp by hydrolysis 769928 423970 78396
BroAp by hydrolysis 737458 386470 64942
BrAp by ion exchange 753172 384554 3230

Commercial HAp (Fluka) 557227 262446 298

The calcium/phosphorus (Ca/P) molar ratios as well as (Ca+Na)/P molar ratio were determined

by ICP-MS and presented in Tables 7-23.
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Table 7-23: The chemical analysis data of Br.Ap materials by ICP-MS measurements after sintering at
900 °C.

Sample Theii:‘/e:ical Mec:s/upred (Ca+Na)/ P
Unsubstituted HAp by precipitation 1.67 1.36 1.71
BrHAp by precipitation 1.67 1.52 1.80
Br2Ap by precipitation 1.67 1.44 1.77
Unsubstituted HAp by hydrolysis 1.67 1.40 1.65
Br2Ap by hydrolysis 1.67 1.47 1.70
Br,Ap by ion exchange 1.67 1.51 1.52
Commercial HAp (Fluka) 1.67 1.64 1.64

Tables 7-22 and 7-23, show the presence of sodium ions in the whole prepared materials. The
calculated values of (Ca+Na)/ P, for the whole prepared materials by precipitation and hydrolysis
methods, were found to be higher than the stoichiometric HAp. Such results can be ascribed to
the formation of carbonated HAp with B-type as confirmed by FTIR spectra in the case of
precipitation method. The higher value in the case of hydrolysis method may be attributed to the
phase purity, but in the case of the soaking method the calculated value of (Ca+Na)/ P was found
to be lower (1.52) than the expected value (1.67) of the stoichiometric HAp. Such results merit

further investigation.

Tables 7-22 and 7-23 showed that Br ions were not detected by using the ICP-MS analysis. The
presence of Br ions into HAp lattice were confirmed by using other techniques such as XRD and
FTIR spectra (see later).  Several researchers confirmed the presence of Br ions into HAp
structure by using various techniques rather than the ICP-MS analysis. As an example, E. Dykes
prepared bromapatite [23] with the following chemical formula: Cai1p(POa4)sBr, as mentioned
previously. The FTIR spectra showed that no evidence of any remaining OH" ions in the
bromapatite spectra because the stretching and the librational modes at 630 and 3572 cm had
disappeared. The result of FTIR spectra suggested the replacement of OH™ group by the Br ions.
Also, the XRD analysis showed that the lattice constants a and ¢ were increased due to the
substitution of Br-ions into HAp lattice. The lattice constants of hydroxyapatite were (9.428 and

6.881 A) compared to (9.7614 and 6.7386 A ) for bromapatite. The expansion of lattice constants
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can be ascribed to the replacement process of Br ions with larger ionic radius of Br ions (0.190
nm) [216] compared to OH" group (0.152 nm). Therefore, the XRD and FTIR spectra confirmed
the replacement of hydroxyl group (OH") by Brions.

7.4.1.2 FTIR of Br.Ap materials prepared by precipitation, hydrolysis, and ion exchange

methods:

FTIR of the non-sintered Br.Ap and BrHAp materials prepared by precipitation, hydrolysis, and

ion exchange methods.

Fig.7-26 displays the FTIR spectra of the non-sintered Br,Ap and BrHAp material prepared by

different synthesis routes.
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Figure 7-26: FTIR spectra of the non-sintered Br.Ap and BrHAp materials prepared by precipitation,

hydrolysis and ion exchange methods.

The characteristic peaks that are related to PO43> group appeared in the whole prepared powders

at 1098 and 1029cm™ (vs), 605 and 564 cm™ (v4). The adsorbed H,O appeared at 1650 cm?,

whereas the broad bands at 3300-3700 cm™ were also assigned to the adsorbed water.

presence of typical peaks of carbonate groups at 875, 1416 and 1474 cm™ confirmed the

formation of B type carbonated HAp.
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FTIR of Br,Ap and BrHAp materials prepared by hydrolysis, precipitation, and ion exchange

methods after sintering at 900 °C:

Fig.7-27 displays the FTIR spectra of the sintered Br,Ap and BrHAp material prepared by different

synthesis routes.
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Figure 7-27: FTIR spectra of Br,Ap and BrHAp materials prepared by precipitation, hydrolysis and ion
exchange methods after sintering at 900 °C.
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The functional groups of the prepared HAp, BrHAp and Br,Ap powders that were produced
as a result of different synthesis routes and calcination process at 900 °C were displayed in
Fig.7-27. The bands at 3572 and 632 were attributed to the stretching and vibrational modes
of the hydroxyl group. The bands at 1025- 1090 and 961cm™ were related to the stretching
vibration modes of phosphate group, whereas the doublet at 572 and 602 cm™* corresponds
to the PO4 3 bending modes. Another important observation was recorded by FTIR analysis,
which was that the intensity of the librational mode of OH" group at 630 cm™*was not affected
by substitution of bromide ions, whereas an obvious decrease in the intensity of stretching
mode of OH" group at 3752cm™ was shown. This observation can be attributed to the partial
substitution of Br- by OH" in hydroxyapatite crystal, whereas the Br,Ap crystal as confirmed
by FTIR analysis had not been reached as proposed by our theoretical calculation, due to the
appearance of typical peaks of OH ~ group at 630 and 3572 cm™. E. Dykes [23] prepared
bromapatite as mentioned previously, and the result of this investigation showed that the
stretching and vibrational bands of hydroxyl group were not observed by the FTIR analysis,

confirming preparation of single crystal of Br,Ap material.

Also, we can see the bands that were related to carbonate group at 875, 1416 and 1474 cm™ were
detected in the BroAp and BroHAp powders prepared by precipitation route, but the absence of
these peaks were confirmed by using hydrolysis and ion exchange routes due to the heat
treatment. Also, the bands that appeared at 1385 cm™ in the case of the precipitation route can

be attributed to nitrate group due to the starting materials using metal (nitrate) salts.

7.4.1.3 XRD diffraction analysis of Br,Ap and BrHAp materials prepared by precipitation,

hydrolysis and ion exchange methods.

Phase Identification of BrHAp and Br.Ap materials prepared by precipitation, hydrolysis as well

as ion exchange methods.

The XRD patterns of the non-sintered and sintered Br,Ap and BrHAp materials prepared by using

different synthesis routes are shown in Figures 7-28, 7-29 and 7-30.
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Figure 7-28: The XRD diffraction patterns of the non-sintered Br.Ap and BrHAp materials prepared by
precipitation and hydrolysis methods.
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Figure 7-29: The XRD diffraction patterns Br,Ap and BrHAp materials prepared by precipitation and
hydrolysis methods after sintering at 900 °C.
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Figure 7-30: The XRD diffraction patterns of commercial HAp (fluka) and Br,Ap materials prepared by
ion exchange method.

Fig.7-29 displays the effect of synthesis route on the phase purity. The substitution process of Br-
ions by precipitation route led to a decrease in the intensity of the major peaks that corresponded
to impurity phase such as those at 2 Theta=31.2°, 32.8°, 33.6, 38.8%,41.14° and 47.36°, indicating

a greater degree phase purity of the HAP was obtained by using the precipitation method.

The replacement process of Br ions in HAp through using the ion exchange process showed a
reduction in the intensity of one typical peak of B-TCP at 2 Theta = 31.2°. On the other hand,
preparation of BroAp materials by the hydrolysis method displayed an increase in the intensities
of some typical peaks that are related to B-TCP at 2 Theta =31.2° and 34.57°, indicating the effect
of the preparation method as well as the chemical composition on the phase purity of the

prepared samples.
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Crystallinity and crystallite size of prepared Br:Ap and BrHAp materials:

Table 7-24 displays the degree of crystallinity and crystallite size of Br,Ap and BrHAp materials

prepared by precipitation, hydrolysis and ion exchange methods after sintering at 900 °C.

Table 7-24: The degree of crystallinity and crystallite size of Br,Ap and BrHAp materials prepared by
precipitation, hydrolysis and ion exchange methods after sintering at 900 °C.

Sample Dooz (A) Crystallinity %
Unsubstituted HAp by precipitation 618.3+£3.2 84.15+2.4
BrHAp by precipitation 592.516.2 81.531+4.8
Br,Ap by precipitation 807.1+4.4 81.10+5.2
Unsubstituted HAp by hydrolysis 549.8+3.6 82.57+2.1
Br,Ap by hydrolysis 547.7+3.6 83.03+3.2
Commercial HAp (Fluka) 395.0+2.8 77.31+£4.2
BroAp by ion exchange 263.314.6 79.90+4.4

While the crystallization process as presented in Table 7-24 displayed a reduction in the values of
crystallinity of Br,Ap and BrHAp powders prepared by the precipitation method, an increase in
the numerical values of crystallinity was recorded due to the substitution process of bromide ions
into the HAp crystal by hydrolysis and ion exchange methods. Also, as confirmed by the Debye
Scherrer formula, an increase in the numerical value of crystallite size was produced by
precipitation, whereas a very slight reduction resulted from the hydrolysis and ion exchange

methods.

Lattice parameters and volume of unit cell of prepared Br.Ap and BrHAp materials:

Table 7-25 displays the lattice parameters and the volume of hexagonal unit cell of the sintered

Br,Ap and BraHAp prepared by precipitation and hydrolysis methods.
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Table 7-25: The lattice parameters and the volume of hexagonal unit cell of Br,Ap and BrHAp materials

prepared by precipitation, hydrolysis and ion exchange methods after sintering at 900 °C.

Sample a[A] c[A] V[A3]

Unsubstituted HAp by precipitation 9.416+£0.004 6.879%0.003 1579+0.004
BrHAp by precipitation 9.417+0.003 6.879+0.002 1579+0.003
BroAp by precipitation 9.422+0.002 6.884+0.004 1582+0.003
Unsubstituted HAp by hydrolysis 9.421+0.003 6.882+0.005 1581+0.004
BroAp by hydrolysis 9.422+0.003 6.885+0.003 1582+0.003
Commercial HAp (Fluka) 9.391+0.005 6.861+0.005 1566+0.005
BroAp by ion exchange 9.393+0.002 6.863+£0.004 1568+0.003

Table 7.25 shows both lattice constants (a and c) of Br,Ap materials increased as a result of
substitution of bromide ions by precipitation, hydrolysis and ion exchange methods. This
expansion in the values of lattice constants by using the precipitation, hydrolysis and ion exchange
methods can be ascribed to the replacement process of Br-ions with larger ionic radius of Br ions

(0.190 nm) [216] compared to OH group (0.152 nm).

7.4.1.4 SEM of Br,Ap and BrHAp materials prepared by precipitation, hydrolysis and ion

exchange methods.

SEM of the non- sintered Br,Ap and BrHAp materials prepared by precipitation, hydrolysis and

ion exchange methods.

Fig.7-31. displays the SEM images of the non-sintered Br,Ap and BrHAp powders prepared by

hydrolysis, precipitation and ion exchange methods.
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15.0kV 15.0mm x2.50k SE(M)

Figure 7-31: SEM images of the non-sintered (a) Unsubstituted HAp by hydrolysis (b) Unsubstituted HAp
by precipitation (c) BrHAp by precipitation (d) Br.Ap by precipitation (e,f) Br.Ap by hydrolysis (g) Br.Ap
by ion exchange.

As recorded by SEM images, the morphology had not varied due to substitution of bromide ions
by the precipitation route, irregular distribution of particles, and as well, the spheroidal shape can
be considered as a major characteristic of precipitation route. On the other hand, a flower-like
morphology was obtained by the hydrolysis method but in the case of the ion exchange
preparation method, particles possessed a spherical like shape and were porous with irregular

structure.

SEM of Br,Ap and BrHAp materials prepared by precipitation, hydrolysis and ion exchange

methods after sintering at 900 °C:

Fig.7-32 displays the SEM images of the sintered Br,Ap and BrHAp powders as prepared by the

hydrolysis, precipitation and ion exchange methods.
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5.0kV 8.1mm x9.00k SE(M)

Figure 7-32: SEM images of (a) Unsubstituted HAp by hydrolysis (b) Unsubstituted HAp by precipitation
(c) BrAp by precipitation (d) Br,Ap by hydrolysis (e) Commercial HAp (Fluka) (f) Br.Ap by ion exchange,
after sintering at 900 °C.
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The morphology of the prepared powders was not affected by substitution of Br ions through
different synthesis routes, since spheroidal like shapes with irregular distributed particles were
detected by SEM images, coupled with an enhancement in the level of porosity especially in the
cases of precipitation and hydrolysis methods. On the other hand, Fig. 7-32 displays that the ion
exchange method produced porous materials with a visible tendency to agglomerate. The same
result was observed by other researchers. As an example Cho et al. [245] prepared chloride-
substituted hydroxyapatites with the following formula Ca10(PO4)s(OH)2x (Cl)x, (x = 0.0, 0.5 and
1.0) by precipitation method. The SEM images showed that the morphology of the prepared
materials had not varied due to substitution of Cl" ions into HAp structure and remained similar

to each other.

7.5 SHAp powders prepared by precipitation, hydrolysis and ion exchange
methods:

In this project calcium sulfoapatite powders with the following chemical formula: Ca10(POa4)sS

were prepared by three different synthesis routes (precipitation, hydrolysis and ion exchange), 5

g of each sample was prepared as mentioned previously (see Chapter three for details). The

detailed amounts of the reagents are listed in Table 7-26.
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Table 7-26: Synthesis details of SAp materials prepared by precipitation, hydrolysis and ion exchange methods.

Sample name mce Ca(OH); Ca(NOs), NazHPO, NaSH mcp Ca(OH); Ca(NOs), Na;HPO, NaSH
Ca(H2P04): (g) () (g) (g) (g) (mol) (mol) (mol) (mol) (mol)

SAp by ion

exchange - - - - 56.060 - - - - 1.0000

Calo(PO4)ss

SAp by hydrolysis 11.6721 3.7173 ; ; 0.2863  0.0499  0.0502 - - 0.0051

Calo(PO4)ss

SApby 0.0299

precipitation - - 8.1958 4.2513 0.2749 - - 0.0499 0.0049

Calo(PO4)ss
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7.5.1 Characterization techniques of prepared SAp materials by precipitation,

hydrolysis and ion exchange methods.

7.5.1.1 ICP/MS of SAp materials prepared by precipitation, hydrolysis and ion exchange

methods after sintering at 900 °C.

The results of the elemental analyses of SAp samples that were prepared by precipitation,

hydrolysis and ion exchange routes are displayed in Table 7-27.

Table 7-27: ICP-MS results of SAp materials prepared by precipitation, hydrolysis and ion exchange
methods after sintering at 900 °C. The concentration was in ppb unit (ug/L):

Sample Ca4d4 P31 Na 23 $34
Unsubstituted HAp by precipitation 707795 401240 103797 -
SAp by precipitation 711449 383124 79368 31843.1
Unsubstituted HAp by hydrolysis 769928 423970 78396 -
SAp by hydrolysis 728367 413363 157026 50605
SAp by ion exchange 750507 371647 11202 11587.7
Commrecial HAp (Fluka) 557227 262446 298 -

The calcium/phosphorus (Ca/P) molar ratios as well as (Ca+Na)/P molar ratio for whole prepared

SHAp samples were determined by ICP-MS and presented in Table 7-28.
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Table 7-28: The chemical analysis data of SAp materials by ICP-MS measurements after sintering at 900
°C.

Wt.% of S Wt.% of S+

Ca/P Ca/P (Ca+Na)/ P . .
Sample . ions ions
Theoretical Measured Measured .
theoretical measured
Unsubstituted
HAp by 1.67 1.36 1.71 - -
precipitation
SAp by 1.67 1.43 1.59 3.2% 1.6%
precipitation
Unsubstituted
HAp by 1.67 1.40 1.65 - -
hydrolysis
SAp by 1.67 1.36 1.67 3.2% 2.5%
hydrolysis
Commercial
HAp (Fluka) 1.67 1.64 1.64 - -
SAp by ion 1.67 1.56 1.55 3.2% 0.6%
exchange

Table 7-28 displays the measured values of Ca/P and (Ca+Na)/ P mole ratios for the whole
prepared SAp materials. The presence of S ions into HAp samples was confirmed by ICP-MS
analysis though this did not necessarily prove that S was substituted in the lattice. The results as
shown in Table 7-28 displayed that Ca/P mole ratios for the prepared powders by precipitation
and hydrolysis were lower than the expected value of stoichiometric HAp due to presence of
sodium ions, but the (Ca+Na)/ P for the prepared powders by hydrolysis method was found to be
identical with the stoichiometric HAp. In the case of precipitation and ion exchange routes, the
experimental results showed that the measured values were (1.59 and 1.55) respectively, which

are lower than the expected value of stoichiometric HAp (1.67).

7.5.1.2 FTIR of SAp materials prepared by precipitation, hydrolysis and ion exchange methods.

FTIR of the non-sintered SAp materials prepared by precipitation, hydrolysis and ion exchange

methods.

Fig.7-33 displays the FTIR spectra of the non-sintered SAp material prepared by different
synthesis routes.
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Figure 7-33: FTIR spectra of the non-sintered SAp materials prepared by precipitation, hydrolysis and
ion exchange methods.
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The recorded peaks at 562 and 604 cm™ referred to the bending vibrational mode in POs*. The
stretching modes of PO43 bonds were observed at 963 and 1035-1075 cm™. The characteristic
bands at 875, 1470 and 1415 cm™! that appeared in the case of precipitation and hydrolysis
methods were attributed to a/the carbonate group. A typical peak of nitrate at 1384 cm !
was obtained as a result of using calcium nitrate as a starting material in the case of precipitation
route. The fundamental band of the hydroxyl group at 630 cm™ in the prepared SAp powders
by soaking method were confirmed by FTIR, while a stretching band was obscured by the
presence of a broad peak of H,0 at 3000-3700 cm™. Also, the absence of hydroxyl bands
at 630 and 3572cmt in the SAp materials by other synthesis routes were recorded and can
be considered as evidence of obtaining amorphous samples by precipitation and

hydrolysis methods.

FTIR of SHAp materials prepared by precipitation, hydrolysis and ion exchange, after sintering

at 900 °C:

Fig.7-34 displays the FTIR spectra of the sintered SAp material prepared by different synthesis

routes.
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Figure 7-34: FTIR spectra SAp materials prepared by precipitation, hydrolysis and ion exchange methods
after sintering at 900 °C.

The peaks corresponding to the bending and stretching bands of PO4 3 group at (574 and
604 cm™, 962, 1035-1090 cm™?) and to the hydroxyl group at 630 and 3572 cm™ were
observed in all samples. The substitution of CO3% group in prepared SAp powders by using
three different preparation methods was confirmed by FTIR through the existence of the

characteristic bands of carbonate at 1416 and 1450 cm™Y suggesting that some CO; gas in the
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atmosphere had been introduced through the preparation process. While the intensity of
the librational mode of OH™ group at 630 cm™* has not shown any significant difference, Fig 7-
34 revealed an obvious decrease in the intensity of the stretching mode of the OH" group at
3752 cm™ in samples of HAp prepared by the hydrolysis, precipitation and ion exchange
methods had taken place. This observation can be attributed to the partial substitution of S

by OH" in hydroxyapatite crystal.

Also, the reduction in the intensity of the stretching mode of the OH" group at 3752cm™ can
be ascribed to the presence of sodium ions as confirmed by ICP-MS analysis (see Chapter four),
coupled with the formation of COsHAp powders as detected by FTIR spectra in the cases of
precipitation and hydrolysis methods. Therefore, the OH™ ion content was determined by the

requirement to keep charge balance and to restore the neutrality of HAp crystals.

7.5.1.3 XRD diffraction patterns of SAp materials prepared by precipitation, hydrolysis and ion

exchange methods.

Phase Identification of the non-sintered and sintered SAp materials prepared by precipitation,

hydrolysis and ion exchange methods.

Figures 7-35 and 7-36 show the typical XRD patterns of the non-sintered and sintered SAp

powders prepared by precipitation, hydrolysis and ion exchange methods.
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Figure 7-35: The XRD diffraction patterns of non-sintered SAp materials by precipitation and hydrolysis
methods.
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Figure 7-36: The XRD diffraction patterns of SAp materials prepared by precipitation, hydrolysis and ion
exchange methods after sintering at 900 °C.
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A significant variation in the XRD patterns of the prepared samples by using different synthesis
approaches was detected, which reflects the effect of synthesis route on the phase purity. While
the majority of the diffraction patterns of the produced SAp powders by various preparation
methods indicate a mostly HAp phase, we can see some peaks corresponding to a B-TCP phase
impurity, indicating the formation of biphasic material, especially in the case of SAp samples,
which was prepared by the novel hydrolysis method that were characterized by a clear reduction
in the intensities of some peaks at 2 Theta = 21.7°, 32.3°, 33.1" and 34.3° and that are attributed
to the HAp phase, combined with an increase in the intensities of other peaks that correspond to
impurity phase (B-TCP) at 2 Theta=32.8%,33.6°,41.14° and 47.36°. In the case of the precipitation
method, a decrease in the intensities of major peaks of B-TCP, coupled with disappearance of
some peaks that are attributed to impurity phase at 2 Theta = 31.2° and 38.8°, were recorded,
suggesting a much purer phase of SHAp materials, and indicating that the substitution of S% ions
had enhanced thermal stability of hydroxyapatite. On the other hand, the only effect that was
detected through using the ion exchange route was the reduction in the intensity of one of the

typical peaks of B-TCP at 2 Theta =31.2°.

Crystallinity and crystallite size of prepared SAp materials by precipitation, hydrolysis and ion

exchange methods:

Table 7-29 displays the degree of crystallinity and crystallite size of sintered SAp materials

prepared by precipitation, hydrolysis and ion exchange methods.

Table 7-29: The degree of crystallinity and crystallite size of SAp materials prepared by precipitation,
hydrolysis and ion exchange methods, after sintering at 900 °C.

Sample Dooz (A) Crystallinity %
Unsubstituted HAp by precipitation 618.313.2 84.15+2.4
SAp by precipitation 791.1+6.4 85.56%2.2
Unsubstituted HAp by hydrolysis 549.8+3.6 82.57+2.1
SAp by hydrolysis 507.9+4.4 70.44+4.1
Commercial HAp (Fluka) 395.0+2.8 77.31+4.2
SAp by soaking 268.613.2 83.91+3.1
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The substitution process of S? ions into HAp samples by the precipitation and ion exchange
methods enhances the numerical values of crystallinity, as confirmed by (Table 7-29). On the
other hand, Fig.7-36 shows that the peaks of SAp powders became much broader, and as well
there was a reduction in their intensities which occurred as a result of using the hydrolysis method
indicating a decrease in the crystallinity. The calculated value of crystallinity of SHAp materials,
which were prepared by the novel hydrolysis method hydrolysis was decreased (70.43) due to the

replacement process of S* ions into HAp structure.

Also, Table 7-29 shows the effect of synthesis route on the value of the crystallite size, where an
increase was recorded following precipitation method. In contrast, a reduction was achieved by
hydrolysis and ion exchange methods, indicating the effect of the preparation method and the

chemical composition on the numerical value of the crystallite

Lattice parameters and volume of unit cell of the sintered SAp materials prepared by

precipitation, hydrolysis and ion exchange methods:

Table 7-30 displays the lattice parameters and the volume of hexagonal unit cell of sintered SHAp

materials prepared by the precipitation, hydrolysis and ion exchange methods.

Table 7-30: The lattice parameters and the volume of hexagonal unit cell of SHAp materials prepared by
precipitation, hydrolysis and ion exchange methods, after sintering at 900 °C.

Sample a[Al c[A] V[A3]

Unsubstituted HAp by precipitation 9.41610.004 6.879+0.003 1579+0.004
SAp by precipitation 9.420+0.006 6.882+0.004 1580+0.005
Unsubstituted HAp by hydrolysis 9.421+0.003 6.882+0.005 1581+0.004
SAp by hydrolysis 9.422+0.004 6.883+0.002 1582+0.003
Commercial HAp (Fluka) 9.391+0.005 6.861+0.005 1566+0.005
SAp by ion exchange 9.392+0.002 6.864+0.002 1568+0.002

Table 7-30 displays an increase in the both values of lattice parameters (a and c) due to
substituting S* ions by the whole preparation methods. These results are related to the ionic
radius of S? ( 0.189 nm) [216]compared to OH (0.152 nm). Also, Henning et al. [25] prepared

sulfoapatite by solid state reactions of CaS and Caz(POa); at 1373 K in an evacuated quartz tube
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for 24 hours. The XRD results showed the value of lattice constants (a) and (c) were found to be

9.4619(6) A and 6.8342(8) A, respectively.

7.5.1.4 SEM of SAp materials prepared by precipitation, hydrolysis and ion exchange

methods.

SEM of the non-sintered SAp materials prepared by precipitation, hydrolysis and ion exchange

methods.

Fig.7-37. displays the SEM images of the non-sintered SAp powders prepared by hydrolysis,

precipitation, and ion exchange methods.

15.0kV 15.0mm x4.00k SE(M)
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15.0kV 15.0mm x30.0k SE(M)

15.0kV 15.0mm x13.0k SE(M)

Figure 7-37: SEM mages of the non-sintered (a) Unsubstituted HAp by hydrolysis (b) Unsubstituted HAp
by precipitation (c)SAp by hydrolysis (d) SAp by precipitation (e) SAp by ion exchange.
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Fig. 7-37 shows the morphology of SAp powders, which were prepared by several synthesis
methods. SEM images revealed that the morphology of the prepared materials by different
methods did not change due to the substitution process, and in addition spheroid shapes were
produced. Irregular distribution, and a clear ability to agglomerate and to form a porous powders

were recorded for the whole prepared SAp samples.

SEM of SAp materials prepared by precipitation, hydrolysis and ion exchange methods after

sintering at 900 °C:

Fig.7-38 displays the SEM images of the sintered S;Ap powders as prepared by the hydrolysis,

precipitation and ion exchange methods.

5.0kV 8.0mm x20.0k SE(M)
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5.0kV 8.1mm x13.0k SE(M)

Figure 7-38: SEM images of: (a) Unsubstituted HAp by precipitation (b) Unsubstituted HAp by hydrolysis
(c and d) SAp by precipitation (e) SAp by hydrolysis (f) SAp by ion exchange, after sintering at 900 °C.

Fig.7-38 shows the SEM images of the prepared SAp materials by three different synthesis routes,
namely precipitation, hydrolysis as well as ion exchange methods. We can see that the particles
of SAp by precipitation have spheroid like shape with a small quantity of whiskers, which reflect
the ability of sulfide ions to form whiskers. The SEM/EDX techniques was also used to get a better
idea about the elemental composition of the SAp samples that was prepared by the conventional
precipitation method. The results of SEM/EDX analysis for the above-mentioned system can be

found in the Appendix (see appendix A). The SEM/EDX results showed that:
1- The whiskers consist of Ca%*, PO4*, OH, CO3% and Na* ions.

2- Also, the weight percent of Na* ions (4.44 and 3.86%) in the whiskers were found to be

higher than the spherical particles (1.39%).

3- The Ca/P mole ratio of the whiskers are (1.78 and 1.62) compared to (1.64) of the spherical

particles.
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On the other hand, a spheroid shape, and an ability to agglomerate with porous powders was
confirmed for SAp materials by soaking, while the irregular structure coupled with porous

material was recorded in in the case of hydrolysis method.

7.6 Co-substitution of NaClHAp (CasNa(POs)é(OH)Cl) powders prepared by

precipitation and hydrolysis methods:

There is a limited number of studies that describe the co-substitution process of sodium and
chloride ions into HAp structure [28] but it appears no reports referring to co-substitution of
these ions into HAp has been published or taken place by using a hydrolysis method for
generating HAp. Hence 5g of co-substituted NaCIHAp with the following chemical formula:
CagNa(POa)s(OH)Cl was prepared by precipitation and hydrolysis routes using the mentioned

procedures in Chapter 3. The detailed amounts of the reagents are listed in Table 7-31
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Table 7-31: Synthesis details of prepared NaCIHAp materials by precipitation and hyfdrolysis methods.

sample Ca(NOs).  Ca(OH). MCPM Na;HPO,  NaCl Ca(NOs); Ca(OH), MCPM  Na,HPO, NaCl NaCL
(g) (g) (g) (g) (g) (mol) (mol) (mol) (mol) (mol) (mol)

NaClHAp by 7.3348 ] - 42350 0.2903  0.0447 ; ; 00298 4 5050 0.0036

precipitation

NaClHAp - 33054 11.203 ; 0.2902 0.0446  0.0446 0.0050 0.0036

by hydrolysis
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7.6.1 Characterization techniques of prepared NaClHAp (Ca9Na(POs4)s(OH)CI)

materials prepared by precipitation and hydrolysis methods.

7.6.1.1 ICP/MS of NaCIHAp materials prepared by precipitation and hydrolysis methods after
sintering at 900 °C:

The results of the elemental analyses of NaCl co substituted HAp samples that were prepared by

ppt and hydrolysis routes are displayed in Table 7-32.

Table 7-32: ICP-MS results of NaCl co substituted HAp materials prepared by precipitation and
hydrolysis methods after sintering at 900 °C. The concentration was in ppb unit(ug/l):

Sample Ca44 P31 Na 23
Unsubstituted HAp by precipitation 707795 401240 103797
NaCIHAp by precipitation 748191 370392 55852
Unsubstituted HAp by hydrolysis 769928 423970 78396
NaCIHAp by hydrolysis 728324 382589 111829

The starting (calculated) and actual (measured) degree of chemical composition of the prepared
powders in terms of wt.% of Na*ions, the calcium/phosphorus (Ca/P) molar ratios as well as

(Ca+Na)/P molar ratio were determined by ICP-MS and presented in Table 7-33
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Table 7-33: The chemical analysis data of prepared NaCIHAp materials by precipitation and hydrolysis
methods by ICP-MS measurements

0 + o, +
Ca/P Ca/P Wt.% of Na Wt.% of Na

Sample Theoretical Measured (Ca+Na)/ P |ons. lons
theoretical measured

Unsubstituted

HAp by 1.67 1.36 1.71 - 5.2%

precipitation

NaClHAp by 1.50 1.56 1.76 2.3% 2.8%

precipitation

Unsubstituted

HAp by 1.67 1.40 1.65 - 3.9%

hydrolysis

NaCl co-

substituted 1.50 1.47 1.86 2.3% 5.6%

HAp by

hydrolysis

Tables 7-32 and 7-33 show clearly that presence of sodium ions into HAp structure, whereas the
Ca:P mole ratios for the prepared samples were lower than (1.67). However, the measured values
of (Ca+Na)/ P for the whole powders were higher than stoichiometric values, evidence of the

replacement process of phosphate site by COs? group as shown by FTIR spectra.

As shown in Tables 7-32 and 7-33 CI" ions were not detected by ICP-MS analysis. The presence
of ClI" ions into HAp lattice were confirmed by using other techniques such as XRD and FTIR
spectra (see later). Some elements like Cl and Br could not be detected by ICP-MS analysis.
Therefore, the presence of these ions(Cl and Br) into HAp crystal can be determined through

using other techniques such as XRD analysis. As an example:

Cho et al. [245] prepared chloride-substituted hydroxyapatites with the following formula
Ca10(P04)s(0OH)2« (Cl)x, (x = 0.0, 0.5 and 1.0) by precipitation method through using calcium
hydroxide , phosphoric acid and ammonium chloride as starting materials. The presence of CI
ions into hydroxyapatite crystal was confirmed by using XRD. The lattice parameters (a and c) of
Cl substituted HAp samples were varied due to the substitution process. The Rietveld results
showed that the lattice constants a and c of hydroxyapatite were (9.421 and 6.881 A) compared
to (9.457 and 6.870 A) for 0.5 CIHAp and (9.541 and 6.843 A) for 1.0 CIHAp.
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7.6.1.2 FTIR of NaClHAp (CagNa(POs)s(OH)Cl) materials prepared by precipitation and
hydrolysis methods.

FTIR of the non-sintered NaCIHAp (CasNa(PO4)s(OH)Cl) materials prepared by precipitation and

hydrolysis methods.

Fig.7-39 displays the FTIR spectra of the non-sintered NaCIHAp_material prepared by different
synthesis routes.

NaCl co substituted by hydrolysis

Unsubstituted HAp by hydrolysis

NaCl co substituted HAp by precipitation

Transmittance (%)

Unsubstituted HAp by precipitation

e Adsorbed water —
3300-3700cm " 1384cm 562 cm-
Adsorbed water - -NO; * band "PO,* v, band
1416 and 1470 cm™ 604 cmt
-CO.2
C0,* band 1020-1100cm?  gg2cm? ¢ PO, v, band
- PO,* v, band - PO,* v, band
875cm?
- CO,% band
4500 4000 3500 3000 2500 2000 1500 1000 500 0

Wavenumber (cm™)

Figure 7-39: FTIR spectra of non-sintered NaCIHAp materials prepared by precipitation and
hydrolysis methods.

Fig.7-39 displayed that the recorded peaks at 562, 602, 962, 1028 and 1090 cm! can be attributed
to phosphate groups. The carbonate bands appeared at 872,1416 and 1470 cm?, where the
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characteristic peaks of hydroxyl group at 630 and 3572 cm™ completely disappeared. In addition,

the peak at 1630 cm™ can be ascribed to adsorbed water as an indication of amorphous materials.

FTIR spectra of NaCIHAp materials prepared by precipitation and hydrolysis methods after

sintering at 900 °C.

Fig.7-40 displays the FTIR spectra of the sintered NaCIHAp_material prepared by different

synthesis routes.

Na and Cl co substituted HAp by hydrolysis

53
3
E Unsubstituted HAp by hydrolysis
£
2
©
'—
Na and Cl co substituted HAp by precipitation
Unsubstituted HAp by precipitation
—V 7% cm!
) — PO,* v, band
e 4 =
- 1416 and 1470 cm™ 1385cm*
- CO,% band -NO; * band” 1
- OH v band 3 2 P 70cm
o “RO,* v, band
‘// 05cm™
-PO,* v, band
1035-1090cm-
- PO43' Vg band 962 cm! §
- PO,* v, band 631lcm-
- OH v, banc
875cm™®
- CO,;% band
4500 4000 3500 3000 Was@Enumber fcoo’) 1500 1000 500 0

Figure 7-40: FTIR of NaCIHAp materials prepared by precipitation and hydrolysis methods after

sintering at 900 °C.
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All prepared samples displayed the characteristic bands of hydroxyapatite. The bands at 3572
and 633 cm correspond to the stretching and vibrational modes of the hydroxyl group. While
the intensity of the librational mode of OH" group at 630 cm™ has not shown any significant
difference compared to unsubstituted HAp powders that were prepared by two preparation
methods (precipitation and hydrolysis), a clear reduction in the intensity of the stretching modes
of OH group at 3752 cm™was observed for co substituted HAp powders (NaCl HAp) that prepared
by precipitation and hydrolysis methods. This reduction in the intensity can be assigned to the
partial substitution of CI- by OH" in HAp crystal. The typical bands at 1090, 1050, and 962 cm™
correspond to P —O stretching vibration modes, whereas the doublet at 603 — 572 cm
corresponds to the O-P-O bending mode. Carbonate peaks were recorded by FTIR spectrain both
methods at 875, 1411 and 1453 cm™’ evidence of obtaining COsHAp samples, and keeping the
charge balance that resulted due to the substitution process of monovalent cation. The peak
that was detected by FTIR at 1384 cm™ by precipitation can be attributed to the nitrate from

either starting materials or trace nitrate impurities in the KBr powder.

7.6.1.3 XRD diffraction analysis of sodium chloride co- substituted hydroxyapatite ( NaCIHAp)

prepared by precipitation and hydrolysis methods:

Phase Identification of sintered NaCIHAp materials prepared by precipitation and hydrolysis

methods.

The XRD pattern of the non-sintered and sintered NaCl co substituted HAp materials prepared by

different synthesis routes are shown in Fig.7-41 and 7-42.
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Figure 7-41: XRD diffraction patterns of the sintered NaCIHAp materials prepared by precipitation and
hydrolysis methods.
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Figure 7-42: XRD diffraction patterns of NaCIHAp materials prepared by precipitation and hydrolysis
methods after sintering at 900 °C.
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A highly pure phase was produced due to the substitution of Na* and CI" ions into HAp by
precipitation route, as confirmed by XRD patterns,. This was due to the absence of some peaks
that were related to an impurity phase (B-TCP) at 2 Theta = 31.20°, 38.60°, 41.14°, and 45.20°
coupled with a clear decrease in the whole other peaks that are attributed to B- tricalcium
phosphate. On the other hand, use of the hydrolysis method caused the disappearance of two
characteristic peaks of B-TCP at 2 Theta = 31.20° and 34.57°. But, an increase in the intensity of

another peak that can be assigned to B-TCP at 2 Theta = 33.60° was observed.

Crystallinity and crystallite size of NaCIHAp materials prepared by precipitation and hydrolysis

methods:

Table 7-34 displays the degree of crystallinity and crystallite size of the sintered NaCIHAp

materials prepared by precipitation and hydrolysis methods.

Table 7-34: The degree of crystallinity and crystallite size of NaCIHAp materials prepared by
precipitation and hydrolysis methods after sintering at 900 °C.

Sample Dooz (A) Crystallinity %
Unsubstituted HAp by precipitation 618.3+13.2 84.15+2.4
NaClHAp by precipitation 748.612.8 85.31+2.6
Unsubstituted HAp by hydrolysis 549.8+3.6 82.57+2.1
NaClHAp by hydrolysis 790.0+4.4 85.65+5.2

An improvement in the numerical value of crystallinity as shown in (Table 7-34) was recorded

for all NaCIHAp samples, due to the co-substitution process of Na* and Cl ions.

On the other hand, the crystallite size was increased as a result of co-substitution process of Na*

and CI ions by both methods, namely precipitation and hydrolysis.

Lattice parameters and volume of unit cell of NaCIHAp materials prepared by precipitation and

hydrolysis methods:

Table 7-35 displays the lattice parameters and the volume of hexagonal unit cell of the sintered

NaClHAp materials prepared by precipitation and hydrolysis methods.
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Table 7-35: The lattice parameters and the volume of hexagonal unit cell of NaCIHAp materials prepared
by precipitation and hydrolysis methods after sintering at 900 °C.

Sample a[A] c[A] V[A3]

Unsubstituted HAp by precipitation 9.416+0.004 6.879+0.003 1579+0.004
NaCIHAp by precipitation 9.420+0.002 6.882+0.001 1581+0.002
Unsubstituted HAp by hydrolysis 9.421+0.003 6.882+0.005 1581+0.004
NaClHAp by hydrolysis 9.425+0.001 6.881+0.001 1582+0.001

The lattice parameters (a and b) of the prepared samples by the hydrolysis and the precipitation
methods exhibited an increase in their values. Such an expansion in the lattice parameters could
not be attributed to the Na* ions, since as discussed previously Na* ions and Ca%* have
approximately the same ionic radius ( 0.99 A for Na* compared to 1.00 A for Ca?*) [136]. Also,
the substitution of phosphate site by CO3? will not cause an increase in the lattice parameters.
The replacement of PO43- group by COs? will cause a reduction in the lattice constants, simply
because the phosphate site is characterized by a larger ionic radius (0.23 nm) compared to the
smaller ionic radius carbonate group (0.189 nm) [216]. This expansion in the volume of unit
cell of NaCl co substituted HAp in the present study can be ascribed to the larger ionic radius of

Cl" (0.168 nm) [216] compared to the OH" group ( 0.153 nm).

7.6.1.4 SEM of NaCIHAp materials prepared by precipitation and hydrolysis methods.

SEM of the non-sintered NaCIHAp materials prepared by precipitation and hydrolysis methods.

Fig.7-43. displays the SEM images of the non-sintered NaCIlHAp powders prepared by hydrolysis

and precipitation methods.
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Figure 7-43: SEM images of the non-sintered (a) Unsubstituted HAp by precipitation (b) Unsubstituted
HAp by hydrolysis (c)NaCIHAp by precipitation (d and e) NaCIHAp by hydrolysis.

While a clear tendency to agglomerate with porous and irregular structure was proven by SEM
images for hydrolysis method, we can see the co-substitution of Na* and Cl" ions by precipitation
produced spheroid like shape with a trend to agglomerate, but in the case of hydrolysis route
different morphologies were produced, namely flake-like flowers and spheroid like shapes, which

reflected the effect of the synthesis method on the morphology.

SEM of NaCIHAp materials prepared by precipitation and hydrolysis methods after sintering at

900 °C.

Fig.7-44 displays the SEM images of the sintered NaCIHAp powders as prepared by the novel

hydrolysis and conventional precipitation methods.
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Figure 7-44: SEM images of (a) Unsubstituted HAp by precipitation (b) Unsubstituted HAp by hydrolysis
(c + d) NaCIHAp by precipitation (f) NaCIHAp by hydrolysis, after sintering at 900 °C.

The effect of synthesis method on the morphology of NaCIHAp powders were confirmed by SEM
images. We can see that, as a result of heat treatment, the obtained NaCIHAp powders by
precipitation have a well-defined morphology such that the prepared materials consist of a
spherical shape and a small quantity of whiskers with the ability to agglomerate, while spherical
shaped particles with an irregular distribution were recorded in samples prepared by the
hydrolysis method, but enhancement in the level of porosity was also seen as a result of co

substitution NaCl by hydrolysis.

The SEM/EDX techniques was also used to get a better idea about the elemental composition of
the 1%NaClHAp that was prepared by the conventional precipitation method. The results of
SEM/EDX analysis for the above-mentioned system can be found in the Appendix (see appendix

A). The SEM/EDX results showed that:
1- The whiskers consist of Ca%*, PO4*, OH, CO3% and Na* ions.

2- Also, the weight percent of Na*ions (1.69%) in the whiskers were found to be higher than

the spherical particles (1.38%).
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3- The Ca/P mole ratio of the whiskers is (1.47) compared to (1.37) of the spherical particles.

7.7 Summary:

1- Different systems of anionic and co substituted HAp, namely 1, 3 and 5% NbHAp, 1%

B4OsHAp, bromapatite, sulfoapatite and NaClHAp were prepared by using different

preparation methods (precipitation, hydrolysis and ion exchange routes).

2- Different techniques were used to characterize the prepared samples such as SEM, FTIR,

XRD and ICP-MS.

The result of using these techniques showed:

The effect of preparation method on the morphology:

In particular, the hydrolysis method of all prepared materials produced spherical
shaped particles which had a tendency to agglomerate, but the precipitation method,
in contrast, formed several kinds of morphologies. For example: 1, 3 and 5% NbHAp,
1%B4O7HAp and bromapatite powders produced spheroidal like shape particles,
whereas sulfoapatite and NaCIHAp formed spherical shape with small quantity of
whiskers. These results were obtained through SEM investigations.

The presence of apatite phase in the whole prepared powders had been confirmed
through detecting the fundamental vibrational modes of PO4> group at 562, 602, 962
and 1032-1095 cm?, as well as by recording the typical bands of OH™ group at 3572
and 631 cm™. On the other hand, a reduction of the intensities of the stretching and
librational modes of the lattice OH™ group at ( 3572 and 630 cm™ ) due to the
replacement process of the monovalent and bivalent ions (Br;, S* and B407%) was
observed in order to keep charge balance. These results were detected by using FTIR
analysis.

The effect of the replacement process of phosphate and/or hydroxyl groups by the
ions that were used to substitute HAp structure on the crystallinity, crystallite size and
lattice parameters were varied, and the details of these values were discussed in the
chapter (these results were confirmed by using XRD).

The presence of some of these such as B40;%, Na*, S% ions into HAp samples was

confirmed by using ICP-MS analysis, whereas the theoretical and experimental values
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of Ca/P mole ratios as well as the wt.% percent of substitution were discussed. ICP-
MS does not offer conclusive proof of substitution, however. The presence of other
ions such as ClI" and Br were not detected by ICP-MS analysis. Therefore, the
substitution of these ions (Cl-and Br’) into HAp structure were confirmed by XRD and
FTIR spectra, the details about the results of these tests (XRD and FTIR) were

discussed.
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Chapter Eight
Mechanical properties of unsubstituted, substituted
and co substituted HAp powders prepared by the
Hydrolysis of monocalcium phosphate (MCP)/Ca(OH),.

8.1 Mechanical Properties:

The mechanical properties of materials are properties such as strength, used to describe how
well a material withstands applied forces [50]. As a common mineral component of human
bones, hydroxyapatite Ca1o(PO4)s(OH)2 has been widely used in various biomedical fields such as
bone repair and orthopedic prosthesis, due to its biocompatibility and bioactivity characteristics
[246]. However, the poor mechanical performance of hydroxyapatite materials limits their
application in load-bearing situations [6]. Therefore, several works have been carried out as
discussed in the literature to improve the mechanical strength of HAp materials through

incorporation of various ions, even functional groups into the HAp crystal [247-249].

It was reported the value of mechanical properties of synthetic HAp materials depend on several
factors such as crystallinity, agglomeration, chemical composition, substitution process,
substitution levels, porosity and grain size [35,153]. Therefore, in the context of the present
study, the mechanical properties of the following systems had been studied. These systems have

been described previously in earlier chapters (see chapters 4, 5, 6 and 7 for details).

1- Unsubstituted HAp samples prepared by the novel hydrolysis method involving
MCP/Ca(OH),.

2- MHAp samples with the following chemical formula: CaioxMxHAp (where M=Zn, Sr
and Cu, X=0.5, 1.0 and 1.5) prepared by the hydrolysis of monocalcium phosphate
(MCP) and calcium hydroxide.

3- 1%EuHAp (1 wt.% Eu®*) and 1%ScHAp(1 wt% Sc3*) samples prepared by the hydrolysis
of MCP/Ca(OH),.
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4- 1% B4O7HAp (1 wt.% B407%*) and NaCIHAp( CasNa(PO4)sCIOH ) samples prepared by
the hydrolysis of MCP/Ca(OH)..
5- SAp samples prepared by the novel hydrolysis method.

This chapter aimed to:

1. Toinvestigate the mechanical properties of specific systems of substituted and co
substituted materials prepared by using the hydrolysis method through
performing the compression test. The Laser Diffraction Particle Size Analyzer was
also employed to measure the particle size of these systems in order to investigate
the effect of particle size on the mechanical strength.

2. To study the effect of substitution levels for specific systems of substituted HAp
(MHAp) with the following chemical formula Ca10-xMx(POa)s(OH)2, where M= Zn,
Sr and Cu, X=0.5, 1.0 and 1.5) on the value of mechanical properties.

3. To study the effect of particle size on the value of mechanical strength.

8.1.1 Mechanical properties of sintered unsubstituted HAp powders at 900 °C
prepared by the novel hydrolysis method using MCP and Ca(OH): as starting

materials:

Table 8-1 shows the mechanical results of unsubstituted HAp material prepared by the hydrolysis

of MCP/Ca(OH),.

Table 8-1: Mechanical results of unsubstituted HAp powders prepared by the hydrolysis of
MCP/Ca(OH)s.

Average . .
. . . Particle Compression
samble Maximum Maximum Maximum of size strength
P load (N)  load (N)  load (N)  maximum " (Mpg)
load (N)
Unsubstituted
HAp by 2129 2145 2245 2137 26.1 22.38
hydrolysis
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As well known, the CaPs ceramics provide limited mechanical support simply because they have
little tensile strength and are brittle in nature due to their high strength ionic bonds[250]. The
mechanical properties of CaPs powders were found to be affected by several parameters such as
crystallinity, grain size, grain boundaries, porosity as well as substitution process [35,153]. As an
example when the microstructure contains small grains, the number of grain boundaries will be
decreased significantly, suggesting an enhancement in the mechanical strength[251]. Le Huec
et al. [252] studied the influence of porosity on the mechanical strength of calcium phosphate
ceramics. They tested 150 cylindrical hydroxyapatite samples. The total porous volume of the
ceramics was varied from 20% to 60%. The result of that investigation showed that the
compressive strength decreases as porosity increases. Dean-Mo Liu [253] investigated the effect
of porosity and pore size on the compressive strength of hydroxyapatite ceramic. The result of
that investigation showed clearly the compressive strength behaves linearly with macropore size,
that a smaller macropore corresponds to a higher compressive strength. Another factor that
causes an obvious effect on the mechanical strength is the packing density. Spath et al. [254]
investigated the relationship between the mechanical strength of 3D printed ceramic scaffolds
and the following parameters: the particle size and the packing density. Hydroxyapatite granule
blend with a wide particle size distribution was used for that goal. Different fractions of
hydroxyapatite granule blends were used (<32 um, 32—-45 um, 45-63 pum, 63—80 pum, 80—-100 pm,
100-125 pum and >125 um). The result of that investigation showed that an optimized
arrangement of fractions with large and small particles can provide 3D printed specimens with

good mechanical strength due to a higher packing density.

In the present investigation, the effect of the following parameters: the porosity, the pore size
and the packing density on the mechanical strength had not been investigated. The only
parameter that was studied during this project is the relationship between the particle size and
the compressive strength. The details of the compression strength calculations and the particle
size measurement report can be found in Appendix A (see appendix A) through one computed
example involving 1%B40O7HAp samples (1 wt.% B4O7) prepared by the novel hydrolysis method
using (hydrolysed) MCP/Ca(OH); as starting materials.
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8.1.2 Mechanical properties of ZnHAp powders at 900 °C (CaioxZnx(POa)s(OH)2, where
x= 0.5, 1.0 and 1.5) prepared by the novel hydrolysis of MCP/Ca(OH)2.:

Table 8-2 displays the mechanical results of ZnHAp powders prepared by the hydrolysis method

with different substitution levels.

Table 8-2: Mechanical results of ZnHAp powders prepared by hydrolysis method with different
substitution levels.

Trial one Trial Two Trial Three Average of Particle Compression

Sample Maximum Maximum Maximum  maximum size strength
load (N) load (N) load (N) load (N) (um) (MPa)

Unsubstituted

HAp by 2129 2145 2245 2137 26.1 22.38

hydrolysis

0.5ZnHAp 2099 2148 2150 2132 29.0 21.96

1.0ZnHAp 3139 3145 3125 3136 17.0 32.31

1.5ZnHAp 3120 3125 3128 3124 16.9 32.19

Fig.8-1 displays the effect of the particle size of ZnHAp powders on the value of the compression
test.

34

Compression strength(Mpa)
N N N N w w
N ~ (o)) [o0] o N

N
o

15 17 19 21 23 25 27 29 31

Particle size (um)

Figure 8-1: Compression strength against particle size of ZnHAp powders prepared by hydrolysis method
with different substitution levels.
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The result of mechanical tests showed a visible increase in the compression strength values with
increasing the level of Zn?* contents, coupled with a reduction in the measured values of particle
size. It was reported the replacement process of Zn?* ions with smaller ionic radius (0.074 nm)
compared to Ca%* (0.099 nm) into HAp structure, will enhance the mechanical properties [255],
due to the difference in ionic radius between Zn?* and Ca?* ions . The improvement in the
measured values of the mechanical strength in this study can be ascribed to the smaller ionic
radius of Zn?* compared to Ca%*ions, which caused a decrease in the grain size. As a result, a

reduction in the particle size would be recorded suggesting an increase in the strength values.

8.1.3 Maechanical properties of sintered SrHAp powders (Ca1o-xSrx(POs)s(OH)2 at 900 °C,
where x= 0.5, 1.0 and 1.5) prepared by the novel hydrolysis of MCP/Ca(OH)2:

Table 8-3 displays the mechanical results of SrHAp powders prepared by hydrolysis method with

different substitution levels.

Table 8-3: Mechanical results of SrHAp powders prepared by hydrolysis method with different
substitution levels.

Trial one Trial Two Trial Three Average of Particle Compression

Sample Maximum Maximum Maximum  maximum size strength
load (N) load (N) load (N) load (N) (um) (MPa)

Unsubstituted

HAp by 2129 2145 2245 2137 26.1 22.38+1.7
hydrolysis

0.5 SrHAp 1697 1684 1696 1692 33.8 17.43+1.3
1.0 SrHAp 2146 2111 2095 2117 28.0 21.81+2.8
1.5 SrHAp 1725 1748 1735 1736 32.6 17.88+3.1

Fig.8-2 displays the effect of the particle size of SrHAp powders prepared by the hydrolysis
method on the value of the compression test.
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Figure 8-2: Compression strength against particle size for SrHAp powders prepared by the hydrolysis
method at different substitution levels.

Table 8-3 shows a small decrease in the values of compression strength due to the substitution
of Sr?* ions and a slight increase in the value of the particle size of the prepared SrHAp samples.
This result can be explained in terms of the larger ionic radius of Sr?*( 0.118 nm ) compared to
Ca%* (0.100 nm) [131](see chapter 5 for details) which caused an increase in the grain size. Asa
result, an increase in the particle size would be recorded suggesting a reduction in the strength
values. In the case of 1.0 SrHAp materials, the results showed a slight reduction in the value of
particle size causing an enhancement in the mechanical strength. This result can be ascribed to
the effect of phase purity and chemical composition on the value of mechanical strength. It has
been reported that the mechanical properties of biphasic calcium phosphate (BCP) can be
modified by parameters like the ratio of HAp/B-TCP [256]. So, it seems that the HAp/B-TCP ratio
in the BCP can be adjusted to control mechanical characteristics. Increasing the substitution level
of Sr?* ions as in the case of 1.5 SrHAp materials, resulted in a slight increase in the particle size.
This result can be explained in terms of larger ionic radius of Sr?* ions *( 0.118 nm ) compared to
Ca?* (0.100 nm) [131], which caused an increase in the grain size. As a result, an increase in the

particle size would be recorded suggesting a reduction in the strength values.

Aoki et al. [257] prepared SrHAp powders with different Sr/Ca molar ratio (0.0006 and 0.006)

and studied the effect of substitution process on mechanical properties. They reported that the
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mechanical properties of sintered SrHAp powders slightly decreased as the level of Sr?* ions

increased in the HAp, and this agrees with the result obtained through the present investigation.

8.1.4 Mechanical properties of sintered CuHAp powders at 900 °C (Caio-
xCux(PO4)s(OH)2, where x= 0.5, 1.0 and 1.5) prepared by the novel hydrolysis of
MCP/Ca(OH).:

Table 8-4 displays the mechanical results of CuHAp powders prepared by hydrolysis method with

different substitution levels.

Table 8-4: Mechanical results of CuHAp powders prepared by hydrolysis method with different
substitution levels.

Trial one Trial Two Trial Three Average of Particle Compression

Sample Maximum Maximum Maximum  maximum size strength
load (N) load (N) load (N) load (N) (um (MPa)

Unsubstituted

HAp by 2129 2145 2245 2137 26.1 22.38

hydrolysis

0.5CuHAp 2752 2820 2765 2229 22.9 28.62

1.0CuHAp 3096 3110 3128 3111 17.3 32.05

1.5CuHAp 2197 2156 2160 2171 29.8 22.37

Fig.8-3 displays the effect of the particle size of CUHAp powders prepared by hydrolysis method

on the value of compression test.
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Figure 8-3: Compression strength against particle size of CuHAp powders prepared by hydrolysis
method with different substitution levels.

The result of present investigation shows increasing the level of substitution of copper ions into
HAp crystal caused an improvement in the value of the mechanical strength of CuHAp powders.
These results can be attributed to the substitution process of the calcium ionin the lattice by Cu®*
ions. The smaller ionic radius of Cu?* ions (73 pm) compared to Ca%*ions (100 pm), would

reduce the grain and particle sizes of CUuHAp powders, and thus increase their strength.

In the case of the 1.5 CuHAp powder a clear decrease in the mechanical strength was recorded.
This result may be attributed to the phase purity. As confirmed by the XRD analysis, the presence
of biphasic material had been observed, and the percent of B-TCP was raised increasing the
amount of substitution levels of Cu?* ions into HAp crystal (see chapter 5 for details). Therefore,
the value of strength may be affected, depending on the composition range of HAp and B-TCP in
the prepared powders. It has been reported that the mechanical properties of biphasic calcium
phosphate (BCP) can be modified by parameters like the ratio of HAp/B-TCP [256]. So, it seems
that the HAp/B-TCP ratio in the BCP can be adjusted to control mechanical characteristics, since

that ratio was also used to determine its reactivity [258] as stated in the literature.
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8.1.5 Mechanical properties of sintered 1%EuHAp (1 wt.% Eu3*) and 1% ScHAp(1 wt.%

Sc3*) powders at 900 °C prepared by the novel hydrolysis of MCP/Ca(OH)2:

Table 8-5 displayed the mechanical results of 1%EuHAp and 1%ScHAp powders prepared by the

hydrolysis method.

Table 8-5: Mechanical results of 1%EuHAp (1% wt. Eu®*) and 1% ScHAp(1% wt. Sc**) powders prepared

by hydrolysis method.

Trial one Trial Two

Trial Three Average of Particle Compression

Sample Maximum Maximum Maximum  maximum size strength
load (N) load (N) load (N) load (N) (um) (MPa)

Unsubstituted
HAp by 2129 2145 2245 2137 26.1 22.38
hydrolysis

0,
L%EUHAD by 2577 2547 2630 2585 23.3 26.63
hydrolysis

0,
1ASCHAP by 2696 2750 2724 2723 21.2 28.06
hydrolysis

Fig. 8-4 displays the effect of the particle size of 1%EuHAp (1 wt.% Eu3*) and 1% ScHAp(1 wt.%

Sc3*) powders prepared by hydrolysis method on the value of compression test.
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Figure 8-4: Compression strength against particle size of of 1%EuHAp (1% wt. Eu*) and 1% ScHAp(1%
wt. Sc3*) powders prepared by hydrolysis method.
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In the case of 1%ScHAp powders, we can see the replacement process caused a small
improvement in strength value. This result can be attributed to the smaller particle size. The
reduction in the particle size could not be attributed to the substitution of Sc3* ions into HAp
crystal, since the substitution level was very low as confirmed by ICP-MS analysis (0.01 wt.% Sc3*
ions). But the reduction in the value of particle size can be ascribed to the presence of CO3* (as
confirmed by FTIR spectra, see chapter 6 for details). The replacement process of phosphate site
with larger ionic radius (0.23 nm) compared to carbonate group (0.189 nm) [216], caused a
reduction in the value of particle size. As a result, an enhancement in the mechanical strength

was recorded.

The 1%EuHAp powders also, showed slightly higher value of strength compared to unsubstituted
HAp samples. This result, can be ascribed to the smaller particle size and a decrease in the level
of porosity as confirmed by SEM images due to the substitution process of europium ions (Eu3*)
into HAp crystal (see chapter 6 for details) It was reported that the mechanical strength of
hydroxyapatite materials are affected by the porosity [251]. For example, the strength of HAp
bodies decreases gradually as porosity increases [251]. Therefore, the slight increase in the

mechanical strength of 1%EuHAp samples was the result of a reduction in the level of porosity.

8.1.6 Mechanical properties of sintered 1% B1O;HAp (1 wt.% B407%*) and NaCIHAp (
CasNa(P04)sCIOH )powders at 900 °C prepared by the novel hydrolysis of
MCP/Ca(OH);:

Table 8-6 displays the mechanical results of 1% BsOsHAp (1 wt.% BiO7;*) and NaClHAp

(CagNa(POa4)sCIOH )powders prepared by the hydrolysis method.
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Table 8-6: Mechanical results of 1% B,0;HAp (1 wt.% B;05%) and NaCIHAp ( CasNa(PO,)sCIOH ) powders

prepared by hydrolysis method.

Trial one Trial Two

Trial Three Average of Particle Compression

Sample Maximum Maximum Maximum maximum size strength
load (N) load (N) load (N) load (N) (um) (MPa)

Unsubstituted

HAp by 2129 2145 2245 2137 26.1 22.38

hydrolysis

B4O7HAp by 3220 3135 3250 3202 13.9 32.98

hydrolysis

NaClHAp by 1039 1021 1035 1032 54.4 10.62

hydrolysis

Fig. 8-5 displays the effect of the particle size of 1% BsOsHAp (1 wt.% B107%*) and NaCIHAp

(CagNa(POa4)sCIOH ) powders prepared by the hydrolysis method on the value of the compression

test.

= N N w w
(] o (6] o (6]

Compression strength(Mpa)

=
o

5 15 25 35

45 55 65

Paeticle size (um)

Figure 8-5: Compression strength against particle size of 1% B,O;HAp (1 wt.% B40,*) and NaCIHAp (
CagNa(PO4)sCIOH ) powders prepared by hydrolysis method..

In the case of NaCIHAp samples with the following chemical formula : CagNa1(PO4)s(OH)Cl, a clear

reduction in the value of strength was produced as a result of substitution of both ions, namely

Na* and Cl" ions The reduction in the mechanical strength can be ascribed to the enhancement

in the value of the particle size. The increase in the measured value of particle size could not be

attributed to the substitution of calcium site by Na* ion ( as confirmed by ICP-MS analysis, see
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chapter 7 for details), because the ionic radius of both ions are so close to each other, it is [ 0.99
A] for Na* compared to Ca2* (1.00 A) [259]. But the obvious increase in the value of particle size
of NaCIHAp materials can be ascribed to the substitution of Cl ions with larger ionic radius (0.168
nm) compared to the OH  group (0.153 nm) [216]. The substitution of hydroxyl group by Cl ions
was not proven by the ICP-MS analysis, but confirmed through using other kinds of analysis tests

such as FTIR and XRD techniques ( see chapter 7 for details).

On the other hand, the substitution process of B4O,? ions caused an obvious enhancement in the
mechanical properties. The enhancement in the mechanical strength of 1% B4O;HAp can be
attributed to the obvious decrease in the value of particle size. The reduction in the particle size
was resulted from the substitution process of phosphate site with larger ionic radius (0.23 nm)
compared to carbonate group (0.189 nm) [216] (see chapter 7 for details). As aresult, an increase

in the measured value of the mechanical strength was achieved.

8.1.7 Maechanical properties of sintered SAp powders at 900 °C prepared by the novel
hydrolysis of MCP/Ca(OH).:

Table 8-7 displays the mechanical results of SAp powders prepared by the novel hydrolysis

method.

Table 8-7: Mechanical results of SAp powders prepared by the novel hydrolysis methods.

Trial one Trial Two Trial Three Average of Particle Compression

Sample Maximum Maximum Maximum  maximum size strength
load (N) load (N) load (N) load (N) (um) (MPa)

Unsubstituted

HAp by 2129 2145 2245 2137 26.1 22.38

hydrolysis

SAP by . 1427 1470 1458 1452 47.5 14.96

hydrolysis

Fig. 8-6 displays the effect of the particle size of SAp powders prepared by hydrolysis method on

the value of compression test.
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Figure 8-6: Compression strength against particle size of SAp powders prepared by hydrolysis methods

During this project, the required samples of SAp powders that were prepared by the ion exchange
method were excluded from our consideration for mechanical testing , because the sintering
process caused an obvious mass decrease and sample shrinkage. A similar observation was made
by Dorozhkin et al. [156]. The authors prepared cylindrical samples of dense HAp in order to
analyse them mechanically. They attributed that result to the sintering process of HAp cylinders,
since it always leads to mass decreasing and sample shrinkage because of several factors such

as evaporation of water as well as burning out of other volatile compounds such as binder[156].

In the present study, the results of substitution S? ions into HAp crystal showed a clear reduction

in the compression values. This reduction can be explained in terms of the following:

1- The bigger particle size that resulted from the replacement process of S ions with larger
ionic radius (0.189 nm) into HAp structure compared to OH ions (0.152 nm).

2- The phase purity. As discussed earlier, the mechanical properties of biphasic calcium
phosphate (BCP) ceramics can be modified by parameters like the ratio of HAp/B-TCP
[256].
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8.2 Summary:

Based on the outcome of the mechanical results of this project, it is clear that several factors can
affect the mechanical strength of the prepared substituted and co substituted HAp samples other
than the substitution levels. Because the results displayed a clear difference in the calculated
values of compression strength. The results of the tests for mechanical properties in this project
showed that particle size plays a fundamental role in the value of mechanical strength, since an

enhancement in strength was recorded with a reduction in particle size.
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Chapter Nine

Conclusions and Future work

9.1 Conclusion of this work:

The conclusions resulting from this research are summarized into sections as follows:

9.1.1 The development of a novel method to prepare (unsubstituted) HAp by
hydrolysis of monocalcium phosphate (MCP) using calcium hydroxide

(Chapter 4):

The main finding at this stage can be summarized as the following:1- The novel hydrolysis method
using monocalcium phosphate and calcium hydroxide as precursors displayed clearly that it can

be considered as an effective approach to prepare unsubstituted HAp powders.
2- The presence of an apatitic phase was confirmed by FTIR spectra.

3- The XRD diffraction patterns of sintered, unsubstituted HAp powders were in good
agreement with the current literature ([8], [80], [190]), the standard HAp (reference card
number 01-074-9780 ) as well as commercial HAp (Fluka) and showed the characteristic
peaks of the HAp phase. A slight decomposition of the HAp to the B-TCP phase was observed

due to the sintering process at 900 °C.

4- SEM images show that the sintered samples of unsubstituted HAp powders consist of
particles with fine grains which are spheroidal in shape and associated with an irregular

distribution of components.

5- The ICP-MS measurements revealed that the Ca/P mole ratio of unsubstituted HAp
samples was 1.40, which is lower than the theoretical value of stochiometric HAp, but the

value of (Ca+Na)/P was found to be 1.65 which is very close to the stoichiometric HAp.

9.1.2 Preparation of MHAp powders with the chemical formula: Caio-xMxHAp (where
M=Zn, Sr and Cu, X=0.5, 1.0 and 1.5) by the novel hydrolysis method(Chapter 5):

The main findings in this chapter (Chapter five) can be summarized as follows:
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1- The novel hydrolysis method using monocalcium phosphate and calcium hydroxide as
starting materials was proven to be an effective route for preparing substituted HAp
powders.

2- FTIR displayed i- the presence of apatite phase. ii- a clear relation between the amount of
M ions, and the intensities of OH" vibration modes at 3572 cm™ (stretching) and 630 cm’
L, iii- an obvious shift of phosphate bands at 572 and 604 cm™ to a lower wave number
due to substitution of Sr2* ions. This shift increases as the amount of Sr ions increases.

3- The phase purity, crystallinity, crystallite size and lattice parameters of the prepared
MHAp materials varied with increasing substitution levels.

4- SEM images showed that ZnHAp and CuHAp substituted materials consist of
agglomerated crystals which are spheroidal in shape. Spheroidal particles were seen in
0.5 SrHAp and 1.0 SrHAp samples, but a combination of spheroidal and rod like particles
was recorded in the case of the 1.5 SrHAp materials.

5- The results of ICP-MS measurements displayed the presence of Zn%*, Sr?* and Cu?* ions

into HAp samples but was not necessarily indicative of substitution.

9.1.3 Cationic substituted HAp powders:

The main findings at this Chapter (Chapter six) can be summarized as the following:

1- The presence of Rb*, Eu3* and Sc3* ions in HAp samples was detected by using ICP-
MS analysis with low wt.%. Although the technique cannot prove substitution of
these ions, it appears that if there is substitution occurring, it would be at low level.

2- FTIR analysis displayed i- the presence of the apatite phase in the prepared powders
ii- a reduction of the intensities of the stretching and librational modes of the OH-
group at ( 3572 and 630 cm™) due to the replacement process of calcium site by
trivalent cation (Eu3*) and monovalent cation (Rb*).

3- The effects of the replacement process of calcium site by the cation (Rb*, Eu3* and
Sc3*) on the crystallinity crystallite size and lattice parameters were varied.

4- The effects of preparation method used on the morphology were confirmed by SEM

images.
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9.1.4 Anionic substituted HAp and co-substituted HAp powders:

The main findings of Chapter 7 were as follows:

1- FTIR spectra showed i- the presence of the apatite phase in the prepared powders ii- a
reduction of the intensities of the stretching and librational modes of OH- group at 3572
and 630 cm™ due to the replacement process of monovalent and bivalent ions( Br-, S*
and B407?%).

2- The effect of the replacement process of phosphate and/or hydroxyl groups by the ions
used to substitute HAp structure on the crystallinity, crystallite size and lattice parameters
were varied, and the details of these values were discussed in Chapter 7

3- SEM images displayed the effect of preparation method on the morphology.

9.1.5 Mechanical properties:

The mechanical strength and the particle size of unsubstituted HAp, substituted and co
substituted HAp powders prepared by the hydrolysis process of MCP and Ca(OH); were studied.
The results of the mechanical properties in the present investigation showed clearly that particle
size plays a fundamental rule in the value of mechanical strength, since an enhancement in the
mechanical strength was recorded because of the reduction in particle size that occurred in some

preparations.

9.2 Further work:

Three main areas to focus on in future work in order to reach the maximum benefits of

these biomaterials in biomedical areas are:

1- The thermal stability: many variables were found to play a fundamental role in the
thermal stability of the prepared substituted HAp powders such as the substitution of
calciumion by other cations, replacement of phosphate and hydroxyl groups by other
anions, the preparation method, the substitution level and the chemical composition.
Therefore, the effect of these parameters should be further investigated in order to
produce substituted HAp materials with high thermal stability properties. High

thermal stability of substituted HAp is an essential requirement in the biological
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environment, since decomposition of HAp into other phases such as B-TCP will cause
an undesirable fast dissolution rate in vivo [260].

The biological tests: these kinds of tests must be done if the main goal of the
produced materials was application as biomedical materials, because cytotoxic
effects can easily occur at any level of substitution [261]. As an example, Copper is
an essential micronutrient in living organisms since it is involved in metabolic
processes. Hence copper substituted HAps could be of some use as an antibacterial
against E. coli for CuHAp (3.3 wt. % Cu) has been revealed from several studies. But,
1 at.% doped CuHAp has been found to be cytotoxicfor human foetal osteoblasts
(hFOB1.19 cell line)as reported in the literature [221] .

The mechanical properties: more work is still needed to well understand the effect of
substitution levels on the mechanical strength. Several factors should be eliminated
such as the particle size and the cooling rate, because these parameters can also affect

the mechanical properties.
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Appendix A

Theoretical chemical calculations of unsubstituted HAp and 1% EuHAp

samples:

Below are some examples of calculations that were performed to calculate the theoretical
weights of the reactants that were used to synthesize unsubstituted HAp and 1%substituted

EuHAp samples by the precipitation route:

1- Unsubstituted HAp materials: The following chemical equation, represents the reaction
involved in the formation of unsubstituted HAp through using precipitation route:
10 Ca(NO3z)2+ 6 Na2HPO4 + 8 NaOH -» Ca10(PO4)s(OH)2+ 20 NaNOs + 6 H,O0.

5 g of unsubstituted HAp was prepared.

We used calcium nitrate Ca(NOs); as a source of Ca%* ions ( molecular weight = 164.09
g/mol) and disodium phosphate Na;HPQOs as a source of phosphate ions ( molecular
weight = 141.96 g/mol). The molecular weight of HAp is 1004.64g/mol.

The balanced equation was used to calculate the theoretical amounts of reactants, as the

following:

5gHAp X1 mol HAp / 1004.64 g HAp X 10 mol Ca(NOs)2/ 1 mol HAp = 0.0498 mol Ca(NOs);

0.0498 mol Ca(NOs), X 164.09 = 8.1666 g Ca(NO3),.

0.0498 mol Ca(NOs)2 X 6 mol Na;HPO4 / 10 mol Ca(NOs); X 141.96 ( molecular weight of
Na;HPO4) = 4.2418 g NazHPOa.

2- Unsubstituted HAp materials: The following chemical equation, represents the reaction
involved in the formation of unsubstituted HAp through using the novel hydrolysis of

MCP/Ca(OH),.
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10 MCP - Ca10(POa)s(OH)a.
5 g of unsubstituted HAp was prepared by the novel hydrolysis:

In the present study, calcium hydroxide (Ca(OH)2) was used with monocalcium
phosphate (Ca(H2POs)2) to supplement the calcium level in any resultant HAp
products (and hence avoid the production of calcium deficient HAp).
The molecular weight of MCP and Ca(OH); are 234.05 and 74.093 g/mol, respectively.
The molecular weight of HAp is 1004.64g/mol.

5 gHAp X1 mol HAp/1004.64 g HAp X 10 mol MCP / 1 mol HAp = 0.0498 mol MCP.

0.0498 mol MCP X 234.05 g/mol = 11.655 g MCP.
0.0498 mol Ca(OH)2X 74.093 g/mol =3.6898 g Ca(OH)a.

3- Substituted HAp materials: The reaction of the formation of 1% EuHAp can be expressed
as the following:
(10-x) Ca?* + x Eu3* + 6 PO4> + 2 OH - Cag.93 Euo.o7 (PO4)s (OH)2, where x = 0.07.

5 g of 1% EuHAp (1 wt.% Eu3*) was prepared.

Calcium nitrate Ca(NOs), was used as a source of Ca?* ions ( molecular weight = 164.09
g/mol), disodium phosphate Na;HPO4 as a source of phosphate ions ( molecular weight
= 141.96 g/mol) and Europium (lll) nitrate pentahydrate Eu(NOs3)3.5H,0 ( molecular
weight = 428.06 g/mol).

The molecular weight of 0.07 EuHAp is 1012.45 g/mol

The balanced equation was used to calculate the theoretical amounts of reactants, as the
following:

5 g HAp X 1 mol EuHAp / 1012.45 g HAp X 9.93 mol Ca(NOs)2/ 1 mol EuHAp = 0.0490 mol
Ca(NO3)..

0.0490 mol Ca(NOs); X 164.09 = 8.0467 g Ca(NOs)s.

0.0490 mol Ca(NOs)2 X 6 mol NazHPO4 / 9.93 mol Ca(NOs); X 141.96 ( molecular weight of
NaxHPO4) = 4.2030 g NaxHPO,.
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0.0490 mol Ca(NOs); X 0.07 mol Eu(NOs3)3.5H20 /9.93 mol Ca(NOs)2 X 428.06 ( molecular
weight of Eu(NO3)3.5H,0) = 0.1479 g Eu(NO3)3.5H,0.

%Eu = (0.07X151.96) / 1012.45 X100% = 1%.

Substituted HAp materials: The reaction of the formation of 0.5 ZnHAp can be expressed
as the following:
(10-x) Ca?* + x Zn?* + 6 PO4> + 2 OH - Cags Znos (POa)s (OH)2, where x = 0.5.

5gof 0.5 ZnHAp (molecular weight =1017.29 g/mol) was prepared by the novel hydrolysis
method using MCP (molecular weight = 234.05 g/mol), Ca(OH), (molecular weight =
74.093 g/mol) and Zn(NO3),.6H,0 (molecular weight = 297.48 g/mol).

The balanced equation was used to calculate the theoretical amounts of reactants, as the
following:

5 g 0.5 ZnHAp X 1 mol of 0.5 ZnHAp / 1017.29 g 0.5 ZnHAp X 9.5 mol MCP / 1 mol 0.5
ZnHAp = 0.0467 mol MCP.

0.0467 mol MCP X 234.05 g/mol = 10.9301 g MCP.

0.0467 mol Ca(OH),X 74.093 g/mol =3.4601 g Ca(OH)..

0.0467 mol MCP X 0.5 Zn(NO3)2.6H20/9.5 MCP X 297.48 g/mol = 0.7312.
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ICP-MS calculations of unsubstituted HAp samples:

Below are given some examples that were performed to calculate the measured Ca/P and
(Ca+Na)/P mole ratios of the sintered unsubstituted HAp powders prepared by hydrolysis

method:

The following result was detected by ICP-MS analysis of sintered unsubstituted HAp materials at 900 °C
by hydrolysis method. The concentration was in ppb (ug/L):

Sample Ca44 P31 Na23

) 769928 423970 78396
Unsubstituted HAp by

hydrolysis

the chemical analysis data of commercial HAp (Fluka) and sintered unsubstituted HAp materials
prepared by precipitation and hydrolysis methods at 900 °C by ICP-MS measurements.

Sample Ca/P Ca/P (Ca+Na)/ P
Theoretical Measured Mole ratio

Unsubstituted HAp by 1.67 1.40 1.65

hydrolysis

The weight of calcium in 1 L= (769928ug/L)X(1g/1000,000ug)X1L= 0.769928 g.

The number of moles of calcium =( 0.769928 g)X( mole/ 40.078 g)= 0.0192 mole Ca.
The weight of phosphorus in | L= (423970 ug/L) X(1g/1000,000ug)X1L = 0.423970 g.
The number of moles of phosphorus = (0.423970 g)X ( mole/ 30.974 g) = 0.0137 mole P.
The weight of sodium in 1 L = (78396 ug/L) X(1g/1000,000ug)X1L = 0.078396 g.

The number of moles of sodium = (0.078396 g)X ( mole/ 22.99 g) =0.0034 mole Na.

Ca/P =(0.0192 mole Ca/0.0137 mole P )= 1.40.
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(Ca+Na)/P=(0.0192 mole Ca + 0.0034 mole Na)/ 0.0137 mole P=1.65.

ICP-MS calculations of 0.5ZnHAp samples:

Below are given some examples that were performed to calculate the measured Ca/P and
(Ca+Na+Zn)/P mole ratios of the sintered 0.5 ZnHAp samples, as well as the measured wt.% of
Zn** that had been substituted into HAp crystal.

ICP-MS results of 0.5 ZnHAp materials from the present study which were at 900 °C as prepared by the
hydrolysis reaction. Concentrations are quoted in ppb (ug/L):

Sample Cada P31 Na23 |Zn66

0.5 ZnHAp by hydrolysis 697527 | 380678 | 112772 | 30472.3

The chemical analysis data of prepared sintered 0.5ZnHAp materials by ICP-MS measurements

Sample Ca/P Ca/P (Ca+Na+Zn)/ P | Wt.% of Zn?** ions | Wt.% of Zn?* ions
Expected | Measured | Measured Theoretical Measured

0.5 ZnHAp by 1.58 1.42 1.85 3.2% 1.5%

hydrolysis

The weight of calcium in 1 L= (697527ug/L)X(1g/1000,000ug)X1L= 0. 697527 g.

The number of moles of calcium =(0.697527 g)X( mole/ 40.078 g)= 0.0174 mole Ca.

The weight of phosphorus in | L= (380678 ug/L) X(1g/1000,000ug)X1L = 0.380678 g.
The number of moles of phosphorus = (0.380678 g)X ( mole/ 30.974 g) = 0.0123 mole P.

The weight of sodium in 1 L =(112772 ug/L) X(1g/1000,000ug)X1L =0.112772 g.
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The number of moles of sodium = (0.112772 g)X ( mole/ 22.99 g) =0.0049 mole Na.

The weight of zincin 1 L= (30472.3ug/L)X(1g/1000,000ug)X1L= 0. 0304723 g.

The number of moles of zinc =(0304723g)X( mole/ 65.38 g)= 0.00047 mole Zn.
Ca/P =(0.0174 mole Ca/0.0123 mole P )= 1.42.
(Ca+Na+Zn)/P= (0.0174 mole Ca + 0.0049 mole Na+ 0.00047)/ 0.0123 mole P=1.85.

In order to do perform the ICP-MS measurements, 0.1 g of 0.5 ZnHAp was dissolved in 50 mL.

Therefore, the concentration of 0.5 ZnHAp = 0.1/0.05= 2 g/L.
The measured concentration of 0.5 ZnHAp by using ICP-MS = 0. 0304723 g/L.

The measured wt.% of Zn?* ions = (0. 0304723/2)*100%= 1.5%

The result of SEM/EDX analysis of the 1%EuHAp samples:

Below are given some example that were performed to calculate the measured Ca/P mole ratio

of the sintered 1% EuHAp powders at 900 °C as prepared by the precipitation method:

The following result was detected by SEM/EDX analysis of sintered 1% EuHAp materials at 900 °C by the
precipitation method.
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EuHAp by ppt
100 pm ooyt I 5247

Image Name: EuHAp by ppt

Accelerating Voltage: 150 kV

EuHAp by ppt  _ptil

1000

800 -
600 - Na

400 — Ca

200

kel
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EuHAp by ppt _pR2

Ca

4 6 10
kel
Weight %
(0,4 Na-K P-K Ca-K
EuHAp by ppt_ptl 32.76 23.74 19.86 23.64
EuHAp by ppt_pt2  25.25 2.22 25.75 46.79
Weight % Error (+/- 1 Sigma)
(04 Na-K P-K Ca-K
EuHAp by ppt _ptl +/-0.61 +/-0.41 +/-0.46 +/-0.68
EuHAp by ppt_pt2 +/-0.58 +/-0.21 +/-0.41 +/-0.76
Atom %
O-K Na-K P-K Ca-K
EuHAp by ppt_ptl  47.49 23.95 14.87 13.68
EuHAp by ppt _pt2  42.97 2.62 22.63 31.78
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Atom % Error (+/- 1 Sigma)

O-K Na-K P-K Ca-K
EuHAp by ppt _ptl +/-0.88 +/-0.42 +/-0.35 +/-0.40
EuHAp by ppt _pt2 +/-0.98 +/-0.25 +/-0.36 +/-0.52

The chemical analysis data of sintered EuHAp samples that contain the whiskers (labelled as EuHAp by
ppt_ptl) and the spherical particles (labelled as EuHAp by ppt_pt2) at 900 °C by SEM/EDX technique.

Sample Ca/P
Measured

Whiskers 0.91

Spherical particle 1.40

The number of moles of calcium in the whiskers = 23.64/ 40.078 = 0.58598 mole.

The number of moles of phosphorus in the whiskers = 19.86/ 30.97 = 0.6413 mole.

Ca/P mole ratio in the whiskers = 0.58598/0.6413= 0.91.

The number of moles of calcium in the spherical particles = 46.79/ 40.078 = 1.1675 mole.
The number of moles of phosphorus in the spherical particles = 25.75/ 30.97 = 0.8314 mole.

Ca/P mole ratio in the spherical particles = 1.1675 /0.8314 = 1.40.
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The result of SEM/EDX analysis of 1%ScHAp samples:

The following result was detected by SEM/EDX analysis of sintered 1% ScHAp materials at 900 °C by the
precipitation method.

Scandium

_MOEM g N o

Image Name: Scandium

Accelerating Voltage: 20.0 kV

Scandium _pt1

800 1”
600 -
400 . Ca
200 ¢
Na
0 I 1 I 1 I
0 2 4 6 8 10

keV
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Scandium _pt2

800
600
400 - p Ca
200 - 0
Na
0 [ [ [ | |
0 2 4 6 8 10
keV
Weight %
(0 71¢
Scandium_pt1 29.37 2.17 23.56 4491
Scandium_pt2 42.75 1.59 18.95 36.71

Weight % Error (+/- 1 Sigma)

O-K Na-K P-K
Scandium(2)_ptl1 +/-1.20 +/-0.36 +/-0.58 +/-1.05
Scandium(2)_pt2 +/-1.18 +/-0.19 +/-0.47 +/-0.84
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O-K Na-K P-K Ca-K
Scandium_pt1 48.17 2.47 19.96 29.40
Scandium_pt2 62.60 1.62 14.33 21.46

Atom % Error (+/- 1 Sigma)

O-K Na-K P-K Ca-K
Scandium_pt1 +/-1.97 +/-0.41 +/-0.49 +/-0.69
Scandium_pt2 +/-1.73 +/-0.20 +/-0.35 +/-0.49
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The result of SEM/EDX analysis of SAp samples:

The following result was detected by SEM/EDX analysis of sintered SAp materials at 900 'C by the
precipitation method.

Image Name: SHAP

Accelerating Voltage: 20.0 kV

SHAP _ptl
800 &
600 [
400 —
41 O
200 Na
0 T T T f T
0 2 4 6 8 10
keV
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Weight %

C-K O-K Na-K P-K Ca-K
SHAP_pt1 27.91 4.44 20.44 47.21
SHAP_pt2 4.87 34.29 3.86 18.39 38.59
SHAP_pt3 3.38 17.44 1.93 24.71 52.55

Weight % Error (+/- 1 Sigma)

C-K O-K Na-K P-K Ca-K
SHAP_pt1 +/-0.82 +/-0.24 +/-0.38 +/-0.76
SHAP_pt2 +/-0.63 +/-0.81 +/-0.23 +/-0.33 +/-0.61
SHAP=pt3 +/-0.44 +/-0.78 +/-0.23 +/-0.43 +/-0.82

Atom %

C-K O-K Na-K P-K Ca-K
SHAP_pt1 46.21 5.11 17.48 31.20
SHAP_pt2 9.49 50.15 3.93 13.89 22.53
SHAP_pt3 7.89 30.59 2.35 22.38 36.79

Atom % Error (+/- 1 Sigma)

C-K O-K Na-K P-K Ca-K
SHAP_pt1 +/-1.36 +/-0.28 +/-0.33 +/-0.50
SHAP_pt2 +/-1.23 +/-1.18 +/-0.23 +/-0.25 +/-0.36
SHAP_pt3 +/-1.03 +/-1.37 +/-0.28 +/-0.39 +/-0.58
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The result of SEM/EDX analysis of NaCIHAp samples:

The following result was detected by SEM/EDX analysis of the sintered NaCIHAp materials at 900 °C which
was originally prepared by the precipitation method.

NacCl
M g N o

Image Name: NaCl

Accelerating Voltage: 20 0 kV

NaCl _ptl
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NaCl _pt2
1000 -}

800 |
600 - P Ca
ol O
200 |C

P Na

0 [ [ [ [ [
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kel

467



Weight %

C-K O-K Na-K P-K Ca-K
NaCl_pt1 2.63 42.44 1.69 18.37 34.88
NaCl_pt2 4.52 42.98 1.38 18.43 32.69

Weight % Error (+/- 1 Sigma)

C-K O-K Na-K P-K
NaCl_pt1 +/-0.46 +/-0.86 +/-0.14 +/-0.34 +/-0.60
NaCl_pt2 +/-0.74 +/-0.89 +/-0.23 +/-0.33 +/-0.59
Atom %
C-K O-K Na-K P-K Ca-K
NaCl_pt1 4.96 60.17 1.66 13.45 19.75
NaCl_pt2 8.30 59.25 1.32 13.13 17.99
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Atom % Error (+/- 1 Sigma)

C-K (0714 Na-K P-K Ca-K
NaCl_pt1 +/-0.86 +/-1.22 +/-0.14 +/-0.25 +/-0.34
NaCl_pt2 +/-1.35 +/-1.23 +/-0.22 +/-0.24 +/-0.33
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The calculations of the compression strength:

Below is given one example that were performed to calculate the compressive strength of the

sintered cylindrical specimen of B4sO7HAp powders, which was prepared by the hydrolysis

method:

The load versus extension graph of B4sO7HAp as recorded by the Instron mechanical tester is

presented below:
Load vs. extension graph
3500
3000
2500

2000

Load (N)

1500

1000

500

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

Extension (mm)

The maximum Load (N) as shown by the graph is 3220 N.

The diameter of the cylindrical specimen of BsO7HAp powders is 11.12 mm. Therefore, the
radius is 11.12/2 = 5.56 mm.

The cross sectional area of the cylindrical specimen of BsO7HAp powders = 1t r?, where 1 =3.14

and r (radius) = 5.56 mm. Therefore, the area = 3.14(5.56)2 = 97.0687 mm?.
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Compressive strength = F/A, where Fis a failure load (in Newtons, N), and A is the sample cross-

sectional area (mm?). Therefore, Compressive strength =3220 N / 97.0687 mm? = 33.17 MPa.
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Analysis - Under

Sample Name BHAp
S0P File Name Hydrowyepatite S0P msop
Lab Mumber

Operator Name instrurmsant

Analysis Date Time 2502,/2020 101512 AW
Measurement Date Time 28/02,/2020 L1512 AM
Result Source Measursmeant

Partide Hame Caloum Apatite [Hydroowyapatite)
Particle Refractive Index 1540
Farticle Absorption Index 0010
Chspersant Mamme \Water
Dispersant Refractive Index 1330
Scattering Model L=

.
Concentration 00060 3%
Span 5371
Uniformity 1973
Spedific Surface Area £73.8 m’/fkg
D [3.2] 6.33 um
D[4.3] 353 pm
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VWeighted Residual 04% % Dw (503 147 pm
Laser Obsouration 7.52 % Dw (300 806 pm
Frequency (mmpatible)
‘ AT e
L
‘®
E s
g / \
L T T T T TTTT T T T TTTTI T T T TTTTT T T T TTTTI T |||||||i T T TTTTT]
0o 01 L0 100 100.0 10000 10,0501




APl Begain
Malvern
blabsern Instrurnents Lid Mastersizer - w3.50 Created: D6AD6/2017
wearee mahem comi Page1ofl Printied: 10y05/2020 1-50 Pid



Analysis - Under

Sample Mame BHAp
SOP File Mame Hydroogapatite S0P msop
Laby Murnber

Operator Mame nstrurnent

Measurement Details

Anabysis Date Time 25022020 11544 AM
Measurement Date Time 26/03/2020 101544 &AM
Result Source Maasursment

Particle Mame Calcurn Apatits (Hypdoayapatite)
Particle Refractive Index 1640
Particle Absorption Index 2.010
Chispersant Mame Water
Dispersant Refractive Index 1330
Scattering Model IMe
Analysis Model General Purnposs
Weighted Residual 0.54 %
Leser Obscuration 7.53 %

Frequency [mompatible)

Comcentration 10055 %
Span 4550
Uniformity 1540
Spedific Surface Area 4562 mi/kg
D [3.7) 6.17 um
D [4.3] 315 pm
Dw (10} 261 pm
D (505 138 pm
D (30} 654 pm
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Analysis

- Under

Sample Name pHap

S0P File Name Hydroxyapatie SUHmsop

Lab Mumber

Operator Mame instrurment

Measurement Detzils

Analysis Date Time 26/02/2020 101617 AM
Measurement Date Time 25022020 Lk16:17 AM
Result Source Measuremeant

Partide Mame Calcum Agatits [Rypdrosyapatite)

Partiche Refractive Index 1540
Particle Absorption Index 0.010

Dispersant Mame Water

Dispersant Refractive Index 1330

Scattering Model L=

Analysis Model General Punposs

Weighted Residual 051 %
Laser Dbscuration 5.03 %

Concentration 0.0053 %

Span 2530

Uniformity 1.76<
Spadfic Surface Area 2523 mkg

D [3.2] 609 pm
D [4.3] 293 um
Dv (10} 2.60 pm
Dv (50} 13.2 pm
Dv (90 63.3 pm
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Analysis - Under

Sample Mame Sverage of 'B HAR
S0P File Mame Hydrosyepatie S0P msop
Lab Mumber
Operator Mame instrurmeant

Analysis Date Time 2302/2020 L1512 AM
Measurement Date Time 25/02/2020 1015:12 &AM
Result Source Averaged

Partide Mame Calcum Apatite [Hydnoayapatite)
Particlke Refractive Index 1640
Fartiche Absorption Index U010
Dspersant Mame Water
Dispersant Refractive Index 1330
Scattering Model he
Analysis Model General Purpose
Weighted Residual 051 %
Laser Obscuration 7.90 %

Frequency [compatible)

Concentration 0.0055 %
Span 4562
Uniformity 1567
Specific Surface Area 2541 m kg
D [3.2] 620 pm
D [4.3] 320 pm
Dw (10} 261 pm
Dw (50} 139 pm
D (30F 714 pm
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