UNIVERSITYOF
BIRMINGHAM

STRUCTURAL CHARACTERISATION
OF APATITE-LIKE MATERIALS

JIANGLING LI

A thesis submitted to the School of Metallurgy and Materials for the degree of

MRes in Biomaterials

Supervisor: Dr. A. Stamboulis

College of Engineering and Physical Sciences, University of Birmingham, UK

October 2009



UNIVERSITYOF
BIRMINGHAM

University of Birmingham Research Archive

e-theses repository

This unpublished thesis/dissertation is copyright of the author and/or third
parties. The intellectual property rights of the author or third parties in respect
of this work are as defined by The Copyright Designs and Patents Act 1988 or
as modified by any successor legislation.

Any use made of information contained in this thesis/dissertation must be in
accordance with that legislation and must be properly acknowledged. Further
distribution or reproduction in any format is prohibited without the permission
of the copyright holder.



Abstract

Hydroxyapatite (HA) is an important material for biomedical applications and has
found application as bone substitute and implants coating due to the high similarity to
the inorganic material of bone and tooth. Usually the HA lattice in living organism is
substituted by different cations in order to help maintaining a normal metabolism. Once
the type of substitution or substitution concentration is below or beyond the required
level, severe problems may subsequently occur. Therefore, it is a great importance to
understand the effect of different substitutions on the HA structure as well as the

substitution levels in the HA structure.

In this work, the effect of ionic substitutions of Zn*", Mg”", Sr*", Si/ SiO4*, and CO5>,
on the HA structure was studied. Emphasis was given to changes in the crystallite size
and crystallinity of apatite samples produced by three different methods: chemical
precipitation method, hydrothermal method, and bacterial biosynthesis. A general
observation was that all samples contained a certain amount of C032', HPO42', and in
some cases residual nitrates depending on the method of synthesis. The presence of
COs” is particularly interesting because it seems that COs” can easily be present in the
apatite lattice replacing either OH and/or PO,”. XRD, FTIR, Raman and °'P
MAS-NMR spectroscopy in Zn-HA (S7) and Si-HA (S8-S12) did not show strong
evidence of Zn and Si substitution in the apatite lattice most likely because the
concentration of Zn and Si was very small in the above mentioned samples. On the
other hand, in the case of Mg substitution from 0.7 to 9.1 wt%, the information received
by XRD, FTIR, Raman and *'P MAS-NMR spectroscopy was valuable suggesting that
0.7 wt% Mg substitution did not cause strong effect on the apatite structure but a phase
transformation from HA to Mg-whitlockite was favoured at and above 1.6% of Mg
substitution (S2-S4). Sr substitution was easier (S15-S19) and incorporation of Sr into
the apatite lattice was complete at 100 mol% Sr substitution. Rietveld analysis

confirmed that substitution of Sr for Ca in the apatite lattice resulted in an increase in



the lattice parameters a and C. Interestingly small Sr-HA crystallite size was measured
when Sr substitution reached 50 mol%, whereas the largest crystallite size was
measured once the Sr substitution reached 100 mol%. In the case of C032' substituted
HA samples (S13-S14), increasing COs” substitution from 0 to 21 wt% resulted in a
decrease of the crystallite size from 42 to 16 nm, and formation of CaCO3 was observed
in the case of S14, when COs> reached 21 wt% substitution. The bacterially derived
biological HA (S20) contained both A- and B-type COs> due to the bio-mineralisation
process during the biological synthesis. The biological HA exhibited the smallest
crystallite size (8 nm) and lower degree of crystallinity compared to the other HA

samples.
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Abbreviations and Symbols

Caj9(PO4)s(OH), or HA Hydroxyapatite

Cajg(PO4)sF, or FAp Fluorapatite

CDHA Calcium deficient hydroxyapatite
°C Degree Celsius

c Velocity of light in a vacuum = 2.998 x 10® ms™
DCPA Dicalcium phosphate anhydrous
DFT Density function theory

DI Distortion index

E, Activation energy

f Frequency of vibration

G2P Glycerol 2-phosphate

g Gram

h Hour

k Bonding force constant

k Reaction rate constant

nm Nanometer = 10° m

Paorp.s.i. Pascal = 1 N/m’

P Inorganic phosphate

T Temperature

TEOS Si(OCH,CH3)4

TCP Tricalcium phosphate

B-TCP B- Tricalcium phosphate

B Reduced mass of two bonding atoms
Hm Micrometer/ Micron = 10° m
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1. Introduction

1.1. Synthetic hydroxyapatite

Hydroxyapatite [Ca;o(PO4)s(OH),, HA] has attracted much attention, since it is similar
to the inorganic phase of bones and teeth [1]. Therefore, using as biomaterial, it
exhibiting excellent biocompatibility, good bioactivity, and osteoconductivity [2], but

poor mechanical properties [3].

To compare with conventionally crystalline HA, the nano-crystallized HA exhibited
great biological efficacy [4], which included promoting osteoblast adhesion,
proliferation, ossteointegration, and the deposition of calcium-containing mineral on its
surface. Additionally, Webster and co-workers indicated that nano-sized HA showed
better bioactivity than the coarser ones [5]. Moreover, Bose and co-workers believed
that nano-sized HA ceramics can improve the sintering kinetics and subsequently
enhance mechanical properties, since its higher surface area [6]. As a result, a large

effort has been focused on the synthesis of nano-sized HA powders [7].

1.1.1. Synthesis and morphology of HA

Numerous of routes have been applied to prepare HA material, and these methods are
generally fallen into two categories: chemical method [8-24], and biosynthesis [25,
26].The chemical method is purely using chemical reagents, and it can be further
divided into dry chemical method [8-10] and wet chemical method [11-24]. On the
contrary, the biosynthesis is referring the HA crystal formed during the matural

metabolism of bacterial [25, 26].



1.1.1.1.  Dry chemical method

Many authors prepared HA by using a dry chemical methods [8-10], such as solid-state

reaction [8, 9], and mechanical alloying method [10].

Solid-state reaction

Suda and co-workers prepared HA sample by using stoichiometric amounts of
CaHPO4-2H,0 and CaCOs; via a solid-state reaction [8]. In order to obtain a pure and
stoichiometric HA in the monoclinic form, the complex procedures and multiple
heat-treatments were required [8]. Rhee also prepared HA by solid-state reaction, but
using different chemical reactants, Ca,P,07; and CaCO; [9]. The above reactants were
mixed in acetone and water, respectively [9]. However, they found the single phase of
HA was only obtained with powder that was milled in water, and plus the subsequent

heat-treatment at 1100 °C for 1h without the additional supplied of water vapour [9].

Mechanical alloying method

Silva and co-workers investigated five different experimental procedures to prepare
nanocrystalline HA samples in a pure dry environment, by using mechanical alloying
method [10]. By using such method, the heat-treatment was not required, instead, the
long milling time up to 60 h was needed [10]. Rhee indicated that the dry chemical
synthesized HA was advantageous in the mass production due to high reproducibility
and low processing costs, and a high degree of crystallinity [9]. In the meantime, he
also suggested that the risk of contamination during the milling was involved in the dry

chemical methods [9].



1.1.1.2.  Wet chemical method

More choices for the preparation of HA were given by using wet chemical methods
[11-24], such as hydrothermal [11-15], precipitation [16-20], and sol-gel approach [16,
21-24].

Hydrothermal method

Hydrothermal treatment is one of the earliest synthesized methods that was used to
produce HA, by using fluroapatite [Ca;o(POa)sF2, FAp] under a pressure of 5000 p.s.i
and in the temperature range of 920-1230 °C [11]. Hydrothermal method was also
attempted by Zhang and co-workers, who managed to prepare HA rods by employing
the chemical reagents of dicalcium phosphate anhydrous (CaHPO4, DCPA) and CaCOs
with the temperature range from 120 to 180°C [12]. They found the resulted material
exhibited most product was HA with the reaction temperature at 140 °C for 24 hours,
however, they noticed a small amount of B-TCP was also presented as a by-product [12].
Figure 1 shows the morphology of HA rods with width of approximately 200 nm and

length of several microns [12].

Figure 1: SEM image of HA rods synthesized by a hydrothermal reaction between
DCPA and calcite at 140 °C for 24 h [12].



Liu and co-workers investigated the synthesis of HA by using Ca(OH)2 and
CaHPO4-2H20 via hydrothermal reaction, which is expressed by Equation 1 [13].

4Ca(OH), + 6CaHPO, - 2H,0 = Ca (PO, ). + 18H,0 1)

In order to evaluate the influence of pH and temperature on the structure and
morphology of HA, the different pH values ranging from 6 to 14, and the different
temperatures in the range from 60 to 140 °C , were used, during the synthesis [13].
They indicated that pH exhibited the effect on the morphology, crystallite size and
crystallinity of HA, and SEM images of the resulted HA samples synthesized at 140°C

with pH at 6, 9, and 14, are presented in Figure 2 (a-c) [13].

Figure 2: SEM images of HA whiskers and crystals with a different pH value at 140 °C:
(a)pH=6, (b) pH=9, (c) pH =14 [13].



With pH at 6 and 9, the resulted HA exhibited an almost whisker morphology, whereas
the HA synthesized with pH at 14 shown a completely different morphology [13]. HA
whiskers had the aspect ratio (i.e. length/diameter) of 3-10, and the median diameter of
2 Wm and the length of 20 Wm, which was synthesized with pH at 6 [13]. The whiskers
became much thinner with aspect ratio > 20, and the typical diameter of 100 nm and
length of 2 nm, as the pH increased to 10 [13]. When pH reached to 14, the average
particle size of HA at 150 nm was obtained [13]. In addition, they also suggested that
the single phase of HA was only obtained at 120°C, when pH of the reaction was kept at
9 [13]. This single phase HA exhibited nano-sized whiskers with the aspect ratio of
8-20, and had the median diameter and length was 40 and 600 nm, as presented in

Figure 3 [13].

Figure 3: TEM image of HA crystals synthesized at 120 °C for 24h [13].

Hench reported that dense HA ceramics lack the strength when compared with that of
the human bones [27]. Due to the low dislocation density, whiskers generally have a
good tensile strength [28], therefore, the whisker-like or needle-like HA crystal is

considered to exhibit better fracture toughness over HA with other morphologies [13].

The hydrothermal method was again used to study the temperature effect on the HA
morphology, by Kothapalli and co-workers [14]. During this study, the reactants of
calcium nitrate and ammonium hydrogen orthophosphate solutions were applied at

temperature range from 25 to 250 °C and time duration from 2 to 10h [14]. Kothapalli
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and co-workers reported that with increased reaction temperature, the aspect ratio was
increased whereas the agglomerate size was decreased [14]. They realized that the
temperature at 170°C was critical in their synthesis; as they observed the length of HA
crystal was increased when the temperature reached to 170 °C, and it stated to decrease
when the temperature was beyond 170 °C [14]. Furthermore, they noticed that with
increased aging time and reaction temperature actually exhibited positive effect on the

sintered density and the flexural strength of HA [14].

More recently, a new system, named as three pump continuous hydrothermal flow
system, was used to prepare HA crystals, reported by Chaudhry and co-workers [15]. In
order to result phase pure nano-sized HA with high degree of crystallinity, the reagents
of calcium nitrate and ammonium phosphate were employed in that new system at
400°C and 24MPa [15]. By using this new system, the aging step or subsequent
heat-treatment was not necessarily [15]. Figure 4 shows that resulted HA crystals

exhibited rod-like shape in nano domain [15].

Figure 4: TEM image of nano HA rods prepared by using a three pump continuous

hydrothermal flow system at 400°C and 24MPa (bar = 100nm) [15].



Precipitation method

The precipitation method is known as the most commonly used technique for the
preparation of HA, due to its simplicity and low processing temperature [16, 17]. The
common reactant combinations were orthophosphoric acid with calcium hydroxide
[18], diammonium hydrogen phosphate with calcium nitrate [17] and calcium
hydroxide with calcium hydrogen phosphate hydrate [19]. Among these combinations,
the reaction occurred between orthophosphoric acid and calcium hydroxide was
suggested as a valuable method for the industrial production of HA, since the

by-product was water [18]. This reaction is expressed in Equation 2 [18].

On the other hand, by using precipitation method, the control on the pH value of the
reaction was rigid, according to the literature reported by Jillavenkatesa and
co-workers, who pointed out that the pH was required to be higher than 9, otherwise,
the formation of calcium deficient hydroxyapatite (CDHA) was occurred accompanied
with a decrease in pH value [16]. In addition, in order to complete the formation of HA,
sintering was required. However, decomposition of HA and subsequent formation of
tricalcium phosphate (TCP) was resulted by the elevated temperature during the
sintering process [16]. Therefore, obtaining HA without subsequent heat-treatment or
sintering would be very important. Recently, Bigi and co-workers prepared HA crystals
by using Ca(NO3),4H,0 and (NH4),HPOj as the source of calcium and phosphate ions,
via a precipitation method [20]. During the synthesis, the pH value of the solution was
kept at 10 by using NH4OH, and the reaction temperature was maintained at 90 °C for
5h [20]. Without a further heat-treatment, the formation of a single phase HA crystals

with plate-like shape was evidenced by SEM image, as shown in Figure 5 [20].
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Figure 5: TEM image of HA nanocrystals [20].

Sol-gel approach

Sol-gel approach is also frequently used to prepare HA [16, 21-24], as it offers control
over the formation of particular phases and the purity of the formed phase, and allows
processing at low temperature [16]. Common reactants include Ca(NOs),- 4H,0O with
(C2Hs0)3PO [21], Ca(OEt), with (PO(OEt); [22], Ca(NO3), with (HOOCCH,PO(OH),
[23], and Ca(NOs),- 4H,O with P,Os [24]. However, the shortcoming of using this
method is that the HA material formed can contain secondary phases, such as CaO,
which is reported to exhibit adverse effects on the biocompatibility of HA [21]. As a
solution to the above problem, CaO can be converted to CaCl,, which can be
subsequently removed by filtration, by treating HA with HCI1 [21]. Furthermore, other
shortcomings of the sol-gel approach were also reported including high cost of
alkoxide-based starting materials, complicated steps in order to complete the

dissolution of starting materials [24] etc.

Although wet synthesis methods are widely used [11-24], there is a possibility of
contamination of HA with impurities leading to the formation of non-stoichiometric
HA and resulting in changes of HA structural characteristics and properties [29-32].
Therefore, the control of processing parameters, such as pH, temperature, concentration
of reactants during the synthesis are very important as these parameters may induce

changes in crystallinity, morphology and particle size which consequently influence the
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applications of HA [13, 14, 33-36].

1.1.1.3.  Bacterial biosynthesis

It was reported that bacterial species such as Serratia. Sp, can release a high local
concentration of inorganic phosphate (Pi), stimulated by using glycerol 2-phosphate
(G2P) [37, 38]. Dean noticed that calcium phosphate was precipitated when the value
of calcium and phosphate ions of the product was above its solubility product [39].
Thus Yong and co-workers attempted to prepare HA by using Serratia. sp [25]. During
this biosynthesis, the calcium and phosphate sources were provided by using CaCl, and
inorganic Pi, which was produced enzymatically from Serratia. sp by adding G2P [25].
As indicated in Figure 6, the HA material was successfully precipitated on the surface
of the bacterial Serratia. sp by using such method, and the HA crystallite size was
measured as ~25 nm [25]. More recently, Bagheriasl studied the effect of different

level of phosphatise activity Serratia. sp cells on the production of HA [26].

Figure 6: SEM image of the bacterial derived HA, indicated by double arrows [25].



1.1.2. Structural characterization of HA

Posner, Perloff and Diorio reported that the space group and the lattice parameters of
synthetic HA was P63/m, and a=b =9.432 A, c = 6.881 A, respectively [40]. Figure 7

shows a general view of HA structure in the hexagonal system [17].

Looking at the HA chemical formula, Ca;o (PO4)s(OH)», a single unit cell comprise of
44 atoms, including 10 calcium atoms, 6 PO, tetrahedra, and 2 OH" groups that are well
organized in a hexagonal system [40-43] and is shown in Figure 7 [17]. It should be
noted, that there are some corner-atoms and side-atoms shared with different unit cells
[41]. Depending on the crystallographic position of the constituent atoms in the unit
cell, 10 Ca atoms are classified into Ca(I) and Ca(Il), whereas the O atoms are
corresponded to Oy, Oy, and Oy [44], hence, a more precise chemical formula of HA

was suggested as Ca(I)4sCa(I1)¢(PO1O11(Om)2)s(OonH), [41].
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Figure 7: The schematic diagram of hexagonal structure of HA crystal [17].

Hughes and Rakovan reported that the atomic arrangement of apatite was consisted of
three cation polyhedra, including PO, tetrahedron, Ca(I)O¢ polyhedron, and
Ca(I1)O¢Oppn polyhedron [45]. As shown in Figure 8, the central phosphorus atom is
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located in the 6h special position, which is coordinated to 4 oxygen atoms, including

10y, 10y, and 20y, in the form of a POy tetrahedron [45].

] O(1II)

Ol , o

\ O(IIy

Figure 8: The chemical environment of P atom in one POy, tetrahedron [45].

The 4/10th Ca(I) atoms are situated in the 4f (1/3, 2/3, Z) position, which is coordinated
to 9 O atoms in the form of a tri-capped trigonal prism [45], and these 9 coordinated O

atoms are from 6 different POy tetrahedra [40, 41], as shown in Figure 9 [44, 46, 47].

V4 AN () oxveen
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Figure 9: (a) Oxygen coordination of Ca(I) atoms. (b) Ca(I) atoms are coordinated O

atoms via P atoms [44, 46, 47].
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Figure 10: The crystallographic locations of Ca-II atoms and POy tetrahedra in the

apatite structure [44, 48].

The remaining 6/10th Ca(II) atoms are occupied in the 6h special position [45], which
are coordinated to 7 O atoms of 6 O atoms from 5 POy, tetrahedra and one from the OH
group [40, 41]. Kay and co-workers suggested that 6 Ca(II) atoms are arranged into two
Ca(Il) triangles on the mirror planes at z = 1/4 and z = 3/4, and the successive Ca-II
triangles were rotated 60° about c-axis [17, 49], which is depicted in Figure 7 [17] , and
10 [44, 48]. Similar to Ca(Il) atoms, 6 PO, tetrahedra are also arranged themselves into
two POy triangles on the mirror planes at z= 1/4 and z = 3/4, and it is hence giving the

stability in the HA structure [17, 49].

As illustrated in Figure 7 and Figure 10, the OH" groups are situated in the 4e position
[50] and occur in the centre of HA column or channel parallel to c-axis [49], and this
specific position is closely related with the reactivity of HA material, reported by Arcos
and co-workers [50]. The atomic position of OH™ groups are very interesting in the HA
structure, the size of OH™ groups are too large to fit in the space, which is created by the
Ca(II) atoms on the mirror planes, and hence the OH" groups are presented in two-fold
statistical disordered about the mirror planes of the Ca-II triangles at z= 1/4 and z = 3/4
with O about 0.3 A above or below the mirror planes [49]. In addition, the orientation of

OH" groups was suggested to be always away from the mirror planes in the HA
12



structure [49]. In fact, Kay and co-workers proposed two different models, the
disordered model and the ordered model, of the OH™ groups’ arrangements within the
column, based on their neutron diffraction data [49]. In the disordered model, the
orientation of the OH™ groups were suggested to be reversed at different place, whereas
the ordered model meant that the orientation of OH groups was the same, but the
choice the orientation was random [49]. The disordered model was preferred in their
studies, due to the presence of impurity, F~ ions, in their HA sample, therefore, they
suggested the possible disordered arrangements of OH™ groups in the HA structure can
be caused by F impurity present in the reversal point, that was for their case [49].
Alternatively, they indicated that the presence of vacancies at reversal points in the
F-free synthetic HA can also lead to the disordered model [49]. Furthermore, they
suggested the ordered model should be applied in otherwise [49]. Figure 11 list the
possible disordered arrangements of OH™ groups in HA [49, 51].
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Figure 11: Possible arrangements of OH™ groups within the HA column [49, 51].
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Figure 12: Projection of refined monoclinic HA on (001) plane. Light gray balls
indicate calcium; gray balls, oxygen; white balls, hydroxyl oxygen; small white balls,

phosphorus [52].

Later, Elliott and co-workers confirmed the other possible structure form for the HA
than hexagonal structure [53]. The alternative structure was monoclinic structure,
which was also reported by Ikoma and co-workers [52], who found their HA sample
exhibited monoclinic symmetry with the space group of P2,/b, and had the lattice
parameters a = 9.426 A [51], b = 18.856 A, ¢ = 6.887 A [53], and y = 119.97° [54].

Figure 12 shows the projection of monoclinic HA on the (001) plane [52].

In order to clarify the relations between the hexagonal and monoclinic HA, the phase
transition between the above two structures were extensively studied [8, 55]. Suda and
co-workers reported that the monoclinic-hexagonal phase transition was highly
dependent on the temperature [8]. The HA exhibited monoclinic structure at room
temperature, and the appearance of hexagonal structure was started as the temperature

increased to 473 K, and when the temperature reached to 483 K the hexagonal became
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predominant phase [8]. Additionally, they also indicated the phase transition process
was reversible as it changed back to monoclinic phase once the temperature was cooled
down to room temperature [8]. Similar observation was also reported by Van Rees and
co-workers [55]. Despite the influence brought by temperature, the presence of
sufficient of impurities, such as F°, or/ and vacancies also led HA structure changed

from monoclinic to hexagonal [45, 49].

Ikoma and co-workers pointed out that the greatest structural difference between
monoclinic and hexagonal HA was due to the arrangements of the OH" groups [52],
which was previously proposed by Kay and co-workers [49]. In the monoclinic HA
structure, OH" groups appearing in the form of O-H, O-H, O-H in one column and H-O,
H-O, H-O in another column [53], reflecting the ordered structure [52]. In the
hexagonal HA system, the OH™ groups exhibiting in the order of H-O, O-H, H-O, O-H
along the c-axis, stabilizing the two-fold disordered arrangement [49], due to the
presence of the mirror planes at z = 1/4 and z = 3/4, and the occupancy factor of the O of
the OH  groups was 1/2 [17, 49, 52]. Finally, they summarized the ordered or
disordered atomic arrangement of OH" groups were essential to stabilize the monoclinic
or hexagonal structure of HA and it subsequently influenced the physical and chemical

properties of HA [52].
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1.1.3. Applications of HA

HA is similar to the main constituent of mineral phase of bone and teeth, therefore it
showing excellent biocompatibility, good bioactivity, and osteoconductivity properties
[2], and hence creating wide range of applications in many fields, in particularly in the

biomedical field [56-58].

Heise and co-workers reported HA ceramics with interconnected porous system was
used as bone substitutes for grafting in bone replacement [56]. No incompatibility or
rejection of this implanted material was observed [56]. Kuo and co-workers suggested
HA can be applied on the metallic substrate as coating [3]. In this case, the resulted
material can maintain the biocompatibility, but also exhibit better mechanical
properties [3]. Khairoun and co-workers prepared bio-cements by mixing precipitated
HA, o-tertiary, and monetite [57]. They proposed such cement can be applied in
orthopaedics, plastic, and reconstructive surgery [57]. In addition, other possible
clinical applications were also given, such as maxillofacial surgery [57]. Zhu and
co-workers prepared nanocrystalline HA particles by a precipitation hydrothermal
technique [58]. Such HA particles exhibited biocompatibility in vitro and no acute toxic
adverse effect was noticed in in vivo animal studies for two weeks time [58]. Hence,
they suggested that these HA particles consist a promising biomaterial to be employed

as gene carrier and vectors [58].
Except of the wide applications in the biomedical field [56-58], environmental

applications were also exploited [59-62], like water purification, waste stabilization,

contaminated soil remediation, and heavy metal adsorption [25, 59-62].
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1.2. Bioapatites

1.2.1. HA in the body

It is known that the synthetic HA is a type of calcium phosphate that exhibit similarities

to the mineralized tissues of mammal, such as bone and tooth [1, 63].

1.2.1.1. Bone

Bone is a composite material, which is consisted of about 69 wt% calcium phosphate,
20 wt% type-I collagen fibrils, 10 wt% water, and the remains are other organic
substances [17, 64-66]. Figure 13 [67] depicts the highly complex structure of bone

with up to seven hierarchical levels of organization [66].

From the macroscopic point of view, bone can be described into two terms: cortical
bone and cancellous bone [65, 68]. As indicated in Figure 13 (A) [67], the cortical bone
usually present at the outer layer of the bone, whereas the cancellous bone is located in

the core of the bone, and is surrounded by the cortical bone [65, 67, 68].

From the microscopic point of view, bone is built up by the basic building blocks,
osteons, as presented in Figure 13 (B, C) [67]. As shown in Figure 13 (C), the canal is
situated at the central of the osteon, which is surrounded by lamellae that are formed by
bundling fibers, which are built up by many collagen fibrils in a certain array [69], as
indicated in Figure 13 (D, E) [67]. As depicted in Figure 13 (G, H) [67], small
platelet-like apatite crystals with the average dimensions of ~30 x 50 x 2 nm, are
fitted into the holes, which are created by the collagens with the c-axis parallel to the

micorfibral long axis [66, 67, 69-72].
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Figure 13: The schematic diagram of the hierarchical structure of the bone [67].

1.2.1.2. Tooth

As presented in Figure 14 (a), tooth can be described into two terms: enamel, the

external surface, dentine, an internal region of tooth [65].

Enamel is the hardest tissue in the body and hardly contains collagen [1, 65, 73]. It
contains 97 wt% of apatite crystals with the thickness of 25 nm, with the width of
40-120 nm and with the length of 160-1000 nm [1, 73]. The apatite crystal in enamel

forms into well-defined needle-like rod and has the diameter of approximately Spm [1,
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73, 74]. As indicated in Figure 14 (b) [74], the enamel crystals are well arranged in a
parallel fashion under the biological control [68]. Additionally, a small fraction of

fluoride content about 0.01 wt% is presented on the surface of the enamel [75].

Dentine is more alike to the bone, and it contains 45 vol% mineral phase and the rests
are formed by 30 vol% collagen and 25 vol% water [65]. As presented in Figure 14 (c),
the main feature of dentine is the tubules, which have the diameter of approximately
Ium [76]. They are surrounded by apatite crystals with the diameter approximately of

0.5-1um, and organized in a random array [65].
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Figure 14: The hierarchical structure of a tooth. (a) The schematic sketch of a tooth
[65]. (b) SEM image of a mature enamel of the mouse [74]. (¢) SEM image of a dentine
[76]. (d) AFM image of a collagen fiber [77].

1.2.2. Characterization of bioapatites

The certain degree of the similarities is admitted between the bioapatite, bone, teeth,
and the synthetic HA [1], however, they are not necessarily to exhibit an identical
crystallographic structure, chemical composition, crystallinity, crystallite size, and etc

[78].

Harper and co-workers studied that the well-crystalline synthetic HA, synthetic HA
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with the small crystallite size and human bone femur apatite by using XRD technique,

the XRD patterns of the above specimens are shown in Figure 15 [79].
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Figure 15: XRD patterns of (a) well-crystallized synthetic HA, (b) synthetic HA with
small crystallite size, (¢c) human bone femur (The two lower samples were reproduced
with the same scale whereas the higher samples were used a convenient arbitrary scale)

[79].

As observed in Figure 15, Harper and co-workers found that the (¢) human bone femur
apatite exhibited similar XRD pattern to that of in (b) the synthetic HA with small
crystallite size [79]. Similar XRD peak width suggested that the (c¢) human bone femur
apatite was consisted of small crystallite size [79]. In addition, Harper and co-workers
observed that the intensity of the XRD pattern in the (b) human bone femur apatite was
lower than that of in other two HA samples (a, b), the well-crystalline HA and the
synthetic HA with small crystallite size [79]. The reduced intensity in the case of (b)
indicated that the human bone femur apatite was not fully crystallized and contained

approximately 40 % amorphous phase [79].

Termine and co-workers suggested that amorphous phase in the bone was varied with
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the age [80], as they noticed the fraction of amorphous mineral in rat femur was

decreased from 69 to 36% with increased animal age from 5 to 70-days-old [80].

Unlike to synthetic stoichiometric crystalline HA, the biological apatites, bone, tooth,
are usually non-stoichiometric associate with poorer degree of crystallinity, due to the
incorporation of various substitutions in the apatite structure [81, 82]. One of the major
substitutions in the biological apatites is CO3>, ranging from approximately 3 to 8 %,
others, such as Mg2+, Na', K", F, CI', and etc, are presented as trace elements, as listed

in Table 1 [68, 83, 84].

Table 1: Chemicals and crystallographic characteristics of bioapatites and synthetic

hydroxyapatite [68, 83, 84].

Compaosition Enamel Dentin Bone Hydroxyapatite (HA ]
caleium [wt % | 36.5 351 348 396
phosphorus (as P) [wt %] 17.7 169 152 18.5
Ca/P {molar ratio)®l 163 1.61 1.71 167
sodium [wt %] Pl 05 0.6 09

magnesium [wt %P1 044 1.23 0.72

potassium [wt % | 0.08 0.05 0.03

carbonate (as CO. ) [wi %] 3s 5.6 74

fluoride [wt %! 0.01 0.06 0.3

chloride [wt %7 030 0.01 013

pyrophosphate,(as P,O* ) [wt %] 0022 0.10 0.07

total inorganic [wt % 97 70 65 100
total organic [wt % ]i<! 15 20 25

water [wt % ]I 1.5 10 10

a axis [A]E] 9.441 9.421 9.41 9.430
¢ axis [A]# 6.880 6.887 6.89 6.891
crystallinity index, (HA =100) T0-75 33-37 33-37 100
typical crystal sizes [nm]® 25 27 100 % 50 = S0pm 35x25x4 50x25 x4 200- 600
ignition products (800°C) [B-TCP + HA (-TCP+ HA HA + CaO HA
elasticity modulus (GPa)B8 80 15 0.34-13.8 10
compressive strength (MPa) 10 100 150 100

[a] Because of the considerable variation found in biological samples, typical values are given in these cases. [b] Ashed samples. [¢] Unashed samples
[d] Lattice parameters: 0,003 A,

Similar to the degree of crystallinity [80], the substitution concentration in biological
apatite is also changed with age [2]. For instance, the COs> content was reported to

increased with age whereas the HPO,* content was decreased [2].

As indicated in Table 1, the chemical environment and crystallographic structure of
bioapatites are far more complicated than that of in synthetic HA or carbonate

substituted HA, due to the imperfection of apatite crystals, originated from the multiple
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foreign substitutions [85]. Hence, the chemical formula of bioapatites can be written as
(Ca, M) 19(POs4, Y) 6(OH, X),, where M represent cations, include Mg2+, Na', K, Sr2+,
and Ba2+, etc, Y represent carbonate, acid phosphate, HPO42', sulfates, etc, and X

represent F-, Cl-, carbonate, etc , proposed by Shi [17].

1.3. Synthetic substituted HA

The HA structure allows the incorporation of wide range of different ionic substitutions,
and it leads to different degree of alterations in the original HA structure, depending on
the type of substitution and the substitution quantity [20, 86-103] . Subsequently, it
results in the changes of the HA characteristics, such as the degree of crystallinity,
morphology, lattice parameters, the stability of HA structure, and ultimately it exhibit
different mechanical properties, as well as influence the biological response in the final

applications [83, 89, 104-114].

As a consequence, synthesis of substituted HA has attracted a lot of interest [20,
86-103], as substituted HA can exhibit desirable properties and satisfy variety of needs

in a wide range of applications [83, 89, 104-114].

1.3.1. Synthesis and morphology of synthetic substituted HA

1.3.1.1.  Zinc substituted HA (Zn-HA)

Tripathy and co-workers reported that Zn hydroxyapatite solid solution with chemical
formula of Zn;o(PO4)s(OH), was prepared by using co-precipitation method in an
aqueous media [86]. However, many other researchers found that Zn actually exhibited
inhibiting effect on the crystallization of HA, and hence suggested the synthesis of

Zn-HA over the entire compositional range was impossible [87-89].
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Bigi and co-workers attempted to synthesize a group of apatite samples with the Zn
concentration in the solution, ranging from 0 to 100 atom%; however, the unique
crystalline phase was obtained with the Zn concentration only up to approximately 25
atom% [87]. With increased Zn concentration the XRD exhibited amorphous structure,
or other crystalline products, such as zinc and calcium phosphate, when Zn

concentration reached to even higher levels [87].

Li and co-workers reported Zn-HA samples with Zn concentration of approximately 20
mol% were successfully synthesized by using the reagents of Ca(NO3),, (NH4);HPO,,
and Zn(NOs), via hydrothermal method [89]. As shown in Figure 16, the crystallite size
and crystallinity of Zn-HA samples were decreased with increased Zn concentration

from 0 to 15 mol%, while the numbers of the Zn-HA crystals were increased [89].
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Figure 16: TEM image of Zn-HA crystals with different Zn concentration: (a) 0 mol%,
(b) 5 mol%, (c) 10 mol% [89].

In order to avoid the incorporation of NO; or CI into the apatite structure, originated
from using of the reagents of calcium nitrate or calcium chloride [88]. Miyaji and
co-workers employed Ca(CH3COO),-H,0, Zn(CH3COO),-2H,0, and (NH4),HPO;, as
chemical reactants to prepare Zn-HA samples via precipitation method, since the
acetate ions were not incorporated into apatite structure [88, 115]. The reaction among

the above reactants is described in Equation 3 [88].
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102€Ca** + 10(1 - 2)Zn** + 6POY~ + 20H™ =

Cayolnygy-o3 (PO (0H), (01%x = 10) 3)

By using the precipitation method described as above, Miyaji and co-workers estimated
that the limits of Zn substituted Ca in the apatite structure was approximately 15 mol%
[88], which exhibited slightly lower substituting value compared with the one reported
by Li and co-workers, who suggested that the small difference on the substituting limit
value was attributed to the consequence of using different synthesized methods [89]. Li
and co-workers indicated that the Zn-HA samples were more difficult to prepare by

using precipitation method rather than using hydrothermal method [89].

Within the substituting limits, Miyaji and co-workers found that the crystallite size and
crystallinity was decreased with the increased Zn substitution [88], which agreed with
the work that presented by Li and co-workers [89]. Furthermore, Miyaji and
co-workers suggested that the order of the produced phases with increased Zn
substitution was Zn substituted apatite, amorphous phase, and amorphous phase +

parascholzite (CaZn,(PO4),:2H,0) [88].

1.3.1.2.  Magnesium substituted HA (Mg-HA)

Chiranjeevirao and co-workers reported that Mg-HA solid solutions in the whole range
of composition were prepared by using calcium nitrate, magnesium nitrate, and
ammonium dihydroygen phosphate in an aqueous media [90]. The exchange process of

calcium and magnesium in apatite was described by Equation 4 [90, 91].

During the synthesis, the pH of the solution was maintained above 9, in order to avoid

the formation of calcium deficient apatite [116]. Similar work was carried out by Patel,
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who prepared similar Mg-HA solid solutions by using same reactants, but synthesized

with the higher pH value, which was above 11 [91].

On the other hand, such results were not able to reproduce by many other researchers
[92-94]. In fact, Bigi and co-workers pointed out that the Mg exhibited similar effect as

Zn, which inhibited the crystallization of HA [87, 92].

Bigi and co-workers prepared HA samples with various Mg concentrations by using the
reactants of calcium nitrate, magnesium nitrate, and ammonium dihydroygen
phosphate [92]. Bigi and co-workers found that the unique crystalline apatitic phase
was only achieved with Mg concentration in the range of 0 to 30 atom % [92]. With
increased Mg concentration from 35 to 50 atom %, the completely amorphous structure
was observed, and the formation of other crystalline phases, such as Mg3;(PO4),-8H,0,
and NHsMgPO4-H,O, were presented, when the Mg concentration was even higher
[92]. Additionally, Bigi and co-workers found that within the substituting limits of Mg,
the crystallite size, crystallinity, and the Ca/P ratio was decreased with increased Mg

concentration [92].

Different effect of Mg on the crystallite size and crystallinity of apatite was reported by
Yasukawa and co-workers, who prepared Mg-HA solid solutions with Mg (Mg + Ca)
molar ratio ranging from 0 to 0.5 by wet method, using the reagents of Mg(NOs),-6H,0,
Ca(OH),, and H3PO4 [93]. As presented in Figure 17 (a-e), the crystallite size of apatite
was increased and more porous was presented with increased Xy, from 0 to 0. 31 [93].

When Xy, reached to 0.38, amorphous morphology was observed in Figure 17 (f) [93].
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Figure 17: TEM image of Mg-HA samples with different XMg: (a) 0, (b) 0.09 mol%,
(c) 0.16, (d) 0. 23, (e) 0.31, (f) 0.38 [93].

Fadeev and co-workers prepared Mg substituted HA samples with chemical formula of
Cal()_ngx(PO4)6(OH)2, where X< 1, by using Ca(NO3)2, Mg(NO3)2, and (NH4)2HPO4

via wet method, as described in Equation 5 [94].

where NH4OH was used to adjusted pH of the solution [94]. Fadeev and co-workers
found that Mg exhibited destabilizing effect on the apatite structure, since the transition
temperature from hydroxyapatite to whitlockite was decreased with increased Mg

substitution from 1 to 10 atom % [94].

1.3.1.3.  Strontium substituted HA (Sr-HA)

It is generally agreed that the Sr-HA samples can be prepared in the whole range of

composition [20, 95], according to the equation 6 [117].
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O’Donnell and co-workers prepared Sr-HA samples with Sr substitution ranging from
0 to 100% by using two different routes [95]. They found that the crystallite size of the
Sr-HA samples was approached to the minimum value when the Sr substitution reached
to 50 % [95]. Additionally, O’Donnell and co-workers pointed out that the presence of
small amount of impurities, strontium pyrophosphate, was observed in the fully Sr

substituted apatite sample [95].

Similar changes of the crystallite size varied with Sr substitution were reported by Bigi
and co-workers, who synthesized a group of Sr-HA samples by using Ca(NOs),* 4H,0,
Sr(NO3),, and (NH4),HPO4 via precipitation method [20]. With increased Sr
substitution from 0 to 100 %, a systematic changes of the crystallite size and
crystallinity of the Sr-HA samples were evidence by the TEM micrographs, as

presented in Figure 18 [20].

Figure 18: TEM image of Sr-HA samples with different Sr concentration: (a) HA, (b)
HA with 20 % Sr, (¢c) HA with 70 % Sr, (d) HA with 100 % Sr [20].

As indicated by Figure 18, Bigi and co-workers found that the HA sample contained 0%
Sr substitution exhibited plate-like crystals with mean dimension of up to

approximately 200 x 40 nm [20]. By increasing Sr substitution to 20 %, the ill-defined
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apatite crystals with perturb shapes were observed in Figure 14 (b) [20]. With increased
Sr substitution to 70 % or higher, the apatite crystallite size was increased [20]. When
the Sr substitution reached to 100 %, the fully Sr substituted apatite had crystallite size
of approximately 500 x 100 nm with the morphology of the well-defined crystal shape,

which elongated in the crystallographic c-axis direction [20].

1.3.1.4.  Silicon substituted HA (Si-HA)

Numerous methods were proposed to prepare Si-HA samples [96, 97, 118, 119].
However, it was seems that the synthesis of pure Si-HA samples was not easy [118,

119].

Ruys prepared Si-HA samples by using sol-gel approach, however, the resulted
materials were not only containing apatite phase, it were also exhibiting other phases,
such as calcium silicophosphate, and tricalcium phosphate, depending on the

composition [118].

Boyer and co-workers proposed that the synthesis of Si-HA by using solid-state
reaction [119]. In order to obtain the Si-HA product, the incorporation of other ions,
such as La* or SO,%, were needed [119]. Thus, the resulted material was not Si-HA

[119].

In order to prepared phase pure Si-HA, Gibson and co-workers proposed that to
produce the as-prepared Si-HA sample with 0.4 wt% Si substitution by using Ca(OH)s,
Si(CH3COO)s, H3PO4 via an aqueous precipitation reaction, as described in the
Equation 7 [96]. With an appropriate calcining process at temperature above 700°C, the
single phase of Si-HA was obtained without the formation of any other secondary

phases, such as TCP, CaO, and etc [96].
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Cay (PO,) (OH), =+ 481057 = Cayp (FO,) ., (810,), (OH),_, + «POI™ + 20H™(7)

The phase pure of silica-hybridized HA with Si hybridization of SiO, ranging from 0 to
33 wt% was investigated by Fujii and co-workers, who prepared such samples from the
reagents of Ca(OH),, H3PO4, and [CH3(CH,);0]4Si [98]. Fujii and co-workers pointed
out that the incorporation of Si hybridization exhibited little effect on the crystallite size
and morphology of silica-hybridized HA samples [98]. As presented in Figure 19, all
silica-hybridized HA samples displayed needle-like apatite crystals with the

dimensions of approximately 150 x 20 nm [98].

-

2 [T

Figure 19: TEM micrographs of silica-hybridized HA samples with Si hybridization
ranging from 0 to 33 wt% [98].

Tang and co-workers reported that Si-HA samples with Si substitution ranging from 0
to 4 wt% were prepared by using Ca(NO3),4H,0, (NH4);PO4, and Si(OCH,CHj3)4
(TEOS) via hydrothermal method [97]. As observed in Figure 20, Tang and co-workers
noticed that the mean crystallite size of apatite was decreased with the content of TEOS,

while the numbers of the need-like apatite crystals were increased [97].
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Figure 20: TEM micrographs of four Si-HA samples with different Si concentration: (a)

HA, (b) HA with 0.8 wt% Si, (c) HA with 1.5 wt% Si, (d) HA with 4 wt% Si [97].

1.3.1.5. Carbonate substituted HA (CO3-HA)

Within the HA lattice structure, the COs”> ions either exchanged with OH™ groups in the
channel site, assigned to A-type CO;” substitution, or replaced PO, tetrahedra,

corresponded to B-type CO;” substitution [83, 120].

Stéphane and co-workers prepared A-type COs”> apatite by exposing pure HA sample
in the CO, environment at 900 °C for 3 days [99]. In order to prevent the rehydration of
the apatite surface as well as to obtain the highest carbonation rate, the water vapour
pressure was maintained at the lowest level [99]. The formation of A- type COs” apatite

is represented in Equation 8 [99].

Cayg (PO,)(OH); + wC0; — Cagy(PO,)(OH) ., (C05), 4 H,0 (8)

It was however indicated by Gibson, who pointed out that such method was
disadvantageous in the biomedical application, since the preparation time was long, the

quantities of COs> content were not able to be controlled easily [114]. Furthermore,
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due to the uses of the ion exchange process presented in Equation 8, the carbonation on
the surface was more readily to happen rather than in the bulk of the apatite materials

[114].

Gibson and co-workers indicated that the synthesis of B-type COs> apatite was more
complicated compared to the synthesis of A-type COs> apatite, due to the charge
imbalance issue arisen by C032' content substituted PO43 " in the apatite lattice [114]. In
order to compensate the charge difference caused by the B-type COs> substitution, the
reagent of sodium carbonate was introduced as the source of C032', and used Na to

co-substitute Ca [101, 102], which is described in Equation 9 [114].

Na™ + C0§~ = Ca’" + P02~ 9)

Sampath and co-workers attempted to prepare B-type COs-HA samples with CO5*
concentration ranging from 10 to 40 mol% by using the microwave irradiation method,
among the reactants of Ca(OH),, (NH4),HPO,4, and CaCOs; [100]. They revealed that
the substituting limit of CO3”> for PO,> was approximately 20 mol% in their CO3-HA
samples, as the decomposition of apatite into HA and TCP was observed when the

COs* beyond the substituting limit [100].

The bioapatite was recognized as AB-type COs> apatite [121, 122], but B-type CO3*
substitution was always considered as the prominent one [83]. Hence, Barinov and
co-workers prepared biomimic apatite, containing both A-type and B-type CO3*
substitution, by using the reagents of calcium oxide, ammonium hydrogen phosphate

and ammonium carbonate via the reaction, which is shown in Equation 10 [123].

10€a0 + 6(NH,),EFQ, + (NH,),C0y + 4H,0 — €3,5(FOJ) ., (COy) (OH),_, +
14NH OH; Sp+o=12 (10)
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The synthesis of AB-type CO;” apatite samples were also investigated by Barralet and
co-workers, who prepared such samples with different reagents, tri-ammonium
orthophosphate, calcium nitrate 4-hydrate, and sodium bicarbonate by using
precipitation method [103]. As shown in Figure 21, Barralet and co-workers observed
that with increased bicarbonate concentration from 10 to 160 mM, the apatite crystallite
size was slightly decreased, and the morphology of the apatite was formed as
needle-like shape and changed into more spheroidal [103]. Similar changes on the

morphology of the carbonate apatite samples were also reported by Legeros [124].

Figure 21: TEM micrographs of AB-type COs> apatite with different bicarbonate
concentration precipitated at 70 °C: (a) 10 mM, (b) 40 mM, (c) 160 mM, and (d) 320
mM [103].
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1.3.2. Structural characterization of synthetic substituted HA

1.3.21. Zn-HA

Several reports indicated that the substituting of Zn®" for Ca®" in the HA structure was
extremely difficultly, since Zn exhibited the inhibiting effect on the HA crystallization
[87-89, 125] and promoting the formation of B-TCP or other Zn substituted phosphates
[87-89], and that were very likely attributed to the substituent of Zn*" with smaller
cationic radius of (0.74 A) in the HA structure exchanged with larger cation of Ca®"

(0.99 A) [87, 89, 125].

Although Zn acted as an inhibiting role in the HA crystallization, the synthesis of
apatite samples with low concentration of Zn were possibly achieved [87-89, 126].
Compared with the amount of Zn substitution in the HA structure for Ca, the greater
amount of Zn content was assumed to be adsorbed on the apatite surface and/ or in the
amorphous phase, suggested by Bigi and co-workers, as the Ca/P ratio in the solid

phase was almost same as that in solution [87].

As described in 1.1.2, two distinction sites of Ca atoms were occupied in the HA
structure, denoted respectively as Ca-I and Ca-II [44]. Matsunaga demonstrated the
first-principle studies in the substitution of Zn and Mg in the structure of HA and OCP,
and he reported that both Zn*" and Mg*" were energetically favoured in the Ca-II site
rather than Ca-I site in the HA structure ,based on simple geometry consideration and
the relation between the cationic radius and coordination number [127]. Tang and
co-workers confirmed the above mentioned and suggested that Zn preferred to replace

Ca-II site than Ca-I site, by using density function theory (DFT) calculations [128].

Considering that the cationic radius of Zn is smaller than the radius of Ca [87, 89, 125],

it is expected that changes should occur within the HA lattice parameters [88, 89]. Li
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and co-workers found that with increasing Zn substitution to 10 mol%, the lattice
parameter a was decreased but started to increase when Zn substitution was over 10
mol%, while parameter ¢ was monotonously decreased [89]. Miyaji and co-workers
also reported that the lattice parameter a was decreased with increasing Zn substitution
up to 5 mol% but increased when Zn substitution was higher than 5 mol%, while the
lattice parameter ¢ was decreased monotonously with increasing Zn substitution [88].
However, Miyaji and co-workers reported later, that the increased lattice parameter a in
the apatite samples with higher Zn substitution was attributed to the incorporation of
increased lattice H,O that substituted OH in the HA structure, as the lattice parameters
of a and ¢ were both decreased with increasing Zn substitution after heat-treatment at

400°C [88].

1.3.2.2. Mg-HA

Very similar to Zn [87, 92], Mg inhibited the crystallization and crystal growth of HA,
and destabilized HA structure into B-TCP [92] or other Mg substituted phosphate [94],
which were possibly related to the smaller Mg cation with radius (0.65 A) substituted
larger cation of Ca (0.99 A) in the HA structure [94].

Due to the inhibiting role of Mg on the HA crystallization [92], approximately 10
atom % of Mg was a maximum amount that entered into the HA structure for Ca,
reported by Bigi and co-workers [129]. In addition, they also suggested the preferential
site of Mg in HA structure was at Ca-II (6h) site [129],which was consistent with the
first-principle studies by Matsunaga [127]. Furthermore, Bigi and co-workers
suggested the possible locations for the presence of excess Mg content, which were
adsorbed on the surface of apatite crystallites and / or presented in the amorphous phase
[129]. Bigi and co-workers indicated that the small decreases in the c-axis associated
with an irregular change of the a-axis in the apatite samples with increased Mg

substitution from 0 to 30 atom % [92]. On the other hand, Yasukawa and co-workers
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reported that the unit cell dimensions of @ and ¢ exhibited almost linearly decreasing

trend with increased Mg substitution from 0 to 0.31 [93].

1.3.23. Sr-HA

Unlike the trace elements of Zn, and Mg, the synthesis of phase pure apatite can be
achieved with the incorporation of Sr substitution in the whole range of composition

[20].

It was reported that the larger cation of Sr (1.18A) substituted in the HA structure for
the smaller cation of Ca (1.00 A) [20], due to the size difference between these two
cations, the modifications of the lattice parameters of HA were therefore expected [20,
95, 130]. Li and co-workers reported that both HA and Sr-HA sample belong to
hexagonal system, P63;/m, and the parameters of a and ¢ both slightly increased with
increased Sr substitution from 0 to 15% [130]. In addition, O’Donnell’s [95] and Bigi’s
report [20] agreed well with Li’s work [130], and they further indicated that the apatite
samples with increased Sr substitution in the range from 0 to 100 mol% led to the

linearly increases in both parameters of a and ¢ of the HA lattice structure [20, 95].

In order to clarify the exact location of Sr for Ca in the HA structure, a large number of
works were concentrated on this specific purpose were carried out [20, 95, 130-132].
Kikushi and co-workers suggested the hydrothermally derived Sr-HA sample with 1.92
atom % Sr exhibited the preferential site of Sr in HA structure was at Ca-I site [131]. On
the other hand, Li and co-workers found their Sr-HA samples with Sr concentration,
varied from 0 to 15%, were preferred to be exchanged with the Ca at Ca-II site [130].
Due to the different opinions were presented regarding to the actual locations of Sr for
Ca, Bigi and co-workers tend to give an integrated answers [20] for the above debates
[130, 131]. They indicated that the occupation of Ca-I site was more favoured when the

Sr substitution at very low level, as the Sr substitution was increased, the preferential
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site of Sr in HA structure was inverted from Ca-I to Ca-II site [20]. Terra and
co-workers provided more precise information about Sr locations in the HA structure
by using the combination of first-principles modelling and the experimental methods
[132]. They found that the apatite sample with Sr concentration below 1 atom%, the Sr
was favoured in Ca-I site over Ca-II site [132].When the Sr substitution reached about 5
atom %, the ideal statistical occupancy ratio of Sr2/Srl was 1.5, and the Ca-II site was

progressively favoured to be occupied as Sr substitution was further increased [132].

1.3.24. Si-HA

Many literatures indicated that with the incorporation of Si into HA materials did not
induce direct changes in the crystallographic structure or crystallinity, as similar XRD
patterns were observed in the HA samples with different Si substitution, ranging from 0
to 1.5 wt% [96, 97, 133, 134]. In order to maintain the apatite structure, the substituting
limits of Si (SiO4") for P (PO4>) [134] was suggested to be presented in the region of
approximately 2-3 wt% [96, 97, 135].

On the other hand, the presence of Si substitution did exhibit the certain degree of
modifications in the HA lattice parameters [96, 97, 133, 134]. One main mechanism of
with the incorporation of Si into HA structure was proposed as that, the loss in the OH"
groups in order to compensate the extra negative charge induced by the substitution of
SiO44' for PO43' in the HA structure [96, 97]. They both agreed that with increased Si
substitution in the region of 0-1.5 wt%, small decreases and increases in the HA lattice
parameters of a and c, and resulted in the slightly decreases in the cell volume of HA
unit lattice [96, 97]. On the contrary, Leventouri and co-workers suggested that the HA
unit cell with 0.4 wt% Si expanded by approximately 0.09% due to a 0.1% increases in
the lattice parameter C, by using neutron diffraction technique [133]. Based on the
neutron diffraction results, the further reduction of 13 % OH occupancy site were

observed due to the charge difference caused by the substitution of SiO4* for PO,*
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[133]. Although no remarkable changes were observed in the interatomic distance of
POy, tetrahedron due to the presence of Si substitution, the angle distortion index (DI)
was increased by 0.2% as Si substitution increased to 0.4 wt% for phosphorus in HA

lattice [133].

1.3.25. COs;-HA

Different as most of substitutions, such as Zn, Mg, Sr, and Si, CO;> content was
reported to be able to exchange with two possible sites in the HA structure, they were
OH" channel site and PO43' tetrahedra, and denoted as A-type C032' substitution and

B-type COs” substitution, respectively [81].

As COs” substitution entered into different site of HA lattice, the opposite effects on the
a-axis and c-axis dimensions were noticed [101, 136]. Legeros and co-workers reported
that with the incorporation of A-type COs> substitution, the lattice parameters of a and
¢ was increased and decreased, respectively [136]. On the other hand, Nelson and
co-workers investigated the effect of B-type CO3” substitution in the HA lattice, the
decreased a and increased ¢ was observed [101]. Furthermore, it was worth to note that
sometimes the increased lattice constant a was found in B-type COs> substituted HA
sample, and that was likely attributed to incorporation of lattice H,O or some HPO,*

[137, 138].

It is known that the biological apatites were actually composed of both A-type and
B-type CO;” substitution, which COs*" substitution mainly exchanged with PO4>
tetrahedra, and only amount of CO;> substituted OH™ groups [137]. An interesting
mechanism due to the COs> incorporation into the biological apatite was proposed by
Legros and co-workers [139]. As illustrated in Figure 22, the formation of a vacancy in
O-III or O-IIT’, was assumed, while PO43' was exchanged with C032' [139]. In order to

maintain the charge balance in the whole HA structure, the negative charge due to the
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vacancy of O-III or O-III’ was positively charged by releasing one Ca>" and one OH
Yy p y g y g

[139].

O Oxygen

® Calcium
O Vacancy

Figure 22: The schematic diagram of COs5” substituted HA structure [140].

Similar to Zn, Mg and Si, there was a substituting limits of CO;” substitution in the HA
structure [82, 100]. When the COs> content beyond the substituting limits, the possible
locations of excess amount of COs> content were suggested either to locate in the
hydrated layer of the crystals [82] and / or present in the amorphous CaCOs [46].
Alternatively, it destabilized HA structure and encouraged to the formation of biphasic

ceramics [100].
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1.3.3. Application of synthetic substituted HA

1.33.1. Zn-HA

Zn is an important trace element in many animals [104], and it exists in the human

bones ranging from 0.0126 to 0.0217 wt% [141].

In order to study the effect of Zn addition in a biological system, Kawamura and
co-workers demonstrated a vivo studies by implanting composite ceramics of
Zn-TCP/HA in the femora of New Zealand White rabbits for 4 weeks [104]. They
found that such material with the presence of 0.633 wt% Zn exhibited increasing effect
on the bone resorption, whereas when Zn concentration reached to 0.316 wt% in the

calcium phosphate ceramics, it promoted the formation of bone [104].

Grandjean-Laquerriere and co-workers reported, that the addition of Zn content in HA
led to a decrease in the inflammatory reaction [105]. Li and co-workers suggested that
Zn substituted HA could consist a new generation of biomaterials for bone tissue

engineering [89].

13.32. Mg-HA

Mg is of the essential substitutions in the biological apatite, and it present with the
concentration at 0.44, 1.23, and 0.72 wt% in enamel, dentin and bone, respectively [83].
Rercival reported that the Mg deficiency exhibited a negative effect in all stages of
skeletal metabolism, such as decreased osteoblastic and osteoclastic activities, and etc
[142]. Due to the great importance of Mg content, the incorporation of Mg into HA was
proposed to be used in orthopaedic and dental applications [106]. Bonfield and Gibson
prepared bone mimetic HA ceramics with the co-incorporation of Mg and CO;*

content up to 0.5 and 1 wt%, respectively, by using precipitation method. They
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expected that the resulted materials exhibited better bioactivity over pure HA, which
was applied in the commercial application, such as bone implant fabrication [107].
Dolci and co-workers indicated that the nano-sized Mg-HA material with Mg
concentration up to 25.4wt% was possible to be employed in odontostomatologic

applications [108].

1.3.3.3. Sr-HA

The level of Ca, Mg, Sr element presented in the in the body of a 70-kg standard man
was 1.4, 0.027, and 0.00044 wt%, respectively, which was compiled by Nielsen [143].
Although the concentration of Sr existed in the human body was scarce [143], the
increased attention was noticed in the Sr-containing drug, such as Sr ranelate
compound, which gave the positive effects combined of stimulating effect in the bone

formation and decreasing effect in the bone resorption [109].

Clinical trials, that were successfully performed in female post-menopausal
osteoporotic patients, led to the conclusion that an intake of 2g Sr-Ranelate per day

appeared to reduce the risk of vertebral fracture effectively [109].

1.3.34. Si-HA

Schwarz reported that the Si concentration in biological systems varies based on the
data collected from bone (100 ppm), serum (~1 ppm), and cartilage as well as other
connective tissues (200-600 ppm) [144]. Carlisle also reported the essential
involvement of Si element in bone formation and calcification [145] and Schwarz and

Milne investigated that Si deficiency in rats led to the deformations of skull [146].

Thian and co-workers conducted in vitro studies and reported that the presence of Si in

HA increased and promoted osteoblast-like activity [110]. Hence, they suggested that
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further medical application for Si substituted HA can be in both hard and soft tissue

replacement [110].

In vivo studies by Porter and co-workers showed that the dissolution rate of HA was
increased with increasing Si substitution due to the formation of defects in the grain
boundaries [111]. They suggested that increased dissolution was essential to improve
the bioactivity of the material [111]. The incorporation of Si into HA seems to be a

promising way to improve bioactivity [110-112].

1.3.35. COsz-HA

The CO;”> ions tend to appear as one of the most important substitutions [82-84],
present in the HA due to its high similarities to the mineral component of hard tissues
[82, 114]. Legeros indicated that with the addition of COs5” content in HA material, the
crystallinity was decreased, whereas the solubility was increased, observed in both vitro
and vivo studies [83]. Gibson and Bonfield suggested that with the incorporation of
Cng' content into HA ceramics can increase osseointegration rate of HA in their
applications, such as bone grafting [114]. Li and co-workers prepared nano-sized HA
with the presence of both A-type and B-type COs> substitution by using wet method
[113].They proposed such apatite material potentially can be applied as a tissue

engineering scaffold [113].
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1.4. Aim and objectives

1.4.1. Aim

The aim of this project is to study the effect of ionic substitutions on the apatite
structure emphasising changes in the crystallite size and the degree of crystallinity of
apatite samples produced by a chemical precipitation, a hydrothermal method and a

biological method (bacterial synthesis).

1.4.2. Objectives

In order to achieve the aim of this project, as described above, three objectives are

required to be accomplished, and they are listed below.

(1) To apply different synthesis methods in order to obtain different apatite samples.

(2) To characterize the structure of synthesised apatites by using different techniques
including XRD, FTIR, Raman spectroscopy and>'P MAS-NMR.

(3) To develop an understanding about the relationship between the ionic substitutions
and the structural properties of apatite materials such as crystallite size and degree

of crystallinity.
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2. Experimental procedures

2.1. Sample preparation

20 samples were prepared by using three different methods; hydrothermal method
(S1-S14), chemical precipitation method (S15-S19), and bacterial biosynthesis (S20).
The phase and composition of synthesized samples from different methods are
summarized in Table 2. It is worth noting that the first 14 samples were prepared by the
University College London (UCL), Dr. Jawwad Darr’s group. Additionally, they also
provided a general description of the first 14 samples shown in Table 2. Furthermore,
they indicated most of the measurements within these 14 samples were conducted by
using a calibrated EDS detector attached to an SEM, besides the sample 14, which was

measure by TGA, indicated by symbol *.

2.1.1. Hydrothermal method

As mentioned previously, the first 14 samples were provided by UCL and were

prepared by using a continuous hydrothermal flow system, as shown in Figure 23 [15].

ATA"AS!

VvV VY

2 &
— 1
\

C
H,O
O
"\ >
PO, 43' '\T n
<O N
ca™ o

Figure 23: The schematic diagram showing the first 14 samples (S1-S14) synthesized

via a continuous hydrothermal flow system [15].
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Table 2: Description of 20 samples prepared by three different approaches.

Method Sample Phase Composition Measured value
S1 Mg-HA 0.5wt%Mg expected in sample 0.7 wt% Mg
S2 biphasic: MgHA+Mg-whitlockite 1.5wt%Mg expected in sample 1.6 wt% Mg
S3 Mg-whitlockite 6wt%Mg expected in sample 5.8 wt% Mg
S4 amorphous Mg-whitlockite 10wt%Mg expected in sample 9.1 wt% Mg
S5 HA with 1.67 ratio (in reactor) Making HA with ratio 2.0 in our reactor results in improved thermal stability | Ca/P ratio of 1.39
S6 HA with 2.0 ratio (in reactor) i.e. with 2.0 ratio HA doesn't form TCP up to 1000 degrees Ca/P ratio of 1.42
S7 Zn-HA extrapolation of Zinc content should be around 2.6 wt% -
Hydrothermal method S8 Si-HA 0.26 wt% Si
S9 Si-HA S8 means an expected silicon content of 1wt%, 2wt% for S9 and so on. XRD 0.39 wt% Si
S10 Si-HA shows all of these to be HA. NMR for S12 shows more than one silicon 0.56 wt% Si
S11 Si-HA environment. 0.53 wt% Si
S12 Si-HA 0.81 wt% Si
S13 COs-HA around 5wt% carbonate content 5 wt% CO; *
S14 CO.-HA + CaCO, we use urea as a carbonate source in our reactor, a higher amount of urea results around 21 wt%
in a biphasic mixture of CO;-HA and CaCO; (Calcite) CO;4
S15 HA 0 mol% Sr -
Chemical precipitation 316 SriA 25 mol% Sr -
method S17 Sr-HA 50 mol% Sr -
S18 Sr-HA 75 mol% Sr -
S19 Sr-apatite 100 mol% Sr -
Bacterial biosynthesis S20 Biological HA CO; substitutions expected in the biological HA -

* measured by TGA
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During the synthesis, the basic solution of calcium nitrate and diammonium hydrogen
phosphate was pumped from P2 and P3 to meet at point “T”, as showed in Figure 23
[15]. The pH of the reaction was adjusted to 10-11 by adding ammonium hydroxide
[15]. The temperature and pressure was maintained at 400C° and 240MPa, respectively.
The mixed solution was transferred to meet superheated water at point “R”, where the
rapid ageing was occurred. The mixed solution was then passing through the point “C”
(in-line cooler) for the cooling and “F” (a 7H filter) for the filtering, and then the apatite
suspension was collected at point “B” (back-pressure regulator) [15]. Finally, the

collected particles were centrifuged and freeze-dried prior the characterization [15].

For synthetic substituted HA samples, different substitution sources were added into the

basic solutions, as shown in Table 3.

Table 3: The added different reactants for producing Mg-HA, Zn-HA, Si-HA and
COs3-HA samples.

Sample Phase Substitution sources
S1 Mg-HA
3 biphasic: calcium Mg nitrate was added into
MgHA+Mg-whitlockite . diammonium hydrogen
S3 Mg-whitlockite nitrate phosphate
S4 amorphous Mg-whitlockite
i Zn nitrate was added into
S7 Zn-HA ca’cium diammonium hydrogen
nitrate
phosphate
S8 Si-HA silicon
S9 Si-HA tetraacetate diammonium hvdroeen
S10 Si-HA was added hosph ty &
S11 Si-HA into calcium phosphate
S12 Si-HA nitrate
S13 COs-HA . urea was added into
calcium diammonium hydrogen
S14 CO;-HA + CaCOs nitrate
phosphate
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2.1.2. Chemical precipitation method

Five Sr-HA samples (S15-S19) were prepared with Sr substitution in the solution
ranging from 0 to 100 mol%, by using chemical precipitation method, which was

previously reported by Bigi and co-workers [20].

During the synthesis, appropriate amount of reactants of Ca(NOs3),-4H,0 and Sr(NO3),,
and (NHy4),HPO,4 were used in order to form solution A and solution B. The weights of

reactants were used to prepare Sr-HA samples are summarized in Table 4.

Table 4: The weights of reactants for chemical precipitation method for a series of

(SrxCajx) 5(PO4);OH samples, where x varied from 0 to 1.

(ir) Ca(NO3),4H,0 | wt.% | mol% | Sr(NOs), | wt.% | mol% | (NH4),HPO, | wt.% | mol%
0 153 ¢ 74.63 | 62.20 Og - - 5.2¢g 25.37 | 37.80
0.25 11.5¢ 57.21 | 46.76 3.4¢g 16.92 | 1543 5.2¢g 25.87 | 37.81
0.5 7.7g 38.89 | 31.18 6.9g 34.85 | 31.17 5.2¢g 26.26 | 37.65
0.75 3.8g 19.69 | 15.45 103g | 53.37 | 46.74 5.2¢g 26.94 | 37.81
1 Og - - 13.7g | 72.49 | 62.18 5.2¢g 27.51 | 37.82

Solution A was prepared by dissolving proper amount of Ca(NO3),4H,O and /or
Sr(NOs), in 60ml distill water, depending on the required composition. The total
concentration of [Ca*"] + [Sr*"] of solution A was kept at 1.08M. The pH value of the
solution A was maintained at 10 by using NH4OH. As shown in Figure 24, the 50 ml
solution A was transferred into a three-neck flask, and then was heated at 90°C.
Solution B was formed by dissolving (NH4),HPO4 in 60ml distilled water. Again, the
pH of solution B was adjusted to 10 by using NH4OH. Then 50 ml solution B was taken
and poured into solution A from the top of the condenser. The mixed A-B solution was

heated and stirred at 90°C for 5h.
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Figure 24: The schematic diagram showing the experimental equipment setup, used for

the preparation of Sr-HA samples (S15-S19) via a chemical precipitation method.

In order to obtain precipitates, the resulted solutions were centrifuged for 13mins with
rate of 100000rpm at room temperature. Then the formed precipitates were washed
with distill water up to 10 times. Finally, the washed precipitates were dried overnight
in air. Enable to be characterized by different techniques, the dried HA precipitates were

grounded into the powders.
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2.1.3. Bacterial biosynthesis

The biological HA sample (S20) was provided by master student, Bagheriasl, who
produced biological HA by using bacterial biosynthesis [26]. The details of this
biological HA and its experimental procedures were precisely recorded in his thesis in
2008 [26]. During the bacterial biosynthesis, an appropriate amount of Serratia sp,
glycerol 2-phosphate (G2P), calcium chloride (CaCl,), and sodium citrate were applied
[26], and the weights of the starting material and resulted biological HA are listed in
Table 5.

Table 5: Weight, or concentration and volume of the relevant materials were used to

produce biological HA through the bacterial precipitation method [26].

Serratia sp G2P CaCl, | Sodium citrate B|0|I_(|)2|cal
Dry weight (mg) 367 - - - 2200-2600
Concentration
(mM) - 10 4 2 -
Volume (ml) - 7.44 7.44 7.44 -

In general, the bacterial, Serratia. sp, was fed daily by adding 7.44ml of each additive,
10mM G2P, 4mM CaCl,, and 2mM sodium citrate [26]. In order to obtain the
precipitates of biological HA on the surface of bacterial, Serratia. sp was cultured for 9
days by using same additives with the same quantities [26], as shown in Table 7. The
feeding was carried out at room temperature, and the pH of the reaction was maintained

at 9.2 [26].
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2.2. Characterisation

2.2.1. X-Ray Diffraction (XRD)

The phase composition was characterized by using X-ray diffraction (XRD) with a
Bruker D8 Advance, with Cu-Ka radiation, 40kV/40mA, A = 1.5406 nm. The average
crystallite size was calculated by using the Scherrer equation, as represented in

Equation 11 [147].
d = 0951/ (Bcos(&)) (11)

Where A is wavelength (~1.541A), B is the breadth (in 20 radians) for a given
reflection (hkl), and 20 is the diffraction angle.

For the biphasic samples, including S2, and S14, the phase composition was

calculated by the intensities of the strongest peaks, using the equation 12 [147].

W = 1/(1 +0.88(1/1,,0 ) (12)

Where I, is the strongest peak intensity of main phase, and I is the strongest peak
intensity of secondary phase. As there are three samples containing two different
phases, the strongest peak intensity of the main phase and the secondary phase of

these three samples are summarized in Table 6.

Table 6: The strongest peak intensity of the main phase and the secondary phase of

two samples.

. Secondary o o
Sample Main phase phase Im (°) I5(°)
S2 HA Mg-whitlockite 31.8 313
S14 HA CaCOs 31.8 29.4
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2.2.2. 3P MAS-NMR

The *'P MAS-NMR measurements were conducted at a resonance frequency of 81.0
MHz by using the Bruker 200 MHz (4.7 T) spectrometer. The sample powder was
packed into 4 mm zirconia rotor. The spinning rate of the samples at a magic angle was
approximately 4.5 kHz. The recycle time was 49 s for >'P MAS-NMR. The reference
material for the chemical shift (in ppm) was 85 % H3;PO, for *'P and its chemical shift
was adjusted to O ppm.

2.2.3. Fourier Transform Infra-red Spectroscopy (FTIR)

The functional groups were characterized by FTIR technique using Nicolet 8600
FTIR spectrometer. FTIR spectra were recorded from 400 to 4000 cm™ at 4 cm™
resolution averaging 100 scans. 2 mg of each sample was mixed with 300 mg of KBr

and was pressed into a disk for the measurement.
2.2.4. Raman Spectroscopy

The functional groups were characterized by Raman spectroscopy using Ramanscope-

1000, with an excitation wavelength of A.x = 633 nm.
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3. Results and Discussion

3.1. Effect of synthesis on the apatite structure

3.1.1. X-ray diffraction studies

Figure 25 shows the powder XRD patterns of four different samples, S15, S20, S5 and
S6, which were prepared by using the chemical precipitation method, bacterial
biosynthesis and hydrothermal method, respectively. According to the XRD
measurements, the above four samples are identified as single phase HA. All four HA
samples exhibit XRD patterns that are in good agreement with the HA pattern reported
by Koutsopoulos [29].
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Figure 25: Powder XRD patterns of four different HA samples: (S15) precipitated HA,
(S20) biological HA, (S5) hydrothermal HA, Ca/P = 1.39, (S6) hydrothermal HA, Ca/P
=1.42.

As presented in Figure 25, the biological HA sample S20 exhibits the broadest peaks
with the lowest intensity compared to the XRD patterns of all other HA samples. On the
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other hand, the sharpest peaks with the highest intensity are observed in the XRD
patterns of S5 and S6, which have different Ca/P values and were prepared by a
hydrothermal method. The precipitated HA S15 exhibits an intermediate size of peak
intensity and peak width compared to the biological HA and the two hydrothermally
derived HA samples. The above differences in peak width and peak height were also
observed by other researchers [36, 78, 79, 148-150]. Posner observed a significant peak
broadening together with a decrease in the peak intensity of the XRD patterns,
associated with decreased HA crystallite size [78]. In addition, Harper and Posner
found that the bone mineral HA exhibited much lower peak intensities compared to a
synthetic crystalline HA [79]. They suggested, that the lower peak intensity observed in
the case of bone mineral HA was due to the presence of a relatively large amount of
disordered phase, referred to as a phase of smaller degree of crystallinity [79]. As a
consequence, the smallest peak width together with the lowest peak intensity exhibited
in the biological HA are most likely due to the smaller size of HA crystals associated

with lower degree of crystallinity in comparison to the other three HA samples.

In order to confirm the above, the crystallite size of all four different HA samples were
calculated from the XRD data by using the Scherrer equation and are presented in Table
7. As shown in Table 7, the crystallite size of the four HA samples can be arranged in
the order of S20< S15 <S6 <SS5. In the case of S5 and S6 the crystallite size difference is
small. It is worth noticing, that both samples were prepared by the hydrothermal
method and therefore it is reasonable to conclude that HA crystal size is strongly

dependent on the synthesis method.

Apart from using the chemical precipitation method, bacterial biosynthesis, or
hydrothermal method, there are many other techniques reported in the literature used to
prepare HA [10, 24, 151]. Silva and co-workers produced HA powders by using a
mechanical alloying method [10]. They reported that the resulted HA powders
exhibited nanocrystalline features with a crystallite size of 22-39 nm [10]. Kim and
Kumta prepared nanostructured HA powders by using a simple sol-gel approach [24].
Upon the heat-treatment at 900 °C for 12h, a single phase of HA was obtained with
crystallite size in the range of 50 to 150 nm [24]. Siddharthan and co-workers prepared
HA particles by using a microwave irradiation technique [151]. They reported, that the
resulted material was a calcium deficient HA (CDHA), which exhibited a crystallite
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length of 16-39 nm and width of 7-16 nm [151].

Table 7: Synthesis, phase identification, and crystallite size of four different HA

samples.
Sample Description Synthesis i denl?[ir:‘?s;tion iirzfzilrlri];e
S15 pre((:jillcl)iet@Izltiefcel1 1HA pigflﬁz?én HA 16
$20 Biological HA biﬁ:‘;ﬁgjiis HA 8
S5 Hy‘gg}gef?ﬂ;“’ Hydrothermal HA )
S6 Hydég}gefrlli} 2H A, Hydrothermal HA 39

According to the literature [10, 24, 151], it seems that different HA synthesis methods
resulted in different HA crystallite size as well as in other crystal characteristics.
Comparing our HA reported in this work with HA reported in the literature [10, 24, 151],
the biological HA (sample S20) remains the one that has the smallest crystallite size
associated also with poor crystallinity. Fathi and co-workers [150] and Webster and
co-workers [4] reported, that small crystallite domains and poor crystallinity of HA
result in a better contact reaction and stability at the interface between the implanted
HA and the natural bone as well as in greater promotion effect on the early bone
in-growth, and consequently S20 may be a good candidate for this type of application.
On the other hand, there were numerous research papers [12-14, 148, 152, 153], that
reported hydrothermal, chemical precipitation and bacterial synthesis of HA similar to
the methods reported in this work. The characteristics of the HA crystal formed were
different compared to the HA samples in our studies [12-14, 148, 152, 153]. Hence, this
leads to review the details of each synthesis in order to understand the main driving
force that caused the differences in the HA characteristics, in particular the HA
crystallite size and degree of crystallinity. As suggested in the literature [13, 14, 36], the
HA characteristics were highly dependent on the following factors: temperature, pH,
time and reactants concentration. Thus, in order to study the effect of different synthesis
methods on the crystallite size of HA and perhaps also the crystallinity, the above
mentioned factors for the four different HA samples studied in this work are listed in

Table 8.
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Table 8: Methods, factors and crystallite size for four different HA samples: (S15)
precipitated HA, (S20) biological HA, (S5) hydrothermal HA, Ca/P = 1.39, and (S6)
hydrothermal HA, Ca/P = 1.42.

Synthesis Processin Crystallite
Sample Method Reactants temperature . g pH . y
o time size (nm)
()
S5 Ca(NO3),, 42
H h 1 4 h 10-11
6 ydrotherma (NH,),HPO, 00 very short 0 39
Chemical Ca(NOs),"4H,0,
S15 . 90 5h 10 16
precipitation (NH,4),HPO, ours
. Serratia. Sp,
Bacterial
$20 pacterial G2P, CaCl,, 25 9 days 9.2 8
biosynthesis . .
Sodium citrate

As shown in Table 8, decreasing the temperature from 400 to 25°C, increasing the
processing time up to 9 days, and slightly decreasing the pH of the reaction from 10-11
to 9.2, leads to a decrease in the HA crystallite size from 42 to 8 nm. Although all the
above four factors seem to influence the HA crystal size, Shi reported that the
temperature must have an important influence on the crystal growth and consequently

the crystallite size of HA taking into consideration the equation 13 [154]:

E
Crystal growth rate W enp|——
[ kT'J (13)

where E, = activation energy, k = reaction rate constant, and T = temperature [154].

In the current studies, the hydrothermally derived HA samples (S5 and S6) were
produced at higher temperature and had larger crystallite size than that of the chemical
precipitated HA (S15). The effect of temperature on the HA crystallite size was also
investigated by other authors, who observed similar changes in the crystallite size [36,
148]. For example, Prakash and co-workers found that during an acid-base reaction
precipitation of HA increasing the reaction temperature from 45 to 100°C resulted in an
increase in the crystallite size and the degree of crystallinity of the produced HA,
evidenced by XRD [36]. As reported by Mobasherpour and co-workers, the crystallite

size of HA produced by a precipitation method increased with increasing the
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heat-treatment temperature from 100 to 1200°C [148]. Furthermore, Kothapalli and
co-workers also suggested that increasing the reaction precipitation temperature
induced an increase in the HA crystallinity, as indicated by the increased peak intensity

in the XRD patterns of HA [33].

The biological HA produced during the present work should be considered however a
different case, due to its unique apatite formation mechanism. As described in 2.1.3, the
biological HA was precipitated and obtained at the surface of bacteria via a complicated
biological process that involved feeding of different substances at fixed quantities and
therefore the size and the degree of crystallinity of the biological HA would be expected
to be more dependent on the conditions of the biological process [26, 155]. In addition,
it is generally accepted that the biological apatite crystal size is always smaller than the

crystal size of the synthetic apatite.
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3.1.2. FTIR spectroscopy studies

Figure 26 shows the FTIR spectra of four HA samples prepared by using three different
preparation methods. The absorption band positions and their assignments are
summarized in Table 9. As observed in Figure 26, the two intense absorption bands that
appear at 1029 and ~1095 cm™ are due to the stretching vibration mode V3 of P-O,
whereas the absorption band that appears at 963 cm™ is associated with the stretching

vibration mode Vv, of P-O [36, 156-158].

56 Hydrothermal HA, CalFP = 142 UL
o A—

58 Hydrothermal HA, CalP = 1.39

520: Biological HA

515 Precipitated HA

I ! I ! I ! I ! I ! I ! I ! I
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Wavenumber (cm™)

Figure 26: FTIR spectra of four different HA samples: (S15) chemical precipitated HA,
(S20) biological HA, (S5) hydrothermal HA, Ca/P = 1.39, (S6) hydrothermal HA, Ca/P
=1.42.

The doublet present at around 601-561 cm’! is attributed to the O-P-O bending mode vy,
whereas a small band at around 470 cm™ is ascribed to the O-P-O bending mode v; [36,

156-158].

As shown in Figure 27 (a) and (b), the stretching and libration mode of OH™ appear at
3571 and 634 cm™, respectively [20, 36, 148, 157] and are observed in all cases, except
of S20, the biological HA sample. A similar FTIR spectrum of biological HA was

reported by Sammons and co-workers, who also observed the lack of the OH' stretching
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and libration mode in the spectrum of biological HA [156].
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Figure 27: FTIR spectra of four different HA samples (a) in the region of 3800-2800
cm-1 and (b) in the region of 700-450 cm.

In the case of biological HA, S20, the HA structure is slightly different compared to the
synthetic HA most likely due to the presence of CO3” ions in the OH™ column site,
evidenced by the presence of the characteristic bands at 1562 and 1582 cm™ associated
with A-type CO5> [158]. In addition, the absorption bands at around 878 cm™ and in the
region of 1411-1450 cm™ that are observed in all cases, are assigned to B-type COs>
vibration mode v, and v3 [113, 159, 160]. It is suggested that a certain amount of Cng'
ions are also present in the PO, tetrahedra within the HA structure [83, 120]. Due to
the lack of CO5* sources during the synthesis of all HA samples under study with the
exception of hydrothermal HA, the incorporation of COs” ions into the HA structure for
the HA samples is caused probably by carrying out all the experimental steps in air
[106], and hence the amount of the incorporated COs> ions are expected in small

quantities. In the case of S20, the presence of both A-type and B-type COs> however is
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expected to be originated from the biological process during bio-mineralisation. The
hydrothermal HA on the other hand, exhibits a small amount of CO;* most likely
because of impurities contained in the starting materials as they were not degassed prior

to use them.

The broad asymmetric bands in the range of 3431 to 3010 cm™ together with an
absorption band centred at approximately 1634 cm™ are assigned to the presence of
adsorbed water molecules on the HA crystallite surface [158, 161] and are observed in
all samples. As observed in Figure 27 (a), such water bands are particularly large in the
case of S15 and S20 reflecting probably the lower reaction temperatures used during
the synthesis of precipitated HA and biological HA [89, 133], in contrast with the
hydrothermally derived HA samples.

The FTIR spectra of all four different HA samples in the region from 900 to 800 cm™
are shown in Figure 28. As observed in Figure 28, a common absorption band at around
878 cm™ is present in all cases, whereas two additional bands at 826 and 831 cm™ are
only present in the case of S15, the precipitated HA sample. Raynaud and co-workers
suggested that the absorption bands at 820 and 1380 cm™ were attributed to the
presence of residual nitrate groups [152]. Similarly, Kannan and co-workers indicated
that the band at 875 cm™ can be assigned to the presence of nitrates and other residual
species, such as NO;™ and NHy4", which were possibly originated from precursors or

reactants used during the synthesis [161].

SB: Hydrothermal HA, CalP = 142

55 Hydrathermal HA, Ca/P = 1.39

S20: Biological HA
515 Precipitated HA
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Figure 28: The FTIR spectra of four HA samples in the region of 900-800 cm'".
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Considering the presence of a band at approximately 1384 cm™ observed in the case of
S5, S6 and S15, in addition to the bands at around 871 or/ and 831, and 826 cm™', one
can suggest that nitrates or other residual species, such as NOs;” and NHy4", are likely to
be present in the HA structure. It is interesting to mention, that the absorption band at
around 871 cm™ has been also assigned to the presence of CO3” substitution [151, 152,
162]. Raynaud and co-workers reported that the band at 875 cm™ was ascribed to the
presence of HPO4>, which suggested the formation of calcium deficient HA [152, 162].
Siddharthan and co-workers reported that the conversion of HPO,* to P,O,* was
occurred when the HA sample was heat-treated above 200°C shown by the appearance
of a band at 725 cm™ [151]. Raynaud and co-workers further reported that P,O;* band
appeared at 720 cm” when the HA sample was heat treated at 400°C [152]. In the
present work, an absorption band at around 871 cm™ is observed in all samples.
Considering, that the hydrothermally synthesized HA samples do not exhibit a band at
725 cm’ assigned to the presence of PO, it is suggested that most likely the band at
around 871 cm' is attributed to the presence of C032' ions or/ and nitrates and other
residual species in the apatite structure without of course ruling out the possibility that a
small amount of HPO4> groups might be present, especially in the case of S15 and S20.
The presence of HPO,> groups in the case of S20 was also confirmed by Sammons and
co-workers, who reported a similar peak at 870 cm™ assigned to HPO4” in a biological
HA sample [156].

It is also worth noticing, that three additional bands at 2851, 2924, and 2964 cm are
present in the biological HA sample (S20). Similar bands were also observed in the
FTIR spectra of the biological HA samples synthesized by Sammons and co-workers
[156]. Li and co-workers suggested that the band at 2880 cm™ can be assigned to the
CHj; stretching vibrations in poly-ethylene-glycol (PEG) [113], and therefore the above
mentioned three additional bands observed in the FTIR spectrum of S20 were initially
considered as vibrations originated by organic elements present on the bacterial cell
walls. However, Sammons and co-workers sintered the bacterially derived HA sample
at 1200 C°, but the bands around 2940 cm™ were still present [156]. It was expected that
at 1200°C all organic elements would not be present indicating that the peaks around
2940 cm™ are unlikely to be due to the presence of organic elements. Further

investigation is required in order to assign these bands in the biological HA (S20).
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Table 9: Assignment of the main peaks in the FTIR spectra of (S15) precipitated HA, (S20) biological HA, (S5) hydrothermal HA, Ca/P = 1.39 and
(S6) hydrothermal HA, Ca/P = 1.42.

S15: Precipitated HA

S20: Biological HA

S5: Hydrothermal HA,

S6: Hydrothermal HA,

Assignment

Reference

Ca/P = 1.39 Ca/P =142
470 470 476 476 O-P-O bending mode v, [36, 156-158]
561-601 568-601 561-601 561-601 O-P-O bending mode v, [36, 156-158]
634 - 634 634 OH' libration mode 20, 36, 148, 157]
B-type COs™ vibration [113, 159, 160]/ [152,
878 878 871 871
mode v, / HPO,* 156, 162]
P- tretchi ibrati
963 963 963 963 O stretching vibration 36, 156-158]
mode Vv,
826, 831, 878, 1378 - 871, 1384 871, 1384 Residual nitrate [152, 161]
P- tretchi ibrati
1029, ~1095 1029, ~1095 1029, ~1095 1029, ~1095 O stretching vibration 36, 156-158]
mode V3
2 . .
~1443 1411-1450 1424-1483 1424-1469 B-type CO5™ vibration [113, 159, 160]
mode V3
A-type CO;” vibrati
] 1562, 1582 ; ] ype L vibration [158]
mode
1634, 3010, 3188, 3431 1654, 3424 1641, 3424 1634, 3431 Adsorbed water [158, 161]
- - 2359 - CO, in air [106]
) 1851 ] ] CH; stretching vibration [113]
mode
3571 - 3571 3571 OH stretching mode 20, 36, 148, 157]
- 2924, 2964 - - Unassigned

60




3.1.3. Raman spectroscopy studies

Figure 29 shows the Raman spectra of three HA samples prepared by using two
different methods. The Raman peak positions and their assignments are summarized in

Table 10.
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24000 H
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56 Hydrothermal HA, Ca/lP =142
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Figure 29: Raman spectra of three different HA samples: (S15) precipitated HA, (S5)
hydrothermal HA, Ca/P = 1.39, (S6) hydrothermal HA, Ca/P = 1.42.

The characteristic Raman peak of HA was reported to be present in the region between
963 and 961 cm™, assigned to the v; PO4> mode [10, 121]. Similar peak at around 963
cm’' is observed for all three HA samples S5, S6 and S15. In addition, three other PO
modes are present in the region of 450-400 cm™ (PO4" v2), 1076-1028 cm™ (PO4 v3),
and 610-579 cm™ (PO, v4) [10, 121], which also appear in Figure 29 for all samples.
The above observations tend to agree with the XRD and FTIR data suggesting that the
above samples generally exhibit a HA structure. Penel and co-workers pointed out that
the Raman peak at 1070 cm™ was not able to be assigned to the PO4” v3 mode solely, as
the A-type and B-type CO3> mode V| was also present at a similar peak position at 1107
and 1070 cm™, respectively [121]. Considering the above, one can say that a small

amount of COs> inclusions are possibly present in all three cases, suggested by the
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appearance of FTIR peaks at around 878 cm™ and 1411-1450 cm™ in Figure 26. Hence,
the Raman peak at around 1076 cm™ observed in all HA samples can be assigned to
both PO43' vz mode [10, 121] and B-type C032' vi mode [121], in the current Raman

studies.

Smith and co-workers [163], reported two weak peaks at 763 and 694 cm™ that were not
possible to be assigned and were observed also in the case of the synthetic apatite S15.
A weak Raman peak at around 716 cm™ was also observed in the case of S15. However,
similar peaks at around 690, 716, and 751 cm™' were also present in the precipitated
carbonate-containing apatite samples with the CO3> concentration ranging from 6.4 to
12.4 wt%, as well as the human enamel sample, observed by Nishino and co-workers,
who actually suggested that the appearance of the above peaks in the laser-Raman
spectra were clearly due to the COs> mode V4 vibrations [164]. In the current study, the
Raman peak at around 716 cm™ corresponding to COs> ions was only observed in the
case of S15, and therefore it could be recognized as a typical COs> peak of the HA
samples that were exclusively prepared by using a chemical precipitation method as it

can be shown in Figure 29.
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Figure 30: The Raman spectra details of three HA samples in the domain of the PO,>

mode V.

De Mul and co-workers indicated that the Raman peak width in the v; PO,> mode at
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963cm™ is a function of the overall COs*concentration in the apatite samples [82].
Therefore, the amount of COs> inclusions in the three HA samples can be evaluated, by
comparing the peak width of the v PO4> mode, as shown in Figure 30. It is clear, that in
the case of S15 the bandwidth at 963 cm™ is much larger compared to the bandwidth of
the other two HA samples, indicating that most likely S15 exhibits a higher CO5>
content compared to the other two hydrothermally synthesized HA samples (S5 and S6)
[82]. In addition, De Aza and co-workers suggested that the crystallinity of the
materials tested was directly dependent on the Raman peak intensities and the width (a
sharper peak indicates higher degree of crystallinity) [165]. In this work, the Raman
peak intensities seem to be higher in the case of S15 than in the case of S5 and S6
indicating therefore, that S15 should have higher degree of crystallinity. This however
is not in good agreement with the XRD data that show clearly that S15 exhibit broader
peaks of lower intensity compared to the other two HA samples. As reported by
Dorozhkin, the structure of the apatite crystals is actually consisted of four different
hierarchical levels and the XRD technique is only able to detect the second level,
described as X-ray coherent scattering blocks with a size of 50-80 nm [166]. In this case,
the lower intensity XRD peaks of S16 might reflect the higher degree of the overall
apatite crystal imperfection induced by the higher COs> concentration or even the
smaller crystal size. Hence, the Raman observations in this work can be in alignment

with the XRD results.

Table 10: Peak assignment of Raman spectra for (S15) precipitated HA, (S5)
hydrothermal HA, Ca/P = 1.39, and (S6) hydrothermal HA, Ca/P = 1.42.

S15: Precipitated 5% >
HA Hydrothermal Hydrothermal Assignment Reference
HA, Ca/P=1.39 | HA, Ca/P =142

430, 446 428, ~446 431, ~450 PO.* mode v, [10, 121]
578, 594, 610 ~579, 591, ~609 579, 592, 608 PO, mode v, [10, 121]
961 963 963 PO, mode v, [10, 121]
1048, 1076 1048, 1076 1028, 1047, 1076 PO, mode v, [10, 121]

1076 1076 1076 B-site CO;> mode v, [121]

~716 - CO;> mode v, [164]
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3.1.4. *'P MAS-NMR spectroscopy studies

Figure 31 shows the *'P MAS-NMR spectra of four HA samples prepared by using
three different methods. The *'P chemical shifts and their peak width at half maximum

(FWHM) are listed in Table 11.

31

56 Hydrothermal HA, CalFP = 142

55 Hydrothermal HA, Ca/P =1.39

. ‘kED: Biological HA .

515 Precipitated HA
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g0 40 20 ] -20 40 -60

Chemical shift (ppm)

Figure 31: 31P MAS-NMR spectra of four different HA samples: (S15) precipitated
HA, (S20) biological HA, (S5) hydrothermal HA, Ca/P = 1.39, (S6) hydrothermal HA,
Ca/P = 1.42. The side bands are indicated by e

In the case of the chemical precipitated S15, the very intense peak at 2.9 ppm is due to
phosphorus in an orthophosphate environment typical for HA as reported by Miquel
and co-workers [167]. All samples exhibit a similar peak suggesting that phosphorus is
present in a similar orthophosphate environment. Only small differences in terms of
peak width and peak height can be noticed among these four HA samples and the
FWHM of the above HA samples are listed in Table 11. As shown in Table 11, the
hydrothermally derived S5 and S6 HA samples show the smallest FWHM, whereas the
biological HA (S20) exhibits the largest FWHM and the chemical precipitated HA
sample S15 exhibits an intermediate FWHM. As suggested by Miquel and co-workers,

two reasons could cause the increase in the peak width of the *'P MAS-NMR spectra of
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the apatite samples: (1) a disordered P environment of apatite due to the calcium
deficient apatite structure; (2) a low degree of crystallinity of the apatite materials [168].
In addition, Jager and co-workers reported, that decreased crystallite size could also

result in an increase in the peak width [169].

In this work, the smallest FWHM was observed for the hydrothermally derived HA
samples (S5 and S6) and is possibly due to the larger crystallite size associated with the
higher degree of crystallinity. In the contrary, the other two HA samples exhibit smaller
crystallite size demonstrated by the XRD graphs and the larger FWHM in the *'P
MAS-NMR spectra of both biological HA (S20) and chemical precipitated HA (S15),
associated with lower degree of crystallinity. The >'P MAS-NMR peak broadening
observed in the case of S15 and S20 is possibly caused by a disordered P environment,
due to the calcium deficiency in the apatite structure, suggested by Miquel and
co-workers [168]. Miquel and co-workers also reported that the presence of calcium
deficiency in the apatite structure could be originated from the presence of HPO,*
groups, evidenced by a peak at 7 ppm in the "H MAS-NMR spectrum of a calcium
deficient HA sample [168]. The FTIR results presented in paragraph 3.1.2 showed that
most likely all HA samples might be calcium deficient as they all contain a small
amount of HPO,”, evidenced by the presence of an FTIR band at around 878 cm™.
Furthermore, the presence of HPO4” in the case of the biological S20 was also
confirmed by Sammons and co-workers, who reported an HPO,> FTIR peak at 870

cm’ in a similar biological HA sample [156].

The local apatite structure, in other words differences in the apatite lattice would have
an effect also on the chemical shift in the >'P MAS-NMR spectra. In Table 11 one can
observe, that the chemical shift of the hydrothermal Ca deficient apatites is lower
compared to both chemical precipitated and biological apatites with the biological
apatite having the highest chemical shift. Miquel and co-workers reported, that the
stoichiometric HA has a chemical shift of 2.9 ppm [168], (in good agreement with the
data presented in this work) whereas the deficient HA and the poorly crystallized
hydroxyapatite have a chemical shift of 3.0 and 3.3 ppm, respectively. The chemical
shift of the Ca deficient hydrothermal apatite samples reported here was 2.7 and 2.8
lower than the values reported in the literature for Ca deficient apatites [170] however,

the biological apatite that is considered to be poorly crystallized as well as it contains a
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higher amount of CO;” and most likely is calcium deficient exhibited a chemical shift

(3.3 ppm) considerably higher than the other HA samples. The latter is in good

agreement with the values reported for poorly crystallized HA in the literature [168]. It

is worth mentioning, that generally the COs> substitution and lower degree of

crystallinity can push the chemical shift in >'P MAS-NMR spectra to higher ppm values

[170].

Table 11: *'P MAS-NMR chemical shift and the peak width at half maximum (FWHM)
of four HA samples: (S15) precipitated HA, (S20) biological HA, (S5) hydrothermal
HA, Ca/P = 1.39, and (S6) hydrothermal HA, Ca/P = 1.42.

Sample Description Chemical shift (ppm) FWHM (ppm)
S15 Precipitated HA 2.9 1.65
S20 Biological HA 3.3 2.89
35 Hydrothezmlla?ngA, Ca/P o 111
36 HydrothezmllaizHA, Ca/P 27 111
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3.2. Effect of Zinc substitution on the apatite structure

3.2.1. X-ray diffraction studies

Figure 32 shows the powder XRD patterns of a hydrothermal HA sample (S5) and a Zn
substituted HA sample (S7). As described in paragraph 3.1.1, the XRD peaks in the case
of S5 are assigned to the single HA phase. By introducing 2.6 wt% of Zn, no major
differences are observed in the XRD pattern of S7 indicating that the apatite crystal
lattice has not been affected by the presence of 2.6 wt% of Zn. This is in good
agreement with the published literature [87-89, 126]. Miyaji and co-workers reported

that the HA structure can tolerate up to 15 mol% of Zn substitution [88].
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Figure 32: Powder XRD patterns of (S5) hydrothermal HA, Ca/P = 1.39 and (S7)
hydrothermal HA, Zn = 2.6 wt%.

In addition, they also indicated that within the substituting limits of Zn in HA structure,
the crystallite size and crystallinity of apatite was decreased with increasing Zn
concentration [88]. Although little differences can be found in the XRD patterns of S5
and S7 (the intensity of the peak at 26=32.89 is increased in the case of Zn substituted
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apatite), the crystal size seems to be very similar as shown in Table 12.

Table 12: Extrapolated Zn substitution, phase identification, and crystallite size of (S7)
hydrothermal HA, Zn = 2.6 wt%, and (S5) hydrothermal HA, Ca/P = 1.39.

Extrapolated Zn Phase Crystallite size
Sample substitution (wt%o) in the . oo y
solid phase identification (nm)
S5 - HA 42
S7 2.6 HA 43

Bigi and co-workers [87] reported that Zn can be also located on the apatite crystal
surface or present in the amorphous phase. Considering that no obvious changes were
observed in the XRD pattern of the Zn substituted sample, it is likely that the Zn
substitution in the lattice is either very small or almost negligible. Another possibility is
that Zn has not entered the HA lattice and is present only on the hydrated layer of the

apatite surface or within the amorphous phase [87].

3.2.2. FTIR spectroscopy studies

Figure 33 shows the FTIR spectra of the S5 hydrothermal HA sample and the S7 Zn
substituted HA sample. The absorption band positions and their assignments are
summarized in Table 13. As discussed previously in paragraph 3.1.2, the FTIR peaks
present in the spectrum of S5 are generally assigned to HA, due to the presence of four
PO, vibration modes at: 963 (PO,>” mode v;), 470 (PO,>” mode V,), 1029 and ~1095
(PO4" mode v3), and 601-561 cm™ (PO, mode v4) [36, 156-158], as well as the
presence of OH stretching and libration modes at 3571 and 634 cm™, respectively [20,
36, 148, 157]. A small fraction of CO;s™ is also present indicated by the B-type CO3™
vibration modes V; and V5 at 871 and 1424-1483 cm’! [113, 159, 160].
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Figure 33: FTIR spectra of (S5) hydrothermal HA, Ca/P = 1.39 and (S7) hydrothermal
HA, Zn = 2.6 wt%.

The addition of 2.6 wt% Zn into HA results in the appearance of a new broad peak in
the region of 1517-1306 cm™ and two additional water bands at around 3155 and 3037
cm’. A new very small almost negligible peak at 831 cm™ is also present. No other
significant change was observed. According to Raynaud and co-workers, the peaks at
820 and 1380 cm™' can be assigned to residual nitrate groups [152]. Hence, the new
band appeared at 831 cm™ and the intensive band centred at 1384 cm™ in the region of
1575-1279 cm™ in the case of S7, can be attributed to the incorporation of more nitrates
in the apatite structure during the hydrothermal process. It has been also reported, that
the COs* mode Vs is present in the region of 1570-1410 cm™ [114], and therefore it
might overlap with the band in the region of 1575-1279 cm™', which is already ascribed
to the presence of residual nitrates [151, 152], as described above. In the case of S7, it is
very likely that CO5™ is present especially when the CO3> mode v, at 871 cm™ is also
present in the FTIR spectrum [114].
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Table 13: Explanation of the FTIR spectra for (S5) hydrothermal HA, Ca/P = 1.39, and
(S7) hydrothermal HA, Zn = 2.6 wt%.

S5: Hydrothermal | S7: Hydrothermal
HA, HA, Assignment Reference
Ca/P=1.39 Zn = 2.6 wt%
: [36,
476 470 0O-P-O bending mode v, 156-158]
. [36,
561-601 561-601 0O-P-O bending mode V4 156-158]
e [20, 36,
634 634 OH’ libration mode 148, 157]
2 L [113, 159,
871 871 B'trylﬁfdecfl)j HVI}lgazt.‘on 1601/ [152,
2 4 156, 162]
P-O stretching vibration [36,
963 963 mode Vv, 156-158]
871, 1384 831, 871, 1384 Residual nitrate [152, 161]
. P-O stretching vibration [36,
1029, ~1095 1029, 1102 mode vs 156-158]
7o . .
14241483 1517-1306 B-type COs™ vibration [113, 159,
mode V3 160]
1641, 3424 1634, 3037,3155 Adsorbed water [158, 161]
2359 - CO; in air [106]
] . [20, 36,
3571 3571 OH’ stretching mode 148, 157]

It is also worth mentioning that both case of S5 and S7 are suspected to contain minor
amount of HPO42', as similar FTIR peak at 875 cm’! has been assigned to HPO42',
reported by Raynaud and co-workers [152, 162]. Furthermore, the two additional bands
at 3155 and 3037 cm’ indicate that in the case of S7 water molecules are adsorbed on

the apatite crystal surface [158, 161].

3.2.3. Raman spectroscopy studies

Figure 34 shows the FTIR spectra of HA sample (S5) and the Zn substituted HA sample
(S6). The Raman peak positions and their assignments are summarized in Table 14. As
observed in Figure 34, in the case of S5, four PO, vibration modes are present at 961
(vi POs mode), 450-400 (v, PO mode), 1076-1028 (v; PO,>” mode) and 610-579
cm” (v4 PO, mode) [10, 121], respectively. The 2.6 wt% of Zn substitution did not
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result in significant changes in the case of S7, indicating that the apatite structure can
tolerate the presence of 2.6 wt% Zn, and hence supporting the XRD observations

reported above.

10000
8000
S 5000 4 ST: Hydrothermal HA, Zn = 2.8 wt% W
[y
_@‘ i
w
=
& 40004
=
2000 - 35 Hydrathermal HA, Ca/P = 1.39 W
0
' I ' I ' I ' I ' I ' I
200 400 600 800 1000 1200 1400

Raman shift (cm™)

Figure 34: Raman spectra of (S5) hydrothermal HA, Ca/P = 1.39 and (S7)
hydrothermal HA, Zn = 2.6 wt%.

In the case of S5 and S7 a small fraction of COs* might be present due to the
appearance of a peak at 1076 cm™ which although it has been already assigned to the
PO, mode v; [10, 121] it can overlap with the peak assigned to B-type CO3* v,
vibration mode [121]. This is also supported by the FTIR spectra that exhibited two
peaks at 1570-1410 and 871 cm™ (Figure 33) corresponding to the CO;> mode v; and v,
[114] as described above in paragraph 3.2.2. In order to compare the amount of the
COs” content present in the case of S5 and S7, the details of the Raman peak at 963

cm'l, corresponding to the PO43 “mode Vv;[10, 121], is represented in Figure 35.

As observed in Figure 35, in the case of S7 there is a larger FWHM of the Raman peak
in the PO4” mode v, compared to the FWHM of the same peak in the case of S5
indicating that S7 contains a higher amount of CO5>” compared to S5 [82]. In addition, it
is noticed that the Raman peak intensity is lower in the case of S7 than in the case of S5

indicating that S7 exhibits also a lower degree of crystallinity [165]. This is in good
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agreement with Miyaji and co-workers who reported that the degree of crystallinity of

apatite decreases with increasing the Zn content [88].
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Figure 35: PO,> mode v, in the Raman spectra of two HA samples: (S5) hydrothermal
HA, Ca/P =1.39 and (S7) hydrothermal HA, Zn = 2.6 wt%.

Table 14: Explanation of the Raman spectra for (S5) hydrothermal HA, Ca/P = 1.39

and (S7) hydrothermal HA, Zn = 2.6 wt%.

S5: Hydrothermal | S7: Hydrothermal Assignment Reference
HA, Ca/P=1.39 | HA, Zn=2.6 wt%
428 430, ~448 PO,> v, mode [10, 121]
592 578, 592, ~608 PO4” v, mode [10, 121]
963 963 PO, v; mode [10, 121]
1047, 1076 1047, 1076 PO, v3 mode [10, 121]
1076 1076 B-site CO5;” mode v, [121]
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3.2.4. *'P MAS-NMR spectroscopy studies

Figure 36 shows the *'P MAS-NMR spectra of HA sample (S5) and the Zn substituted
HA sample (S7). The *'P chemical shift and the peak width at half maximum for each

sample are listed in Table 15.
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Figure 36: *'P MAS-NMR spectra of (S5) hydrothermal HA, Ca/P = 1.39 and (S7)
hydrothermal HA, Zn = 2.6 wt%. The side bands are indicated by e

From Figure 36 it is clear, that both samples have phosphorus in an orthophosphate
environment as expected. Comparing the chemical shift of S7 with S5 it is worth
noticing, that the main phosphorus peak for S7 appears at 2.6 ppm, only a few ppm
lower than the peak for S5. Fujii and co-workers reported a similar observation when
they looked at the Zn substitution in precipitated HA [126]. In this work, although we
noticed a decrease in the chemical shift in the case of Zn substituted apatite, we did not
notice a decrease in crystallinity as the FHWM is the same for both samples. On the
other hand, it has been reported that the degree of crystallinity in Zn substituted apatites
decreases with increasing the Zn content [88, 89]. In addition, the crystal size seems to
decrease with Zn substitution [87-89]. In the present work however, we did not notice
any evidence of decrease in the crystallinity of the Zn substituted apatite. As mentioned

above, even the XRD pattern of the Zn substituted apatite is similar to the control HA
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sample. This points to the conclusion, that Zn substitution is either very small or Zn

substitution did not take place at all during the hydrothermal process and Zn is located

on the surface of the apatite crystals. It has been reported, that Zn substitution by the

hydrothermal process is more difficult than substitution by other chemical methods [89].

Li and co-workers reported that the measured amount of zinc in Zn substituted apatites

was much smaller than the amount of zinc used during the hydrothermal process [89].

Table 15: *'P MAS-NMR chemical shift and peak width at half maximum (FWHM) of
two hydrothermal HA samples: (S5) Ca/P = 1.39, and (S7) Zn = 2.6 wt%.

Sample Description Chemical shift (ppm) FWHM (ppm)
Hydrothermal HA,
S5 Ca/P = 1.39 2.8 1.11
Hydrothermal HA,
S7 =26 wi% 2.6 1.11
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3.3. Effect of Magnesium substitutions on the apatite

structure

3.3.1. X-ray diffraction studies

Figure 37 shows the powder XRD patterns of five HA samples with different Mg
substitutions. Both S5 and S1 exhibit the characteristic XRD pattern of HA. This
suggests that the presence of 0.7 wt% Mg in the case of S1 does not disturb the apatite
structure and substitutes Ca successfully. This is in good agreement with reported
Rietveld XRD analysis, that defines the substitution limit of Mg for Ca(II) in the apatite
structure around10 atom% [129, 171].
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Figure 37: Powder XRD patterns of hydrothermal HA samples with different Mg
substitutions: (S5) Ca/P = 1.39, (S1) Mg = 0.7wt%, (S2) Mg = 1.6wt%, (S3) Mg =
5.8wt%, (S4) Mg = 9.1wt%.

In the case of S2 as Mg substitution increased to 1.6 wt%, two phases were observed;
HA and Mg-whitlockite (Ca;sMg,H(PO4)14). The phase composition of S2 was

calculated according to Equation 12 and is presented in Table 16. The formation of
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Mg-whitlockite in the case of S2 indicates that the degree of Mg substitution in the
apatite lattice is very small and that increasing the Mg content results in inhibiting the
CaMg-HA formation and favouring the formation of Mg-whitlockite. Unfortunately,
there is no available literature on Mg substituted apatites formed by a hydrothermal
method but it seems that chemical precipitation methods are a better approach to form
Mg substituted apatites. For example, Yasukawa and co-workers claimed that
CaMg-HA particles could be received by a chemical precipitation method up to a limit
where Mg/(Mg+Ca) < 0.31 [93]. They also claimed that cations larger than Ca could
occupy the cation (II) sites in the apatite lattice, whereas the smaller cations like Mg
preferred the cation (I) sites [93, 172]. The main reason for this was that the nearest
distance between cation (I) sites was smaller than that between cation (II) sites [93,
172]. On the other hand, Bigi and co-workers conducted Rietveld structure refinement
in Mg substituted HA produced by a chemical precipitation method and reported that
the degree of Mg substitution for Ca in the apatite structure could be at a max 10 atom%
and that Mg substituted Ca preferentially in the Ca(Il) sites of the apatite lattice [129].
They also reported, that the broadening of the diffraction peaks increased with
increasing the total Mg content in the solid phase which was always significantly higher
than the amount incorporated in the HA structure and the excess of Mg was located

either in the amorphous phase or on the surface of the apatite crystal [129].

Table 16: Measured Mg substitution, phase compositions, and crystallite size of 5
hydrothermal HA samples with different Mg substitutions: (S5) Ca/P=1.39, (S1) Mg =
0.7wt%, (S2) Mg = 1.6wt%, (S3) Mg = 5.8wt%, (S4) Mg = 9.1wt%.

Measured Mg Crystallite size
Sample | substitution (Wt%b) Phase composition y
. . (nm)
in the solid phase
S5 - HA 42
S1 0.7 HA 33
81 wt% HA 43
S2 1.6
19 wt% Mg-whitlockite 37
S3 5.8 Mg-whitlockite 18
S4 9.1 Mg-whitlockite 16

Increasing further the Mg substitution to 5.8 wt% and 9.1 wt% (S3 and S4,
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respectively), it results in the formation of a single Mg-Whitlockite phase. The intensity
of the peaks decreases and the peaks appear broader. This can be due to the decrease of
the crystal size with increasing Mg substitution as shown in Table 16. This is in good
agreement with Bigi and co-workers who also found a decrease in the degree of
crystallinity and crystallite size in the Mg substituted apatites [92]. It is worth noticing,
that in the case of S2 the crystal size of the HA phase is similar to the crystal size
observed in the case of S5. It is possible, that in the case of S2, Mg would preferably
form Mg-Whitlockite and would not substitute Ca in the apatite phase and therefore the
crystal size of the HA phase would remain similar to the pure HA phase in S5.

3.3.2. FTIR spectroscopy studies

Figure 38 shows the FTIR spectra of five HA samples with different Mg substitutions.
The absorption band positions and their assignments are summarized in Table 17. As
described in paragraph 3.1.2, S5 exhibits only one phase (HA), which contains a small
amount of CO5> most likely B-type CO5™.

34: Hydrothermal HA, Mg = 9.1 wt%

53: Hydrothermal HA, Mg =5 8 wt%

52 Hydrothermal HA, Mg = 1.6 wt%

51 Hydrothermal HA, Mg = 0.7 wit%

S8 Hydrothermal HA, CalP = 1.29

P —

I T T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Figure 38: FTIR spectra of five HA hydrothermal samples with different Mg
substitutions: (S5) Ca/P = 1.39, (S1) Mg = 0.7wt%, (S2) Mg = 1.6wt%, (S3) Mg =
5.8wt%, (S4) Mg =9.1wt%.
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Increasing the Mg substitution to 0.7 wt% (sample S1), all the FTIR absorption bands
are present at similar positions as the absorption bands in the case of S5. This indicates
that 0.7 wt% Mg substitution did not induce any significant change in the apatite
structure of S1. Increasing the Mg substitution to 1.6 wt% (sample S2), the FTIR bands
assigned to the four PO,> modes appear at similar wavenumbers as these in S5 and S1.
However, a reduction in the resolution at around 634 cm™ assigned to OH™ libration
mode [20, 36, 148, 157] is observed in the case of S2. Such observations may reflect the
formation of Mg-whitlockite in addition to the main phase of HA, as identified by XRD

in paragraph 3.3.1.

Increasing further the Mg substitution to 5.8 wt% (sample S3), the OH libration and
stretching bands at around 634 and 3571 cm™ [20, 36, 148, 157], respectively, disappear
as observed in Figure 43. In addition, the FTIR peaks at around 1029 and 1059 cm’
assigned to PO’ mode v; vibrations [36, 156-158], are gradually merged into a broad
peak centred at around 1062 cm™. These changes imply, that the phase transformation
from Mg substituted apatite to Mg substituted phosphate is completed when Mg content
reaches 5.8 wt%. As Mg substitution reaches 9.1 wt% (sample S4), the FTIR spectrum
of S4 shows a similar pattern to that of S3 but exhibits poorer resolution.

It is generally observed, that the peak broadening is more significant in the case of
higher Mg substitution samples, which suggests that the apatite structure is somehow
distorted by increasing the Mg substitution [106]. In addition, at higher Mg substitutions,
ranging from 5.8 to 9.1, Mg favours the formation of Mg-whitlockite, as observed in the

case of S3 and S4, rather than Mg substituted HA formed in both S1 and S2.
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Table 17: Peak assignment of FTIR spectra for (S5) hydrothermal HA, Ca/P = 1.39, (S1) hydrothermal HA, Mg = 0.7wt%, (S2) hydrothermal HA,

Mg = 1.6wt%, (S3) hydrothermal HA, Mg = 5.8wt%, (S4) hydrothermal HA, Mg = 9.1wt%.

S5 SI: S2: S3: S4:
’ H h I H h I H h I H h I .
Hydrothermal ydrotherma ydrotherma ydrotherma ydrotherma Assignment Reference
HA Ca/P = 1.39 HA, Mg = HA, Mg = HA, Mg = HA, Mg =
’ o 0.7Wt% 1.6Wt% 5.8Wt% 9.1wt%
476 476 476 - - O-P-0 bending mode v, [36, 156-158]
561-601 561-601 561-608 561-608 561-608 0-P-0 bending mode v, [36, 156-158]
634 634 ~634 - - OH’ libration mode [20, 13567’]148’
B-site COj; vibration mode V,/ [113, 159, 160]/
871 875 874 877 876 HPO> [152. 156, 162]
963 963 963 - - P-O stretching vibration mode Vv, [36, 156-158]
871, 1384 871, 1384 871, 1384 ~898, 1384 871, 1384 Residual nitrate [152,161]
1029, ~1095 ~1035, ~1102 ~1035, ~1102 ~1029, ~1128 1062 P-O stretching vibration mode v [36, 156-158]
1424-1483 B-site COs; vibration mode V3 [113, 159, 160]
1641, 3424 1634, 3424 1634, 3418 1634, ~3404 1634, 3418 Adsorbed water [158, 161]
- - - 2371 - CO; in air [106]
2 14
3571 3571 3571 - - OH’ stretching mode [20, 36, 148,

157]
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3.3.3. Raman spectroscopy studies

Figure 39 shows the Raman spectra of five HA samples with different Mg substitutions.

The Raman peak positions and their assignments are summarized in Table 18.
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Figure 39: Raman spectra of five hydrothermal HA samples with different Mg
substitutions: (S5) Ca/P=1.39, (S1) Mg = 0.7 wt%, (S2) Mg = 1.6 wt %, (S3) Mg=15.8
wt%, (S4) Mg = 9.1 wt%.

An intense Raman peak at around 963 cm’! assigned to PO,* mode Vi, known as the
characteristic peak of HA [10, 121] is observed in the spectra of S5, S1 and S2 with Mg
substitution ranging from 0 to 1.6 wt%. This observation is also supported by XRD and
FTIR spectra that showed the presence of a similar apatite phase present in S5, S1 and
S2. It should be noted, that the intensity of the HA characteristic Raman peak in the case
of S1 is very low and the resolution of the peak quite poor. The appearance of a very
low Raman peak intensity in the case of S1 may imply that the degree of crystallisation
in this sample is much lower compared to S2 and S5. In addition, the lower resolution
of the Raman spectrum in the case of S1 may be caused by the high signal to noise ratio.

Better resolved Raman spectra are observed in the case of higher Mg substituted
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samples, ranging from 1.6 to 9.1 wt%. Such change reflects the presence of a new
crystalline phase, Mg-whitlockite formed in the case of S2, S3 and S4. As indicated
also by the XRD results in paragraph 3.3.1, HA and Mg-whitlockite are both present in
the case of S2 and the peak at 963 cm™ assigned to HA appears broader compared to S1
and S5. On the other hand, in the case of S3 and S4, where only Mg-whitlockite is
present as evidenced by the XRD graphs, the intense peak assigned to HA at around 963
cm” now shifts to the higher energy band at 973 cm™. This shift clearly reflects the
phase transformation from Mg-HA to Mg-whitlockite, which is favoured at higher Mg

substitutions.

A general Raman peak broadening is observed in Figure 39, and it is particularly
obvious in the samples with higher Mg substitutions (e.g., S3 and S4), which exhibit the
typical Raman peaks for Mg-whitlockite. A similar Raman peak broadening with
increasing Mg concentration was also reported by Sprio and co-workers, who
suggested that this was an indication for a less ordered structure material [173]. Other
reasons for the Raman peak broadening can be the segregation of Mg outside the HA
lattice [173] or the presence of COs>, as reported by De Mul and co-workers who found
that the Raman peak width in the PO, mode v, was increased with increased CO;>

concentration [82].
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Table 18: Peak assignment of Raman spectra for (S5) hydrothermal HA, Ca/P =1.39, (S1) hydrothermal HA, Mg = 0.7wt%, (S2) hydrothermal HA,

Mg = 1.6wt%, (S3) hydrothermal HA, Mg = 5.8wt%, (S4) hydrothermal HA, Mg = 9.1wt%.

S5 S1: S2: S3: S4:
' Hydrothermal Hydrothermal Hydrothermal Hydrothermal )
Hydrothermal Assignment Reference
HA, Mg = HA, Mg = HA, Mg = HA, Mg =
HA, Ca/P=1.39
0.7wt% 1.6wt% 5.8wt% 9.1wt%
430, 446 - 427 408, ~474 ~409 PO,> v, mode [10, 121]
578,594, 610 - 590 552, 630 ~633 PO,> v4 mode [10, 121]
961 963 963 973 973 PO, v; mode [10, 121]
1048, 1076 - 1046, 1085 1096 - PO, v3 mode [10, 121]
B-site CO32' mode
1076 - - - - [121]

Vi
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3.3.4. *'P MAS-NMR spectroscopy studies

Figure 40 shows the *'P MAS-NMR spectra of five HA samples with different Mg
substitutions. The *'P chemical shifts and their peak width at half maximum are listed in

the Table 19.

34 Hydrothermal HA, Mg = 9.1 wt%

53 Hydrothermal HA, Mg = 5.8 wt%

52 Hydrothermal HA, Mg = 1.6 wt%

51 Hydrothermal HA, Mg = 0.7 wt%

58 Hydrothermal HA, Ca/lP = 1.389
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g0 40 20 a =20 40 60

Chemical shift (ppm)

Figure 40: *'P MAS-NMR spectra of five hydrothermal HA samples with different Mg
substitutions: (S5) Ca/P = 1.39, (S1) Mg = 0.7wt%, (S2) Mg = 1.6wt%, (S3) Mg =
5.8wt%, (S4) Mg = 9.1wt%. The side bands are indicated by e

A single sharp peak at 2.8 ppm assigned to phosphorus in a Q° environment and
attributed to the presence of well crystallised HA [174] is observed in the case of S5.
Increasing Mg substitution to 0.7 wt%, the peak is slightly shifted from 2.8 ppm in the
case of S5 to 2.6 ppm in the case of S1. This indicates that both S5 and S1, exhibit a
similar phosphorus environment. Increasing further the Mg substitution to 1.6 wt%
(sample S2), two peaks appear at 2.4 ppm and -0.3 ppm assigned to a Q° environment in
apatite [174, 175] and Mg-whitlockite, respectively. Aramendia and co-workers on the
other hand, assigned the peak at -0.3 ppm to farringtonite (crystalline Mgz (POs)>)
[176].

From the above it is clear, that the sample S2 is a biphasic sample containing a HA
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phase and Mg-Whitlockite phase as was also confirmed by XRD. By increasing the
Mg substitution to higher levels, an increase in the peak broadening is observed for S3

and S4.

Table 19: *'P MAS-NMR chemical shift and peak width at half maximum (FWHM) of
five hydrothermal HA samples with different Mg substitutions: (S5) Ca/P = 1.39, (S1)
Mg = 0.7wt%, (S2) Mg = 1.6wt%, (S3) Mg = 5.8wt%, (S4) Mg = 9.1wt%.

Sample Description Chemical shift (ppm) FWHM (ppm)

Hydrothermal HA,

S5 Ca/P = 139 2.8 1.11
Hydrothermal HA,

S1 Mg = 0.7wt% 2.6 1.42

30 Hydrothermal HA, 24 1.88

Mg = 1.6wt% -0.3 -

Hydrothermal HA,

S3 Mg = 5.8wt% 1.2 3.99
Hydrothermal HA,

S4 Mg = 9. 1wt% 1.6 6.40

Aramendia and co-workers reported MAS-NMR data on Mg orthophosphate systems
and ascribed the peak at 1.1 ppm in the *'P MAS-NMR spectra of Mg-P systems to
phosphorus in un-calcined Mg3(PO4),-22H,0 [176]. Miquel and co-workers indicated
that the appearance of °'P NMR peak at 1.2 ppm represented one of the three phosphate
species observed in B-TCP (Ca3(PO4),) [168]. Furthermore Wu and co-workers [177]
reported that a peak at around 1.4 ppm was assigned to HPO,” in brushite
(CaHPO42H;0). The FTIR band at around 875 cm’™! observed in all the FTIR spectra
(paragraph 3.3.2) however, was thought to be due to the presence of HPO,> groups and
in support of the above Legeros and co-workers reported that HPO,*” was incorporated
into the HA structure with increasing Mg concentration in the apatite lattice [83]
Therefore, it can be concluded that a certain amount of HPO,4™ is expected to be present

in all samples with Mg substitution ranging from 0 to 9.1 wt%.

Finally, Figure 40 shows clearly that increasing the Mg substitution from 0 to 9.1 wt%,
the peak intensity decreases consistently and the peak width increases. This can be
caused due to an increase in the structure disorder which is likely originated from: (1)

the incorporation of increased HPO,> due to the increase in Mg concentration [83]; (2)
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the increase in the excess Mg content located outside the HA lattice [173]; and (3) the

incorporation of increased COs> inclusions [168].

3.4. Effect of Strontium substitutions on the apatite

structure

3.4.1. X-ray diffraction studies

Figure 41 shows the powder XRD patterns of five HA samples with increased Sr
substitution, ranging from 0 to 100 mol%. As mentioned earlier in paragraph 3.1.1, all
XRD peaks in the case of S16 correspond to HA. As Sr substitution increases from 0 to
100 mol%, two significant changes can be observed: (1) the XRD peaks shift towards to
lower values of 2 theta and (2) the intensity of the XRD patterns is consistently
increased. Both observations are expected as the smaller Ca ion is progressively
substituted by the larger Sr ion in the apatite lattice [95]. Rietveld refinement was
employed in order to confirm the above observations in the case of S16 (25 mol% Sr

substitution) which is shown in Figure 42.

The Ca-Sr-HA sample contains 25 mol% Sr substitution and exhibits a hexagonal
structure (space group of P63/m) and lattice parameters of a=b=9.529 A, and ¢ =6.983
A. Posner and co-workers reported that the lattice parameters of HA are a = b = 9.432
A, c=6.881 A [40]. Comparing the lattice parameters of S16 and the reported HA [40],
the lattice parameters measured for S16 are larger than the reported parameters for HA
indicating that incorporation of Sr into HA leads to the expansion of the original apatite

structure. This is in good agreement with the literature [20, 95].
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Figure 41: Powder XRD patterns of five precipitated HA samples with different Sr
substitutions: (S15) Sr =0 mol%, (S16) Sr =25 mol%, (S17) Sr =50 mol%, (S18) Sr=
75 mol%, (S19) Sr = 100 mol%.
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Figure 42: Rietveld refinement of (S16) precipitated HA, Sr =25 mol%.

The XRD patterns of S15 and S19 in Figure 41 represent patterns of Sr free apatite and
Sr substituted apatite, respectively. The XRD patterns in both cases exhibit
well-defined and sharp peaks, indicating that both S15 and S19 are well-crystalline
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materials. In order to study the effect of Sr substitution on the apatite crystallite size, the

crystallite size of the HA samples with Sr substitution, ranging from 0 to 100 mol%, is

calculated and summarized in Table 20. Peak broadening is observed in the case of

partially substituted samples ranging from 25 to 75 mol% referred as Ca-Sr-HA

samples (S16-S18). The peak broadening noticed in these three Ca-Sr-HA samples is

due possibly to the smaller crystallite size. Similar observations were also reported by

Bigi and co-workers [20].

Table 20: Expected Sr substitution, phase identification and crystallite size of five

precipitated HA samples with different Sr substitutions.

Sample Expecte_d Sr subs_titution _ P_hgse _ Crystallite size
(mol%) in the solid phase identification (nm)
S15 0 HA 16
S16 25 Ca-Sr-HA 11
S17 50 Ca-Sr-HA 10
S18 75 Ca-Sr-HA 11
S19 100 Sr-apatite 22

The relationship between the crystallite size of the apatite samples and the degree of Sr

substitution from 0 to 100 mol% is shown in Figure 43.

Crystallite size (nm)

Figure 43
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: Changes of crystallite size with Sr substitution from 0 to 100 mol%.
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As shown in Figure 43, the crystallite size of apatite is initially decreased with
increasing Sr substitution from 0 to 50 mol%, and then begins to increase as Sr
substitution becomes beyond 50 mol%. A similar observation was reported by Li and
co-workers, who found that the crystallite size of a mixed cation Ca-Sr-HA decreased
as Sr substitution increased from 0 to 15 % [130]. O’Donnell and co-workers reported,
that the smallest crystallite size in a Ca-Sr-HA sample was obtained when Sr
substitution reached 50% [95]. This is in good agreement with the present work as S17
contains 50 mol% Sr and exhibits the smallest apatite crystal size. Small crystal size
normally suggests more disordered apatite structure [95]. Bigi and co-workers reported
that TEM studies confirmed that the morphology of the apatite crystals exhibited
perturbed shapes and less-defined edges when Sr concentration reached 50 mol% [20].
In addition, Bigi and co-workers also reported that both HA and fully Sr substituted
apatite exhibited well defined apatite morphologies, with the latter case comprising of
the largest crystallites [20]. These observations are in good agreement with the present
XRD studies confirming that both apatite samples S15 and S19 are well-crystalline
materials, and the largest crystallite size is indeed obtained in the case of S19 as shown

in Table 20.
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3.4.2. FTIR spectroscopy studies

Figure 44 shows the FTIR spectra of five HA samples with increased Sr substitution
from 0 to 100 mol%. The absorption band positions and their assignments are

summarized in Table 21.

S518: Precipitated HA, Sr= 100 mol%

518 Precipitated HA, Sr = 75 mol%

S517: Precipitated HA, Sr= 50 mal%

S16: Precipitated HA, Sr = 25 mol%

515: Precipitated HA, 3 = 0 mol%
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Figure 44: FTIR spectra of five precipitated HA samples with different Sr substitutions:
(S15) Sr = 0 mol%, (S16) Sr = 25 mol%, (S17) Sr = 50 mol%, (S18) Sr = 75 mol%,
(S19) Sr =100 mol%.

The characteristic HA FTIR peaks appear in the FTIR spectra of all five apatite samples
at 963 cm™ (PO, vy), 470 cm™ (PO4> v,), 1029 and 1095 cm™ (PO,> v3), and 561-601
ecm™ (PO4> vy) [36, 156-158] as well as the OH™ libration and stretching mode at 634
and 3571 cm™ [20, 36, 148, 157] as shown in Figure 44. Increasing the Sr substitution
in the apatite structure, significant changes are observed in the peaks associated with
PO,* and OH groups. As shown in Figure 45 (a) and (b), the v; P-O stretching mode is
downshifted from 963 to 943 cm'l, and the v4 P-O stretching mode is downshifted from
561-601 to 555-588 cm™ with increasing Sr substitution from 0 to 100 mol%. Similar

observations were also made by other authors in the literature [20, 132, 178].
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("I) 519 Precipitated HA,
< Sr=100 mol%

S18: Precipitated HA,

Sr= 75 mal%

S17: Precipitated HA,
Sr=50 mol%

S16: Precipitated HA,
Sr=28 mol%

S14: Precipitated HA,
Sr=0 mal%
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519 Precipitated HA.,
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Sr =50 mol%
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Sr =25 mol%
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Figure 45: (a) The details of the v; P-O stretching mode for HA with Sr substitution in
the range of 0 to 100 mol%; (b) The details of v4 P-O stretching mode HA with Sr
substitution in the range of 0 to 100 mol%.

Fowler reported FTIR studies in a series of apatite samples with different cationic
substitution (Ca, Sr and Ba) [178]. They observed linear downshifts in the internal
PO,>” modes in the apatite samples associated with decreased cationic radii [178]. They
also reported that the observed shift in the PO, modes were mainly due to the
decreased anion-anion repulsion accompanied by increased anion-anion separation
[178]. Similarly, the shift of PO, v; mode and V4 mode to lower wave numbers
observed in the present apatite samples with increasing Sr substitution, reflects the

increase in the cation size in the apatite lattice due to the substitution of Sr for Ca.
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It should be noticed, that with increasing the Sr substitution in the apatite lattice, a new
peak appears at around 1772 cm™ in all Sr containing apatite samples. Considering the
absence of such band in the case of the Sr free sample S15, the appearance of the band
at around 1772 cm™ in all other samples is likely due to the incorporation of Sr into the
apatite lattice using as a chemical reactant Sr(NOj3),. Therefore, the band at around
1772 cm™ in the FTIR spectra could be possibly associated with the presence of a small

fraction of local impurities.

In the spectra of the above precipitated apatite samples the region of 1540-1300 cm™ is
probably associated with the presence of COs”> ions. As reported in the literature [113,
114, 158, 160], the COs> bands are expected to appear in the region of 1580-1400 cm™.
On the other hand, the central band position at around 1384 cm™ can be assigned to
residual nitrate groups [152, 161]. More importantly, a small shoulder observed in the
case of S15 at around 1443 cm™' can be associated with the presence of B-type COz>
groups [113, 159, 160]. Although such an absorption band is not present in the Sr
containing apatite samples (S16-S19), the possibility of the presence of COs” ions in all
the chemical precipitated apatite samples cannot be excluded [114, 179, 180], and more

details are provided in paragraph 3.4.3.
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Table 21: Peak assignment of FTIR spectra for (S15) precipitated HA, Sr =0 mol%, (S16) precipitated HA, Sr =25 mol%, (S17) precipitated HA,
Sr = 50 mol%, (S18) precipitated HA, Sr = 75 mol%, (S19) precipitated HA, Sr = 100 mol%.

S15: Precipitated
HA, Sr = 0mol%

S16: Precipitated
HA, Sr = 25mol%

S17: Precipitated
HA, Sr =50mol%

S18: Precipitated
HA, Sr = 75mol%

S19: Precipitated
HA, Sr = 100mol%

Assignment

Reference

O-P-O bending mode

470 470 470 463 456 } 36, 156-158]
2
_P- i
561-601 561-601 561-601 555-595 555-588 O-P-0 be?/dmg mode |36 156.158]
4
634 553-620 551-625 547-618 535 OH libration mode | [20, 36, 148, 157]
B-site COj; vibration [113, 159, 160}/
1 ~
878 878 87 898 878 mode o/ HPO, [152, 156, 162]
p- hi
963 957 950 949 943 O stretching 36, 156-158]

vibration mode Vv,

831, 878, 1378,

831, 871, 1378,

825, 871, 1378,

831, 878, 1378,

826, 831, 878, 1378 1772 1766 1772 1766 Residual nitrate [152,161]
~1029, ~ P-O stretchi
1029, ~1095 1029, ~1082 ~1029, ~1082 ~1023, ~1075 ) SHCICHng 36, 156-158]
1081, ~1128 vibration mode Vs
A-type/ B-type CO; [113, 114, 159,
~144 1306-1 1292-1542 1292-1582 1292-1
3 306-1556 92-15 92-158 92-1563 vibration mode V; 160, 179, 180]
1634, 3010, 3188 1634, ~3016 1634, ~3010 1634,3016,3148, | 1634, 3015, 3148
b b b b b b b b b b b b b Ad b d t 158 161
3431 3148, 3424 3148, 3424 3437 3424 Sorbed watet [158. 161]
~2371 ~2365 2411 ~2431 ~2378 CO, in air [106]
3571 3576 3576 3582 3589 OH stretching mode | [20, 36, 148, 157]
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3.4.3. Raman spectroscopy studies

Figure 46 shows the Raman spectra of five HA samples with increased Sr substitution
from 0 to 100 mol%. The Raman peak positions and their assignments are summarized

in Table 22.
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516: Precipitated HA, Sr = 25 mol%
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Figure 46: Raman spectra of five precipitated HA samples with different Sr
substitutions: (S15) Sr =0 mol%, (S16) Sr =25 mol%, (S17) Sr =50 mol%, (S18) Sr=
75 mol%, (S19) Sr = 100 mol%.

As shown in Figure 46, in the case of S15 four HA characteristic peaks appear at 961
cm™ (PO4” mode vy), 450-400 cm™ (PO,> mode V,), 1076-1028 cm™ (PO4> mode vs3),
and 610-579 cm™ (PO, mode v4) [10, 121] as it has been mentioned earlier. By
increasing Sr substitution from 0 to 100 mol%, a downshift of the PO,> mode v, from
961 to 948 cm™' is observed. The relationship between the Raman peak positions of
PO,> mode v, with increasing Sr substitution from 0 to 100 mol% is plotted in Figure

47 shown below.
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Figure 47: The changes of the Raman peak positions of v; PO4> with Sr substitution
from 0 to 100 mol%.

In Figure 52, a linear decrease of the Raman peak positions of PO,’ mode v; with
increasing Sr substitution from 0 to 100 mol% is observed. A similar Raman shift was
also noticed by Donnell and co-workers [95], who suggested that the shift was due to
the smaller cation size of Ca being substituted by the larger cation of Sr in the apatite
lattice. This can be explained by the Szigeti relationship [181], as shown in Equation

14.

1 [k
f=;,\£;, (14)

where f is the frequency of vibration, ¢ is the velocity of light in vacuum (2.998x10°
ms™), k is the bond force constant (typically in Nm™) and p is the reduced mass of two
bonding atoms (equal to m;my/ (m; + m;)). It is known that Ca-O and Sr-O have similar
bond enthalpies, which are 402.1 and 425.5 KJ mol™, respectively. The k for Ca-O and
Sr-O is expected to be similar, too. Therefore, when Sr substitutes Ca, p increases and
thus f decreases [95] confirming our FTIR results which support the idea that Sr enters
the apatite lattice.

As briefly discussed in paragraph 3.1.3, the Raman peaks in the region around 713 cm™
appear only in the case of precipitated apatite samples (S15-S19) as shown in Figure 46.
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According to the literature, the peaks that appear at around 690, 716, and 751 cm™ are
associated with CO3> mode vy vibrations [164]. Therefore, it can be suggested, that the
Raman peaks present in the region of 713-737 cm™ in all precipitated apatite samples
can be attributed to the presence of CO32' ions. However, as no C032' source was used
during the synthesis of the above samples, the appearance of the CO3” peaks in the
Raman spectra could be caused by the fact that all experimental procedures were
carried out in air [106]. The above Raman studies support the FTIR results discussed in
paragraph 3.4.2 and confirm the presence of CO;” content in all chemical precipitated

apatite samples.
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Table 22: Peak assignment of Raman spectra for (S15) precipitated HA, Sr =0 mol% (S16) precipitated HA, Sr =25 mol%, (S17) precipitated HA,

Sr = 50 mol%, (S18) precipitated HA, Sr = 75 mol%, and (S19) precipitated HA, Sr = 100 mol%.

S15: Precipitated

S16: Precipitated

S17: Precipitated

S18: Precipitated

S19: Precipitated

HA, Sr =25 HA, Sr=50 HA, Sr=75 HA, Sr =100 Assignment Reference
HA, Sr =0 mol%
mol%o mol% mol% mol%
430, 446 428, ~444 425,438 426, 439 422, 440 PO,* v, mode [10, 121]
~580, 587, ~ 5
578,594, 610 576, 590, 605 576, 584, ~598 ~572, 580, 596 PO4”" v4 mode [10, 121]
602
961 958 955 952 947 PO,” v, mode [10, 121]
1048, 1076 1048 1048 1048 1024, 1048, 1054 PO,> v; mode [10, 121]
1076 - - - - B-site CO;” mode v, [121]
~1716 713 ~718 ~711, ~731 ~1719, 737 CO5” mode v4 [164]
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3.4.4. *'P MAS-NMR spectroscopy studies

Figure 48 shows *'P MAS-NMR spectra of five precipitated HA samples with different
Sr substitutions. The *'P chemical shift and their peak width at half maximum (FWHM)
are listed in Table23.

31P

519 Precipitated HA,

. Sr=100 mol% o
S18: Precipitated HA,
- Sr=7omal%

517 Precipitated HA,
Sr=580rmol% =

516 Precipitated HA,
Sr=25mol% *

515 Precipitated HA,
. Sr=0mol% =

I T T T T T T T T T T T 1
B0 40 20 ] -20 40 -60

Chemical shift (ppm)

Figure 48: °'P MAS-NMR spectra of five precipitated HA samples with different Sr
substitutions: (S15) Sr= 0 mol%, (S16) Sr =25 mol%, (S17) Sr =50 mol%, (S18) Sr=
75 mol%, (S19) Sr = 100 mol%. The side bands are indicated by e

The characteristic peak of crystalline HA in the >'P MAS-NMR spectra was reported in
the literature to appear at 2.9 ppm [167, 168]. This is in good agreement with this work
and specifically, the sample S15 exhibits a strong and sharp peak at 2.9 ppm as shown
in Figure 48. By increasing Sr substitution from 0 to 100 mol%, there is a chemical shift
from 2.9 to 3.4 ppm and all peaks are associated with phosphorus in an orthophosphate
environment Q” [174, 175]. Both apatite samples with 0 (S15) and 100 mol% Sr
substitution (S19), are exhibiting the smallest FWHM, and the higher peak intensity
indicating that these two samples exhibit highly ordered apatite structure and also
contain relatively larger apatite crystals. In the contrary, the middle three Ca-Sr-HA
samples with Sr substitution, ranging from 25 to 75 mol%, exhibit larger FWHM
together with less intensive peak intensity reflecting their smaller crystallite size and
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possibly poorer degree of crystallinity. This is particularly obvious in the case of S17,
which contains 50 mol% Sr. The above observations show an excellent agreement with

the XRD results indicating that Sr enters into the apatite lattice substituting Ca.

In addition, the peak width and peak intensity seem to be affected by the increase in Sr
substitution in the apatite lattice, and the relationship between the *'P MAS-NMR
FWHM and the increased Sr substitution from 0 to 100 mol% is plotted in Figure 49.
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Figure 49: Changes of the *'P MAS-NMR peak FWHM with increased Sr
substitution from 0 to 100 mol%.
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Figure 50: The changes of the chemical shift with increased Sr substitution from 0 to
100 mol%.
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As presented in Figure 50, the chemical shift increases with increasing Sr substitution
from 0 to 100 mol% and it seems that the chemical shift is strongly dependent on the

cation field strength which is defined as the ratio of charge to cation radius [182].

Table 23: *' PMAS-NMR chemical shift and peak width at half maximum (FWHM) of
five precipitated HA samples with different Sr substitution: (S15) Sr = 0 mol%, (S16)
Sr =25 mol%, (S17) Sr = 50 mol%, (S18) Sr =75 mol%, (S19) Sr = 100 mol%.

Expected Sr Substitution Chemical
Sample (mopl%) in the Solid Phase | Shift (ppm) | "/HM (ppm)
S15 - 2.9 1.65
S16 25 3.0 2.47
S17 50 32 2.89
S18 75 3.2 2.48
S19 100 34 0.82

3.5. Effect of Silicon substitutions on the apatite structure

3.5.1. X-ray diffraction studies

Figure 51 shows the powder XRD patterns of six HA samples with different Si
substitutions. Increasing Si substitution from 0 to 0.81 wt%, no significant changes are
observed in Figure 51. Furthermore, there is no indication for the formation of any other
secondary phase. This suggests that incorporation of Si into the HA samples does not
have any effect on the phase composition or crystallographic structure. This is in good

agreement with previously published data [134, 183, 184].
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Figure 51: Powder XRD patterns of six hydrothermal HA samples with different Si
substitution: (S5): Ca/P =1.39, (S8) Si= 0.26 wt%, (S9) Si= 0.39 wt%, (S10) Si=0.56
wt%, (S11) Si=0.53 wt%, (S12) Si = 0.81 wt%.
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Figure 52: Powder XRD patterns of six HA samples with different Si substitution in the

region of 25-35°.

Figure 52 shows clearly small changes in (002) and (300) reflections in the Si
substituted apatite samples compared to the control hydrothermal apatite sample S5. By
increasing Si substitution from 0 to 0.39 wt%, a shift of both (002) and (300) reflections
toward higher values of 2 theta can be observed. The direction of the shift in (002) and
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(300) reflections was related by other researchers to an increase or decrease of the a-
and c-axis of the apatite lattice. Based on our data however it is not possible to make
such correlations as we did not measure the a- and c-axis and we did not have similar
pattern of changes as published elsewhere [96, 97, 124]. In addition, the peak intensity
and peak width also vary with increasing Si substitution as shown in Figure 51. Such
observations suggest that the apatite samples may have different crystallite size and
possibly different crystallinity. The crystallite size of the above samples is calculated
and presented in Table 24.

Table 24: Measured Si substitution, phase identification, and crystallite size of six
hydrothermal HA samples with different Si substitutions: (S5): Ca/P = 1.39, (S8) Si =
0.26 wt%, (S9) Si = 0.39 wt%, (S10) Si = 0.56 wt%, (S11) Si = 0.53 wt%, (S12) Si =
0.81 wt%.

sample Measured Si substitution Phase identification Crystallite size
P (Wt%0) in the solid phase (nm)
S5 - HA 42
S8 0.26 HA 24
S9 0.39 HA 19
S10 0.56 HA 23
S11 0.53 HA 10
S12 0.81 HA 12
45
40 *
y=-35.442x + 36.729
z 35 R?=0.7387
£ 30
§ 25 * .
£ 2 .
g 15
S 0 . *
5
Q
0 0.2 0.4 0.6 0.8 1
Si substitution (wt%)

Figure 53: The changes of the crystallite size with increased Si substitution from 0 to
0.81 wt%.
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In order to study the effect of Si substitution on the crystallite size of apatite, the
crystallite size of the above samples is plotted against wt% Si substitution in Figure 53.
As shown in Figure 53, a general decrease in the apatite crystallite size with increasing
Si substitution is observed. However, such changes in the crystallite size should maybe
not be attributed to the presence of Si solely as there is strong evidence of COs>

substitution taken place during the synthesis of the apatite samples.
3.5.2. FTIR spectroscopy studies

Figure 54 shows the FTIR spectra of six HA samples with different Si substitutions.

The absorption bands and their assignments are summarized in Table 25.

512 Hydrothermal HA, Si =087 wit%

511 Hydrothermal HA, Si= 0.53 wit

S10: Hydrothermal HA, Si= 0056 wits

s

e

58 Hydrothermal HA, Si = 0.38 wt%

58 Hydrothermal HA, Si = 0.26 wi%

¢
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=80 Hydrothermal HA, CaP = 1.38
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Figure 54: FTIR spectra of six hydrothermal HA samples with different Si
substitutions: (S5): Ca/P = 1.39, (S8) Si = 0.26 wt%, (S9) Si = 0.39 wt%, (S10) Si =
0.56 wt%, (S11) Si=0.53 wt%, (S12) Si = 0.81 wt%.

As described in paragraph 3.1.2, in the case of S5 four PO, modes and two OH
associated bands appear at 476 cm’! (PO43'V2), 561-601 cm’™ (PO43'V4), 963 cm’! (PO43'
Vi), 1029 and 1095 cm™ (PO,> v3), and 634 cm™ (OH libration) and 3571 cm™ (OH
stretching) [20, 36, 148, 156-158] assigned to characteristic bands of a HA structure. In
addition, due to the appearance of absorption bands at 878 cm™ and 1424-1483 cm’
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associated with the B-type CO;” vibration modes v, and v3[113, 159, 160], there is a
strong evidence that COs* substitution takes place in the PO,* tetrahedra of the apatite
structure during synthesis. With increasing Si substitution from 0 to 0.81 wt% the same

four PO,>” modes and two OH bands are also observed in the spectra of all samples.

Tang and co-workers reported, that with the substitution of SiO4* into the HA structure
for PO,> tetrahedra, some loss of OH™ groups occur in order to maintain the charge
balance [97]. Therefore, the intensity of the OH" associated bands [20, 36, 148, 157] at
3571 and 634 cm” would be expected to decrease with increasing Si substitution.

However, this cannot be concluded from the FTIR spectra in Figure 54.

Leventouri and co-workers reported that two additional bands at 890 and 756 cm™ were
observed in heat-treated 0.4 wt% Si-HA sample [133]. Additionally, Gibson and
co-workers observed three additional bands at 954, 890, and 840 ¢cm™ in the FTIR
spectra of 0.4 wt% Si heat-treated HA sample [96]. Tang and co-workers further
reported that a new band at 870 cm™ corresponded to Si-O vibration modes of Si04*
groups was observed in the Si-substituted HA samples with Si substitution ranging
from 0.8 to 4wt%; and another band at 800 cm™ assigned to Si-O-Si vibration mode

when the Si reached to the higher concentration in the region of 1.5-4 wt% [97].

512 Hydrothermal H&, Si =0.81 wit%

511 Hydrothermal HA, Si = 0.53 wtl%
S10: Hydrothermal HA, Si = 0.58 wt%

S8 Hydrothermal HA, Si= 0.39 wt%

S8 Hydrothermal HA, Si = 0.26 wt%
58 Hydrathermal HA, CalP = 1,38
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Figure 55: FTIR spectra of six hydrothermal HA samples with different Si substitution
in the region of 980-800 cm™.
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Looking closer in Figure 55, two absorption bands at 963 and 871 cm™ are observed in
all apatite samples, including S5 that has no Si substitution. It is considered therefore
that the presence of the above two peaks cannot be related to the Si substitution. In the
contrary, CO5* [113, 159, 160], HPO,* [152, 156], and residual nitrates [152, 161] can
also appear at similar wave number positions and consequently both of the above bands
should be associated with the presence of the above characteristic groups. It should be
mentioned, that the absorption bands at 871 ¢cm™ and in the region of 1417-1489 cm’
present in all Si-containing apatite samples (S9-S13) correspond to B-type COs>
vibration modes V, and v3 [113, 159, 160]. This suggests that CO3> ions are present in

the apatite structure of all the above samples.
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Table 25: Peak assignment of FTIR spectra for (S5): hydrothermal HA, Ca/P = 1.39, (S8) hydrothermal HA, Si=0.26 wt%, (S9) hydrothermal HA,
S1=0.39 wt%, (S10) hydrothermal HA, Si = 0.56 wt%, (S11) hydrothermal HA, Si = 0.53 wt%, (S12) hydrothermal HA, Si = 0.81 wt%.

. s8: 59 510 S11: S12:
) Hydrothermal Hydrothermal Hydrothermal Hydrothermal Hydrothermal .
HHX dézgeszlg HA, Si = 0.26 HA, Si = 0.39 HA, Si = 0.56 HA, Si = 0.53 HA, Si = 0.81 Assignment Reference
' o wt% wWt% wt% wt% wt%
476 476 476 470 476 476 O-P-O bending mode v, | [36, 156-158]
561-601 561-608 561-601 561-601 561-608 561-608 O-P-O bending mode v, | [36, 156-158]
634 634 634 634 634 634 OH" libration mode [20, 13567’]148’
. . [113, 159,
B-sit t
871 871 871 871 871 871 site CO; IV{IIE’? fonmode Vol |y cr 1150,
4 156, 162]
P- tretchi ibrati
963 963 963 963 963 963 O stretc mngbra ionmode | 0156 158]
1
871, 1384 871, 1384 871, 1384 871, 1378 871, 1384 871, 1378 Residual nitrate [152, 161]
P-O stretchi ibrati d
1029, ~1095 1029, ~1095 | ~1035, ~1088 | 1028, ~1088 1029, ~1095 1029, ~1095 strete mng raton mode 136 156-158]
3
. o [113, 159,
1424-1483 1432-1489 1424-1489 1424-1463 1417-1451 1424-1457 B-site CO,* vibration mode Vs e
1641, 3424 1641, 3431 1634, 3431 1634, 3431 1634, 3418 1634, 3424 Adsorbed water [158, 161]
20,36, 14
3571 3571 3571 3571 3571 3571 OH stretching mode [ 0’13567’] 8,
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3.5.3. Raman spectroscopy studies

Figure 56 shows the Raman spectra of six HA samples with different Si substitutions.

The Raman peak positions and their assignments are summarized in Table 26.
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Figure 56: Raman spectra of six hydrothermal HA samples with different Si
substitutions: (S5): Ca/P = 1.39, (S8) Si = 0.26 wt%, (S9) Si = 0.39 wt%, (S10) Si =
0.56 wt%, (S11) Si=0.53 wt%, (S12) Si = 0.81 wt%.

The Raman spectra are in good agreement with the FTIR spectra showing that all
samples exhibit the main characteristic bands for an apatite structure [10, 121]. In
addition, because both PO4> mode v; and B-type COs> mode v; may appear in the same
Raman shift position [10, 121], the Raman peak at around 1076 cm™ observed in all
above samples can be assigned to the presence of both PO4>” mode v; and B-type CO3*
mode V. Irregular changes in the Raman peak intensity with increasing Si substitution
are also observed. This suggests that crystallinity changes with increasing Si
substitution [165], however, the pattern of changes is irregular. The suggests possible
disorder in the apatite lattice due to the presence of varied amounts of CO3” substitution
associated with different Si substitutions. Furthermore, Zou and co-workers reported

Raman peaks at 845, 890 and 949 cm™ in 1.5 wt% Si substituted apatite samples [185].
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These peaks are not present in our Raman spectra possibly due to the smaller Si

substitution in our apatite samples.

Zou and co-workers [185] observed that in the Raman spectra both PO4> and OH"
stretching modes were broader in the Si substituted HA samples. Additionally, they
reported that when the Si substitution reached 1.5 wt% three additional peaks appeared
at 845, 890 and 949 cm™ [185]. In the present Raman studies, due to the Raman
measurement range being limited in the region of 200-1500 cm™, the changes in the
OH’ stretching mode with Si substitution cannot be considered, and a general peak
broadening in the PO,> mode v; at around 963 cm' is observed in almost all samples,

except in the case of S12, as presented in Figure 57.
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Figure 57: Changes in the Raman peak FWHM of the PO,’” mode v; with increasing Si
substitution from 0 to 0.81 wt%.

As shown in Figure 57, the Raman FWHM of the PO’ mode v, is generally increased
with increasing Si substitution from 0 to 0.81 wt%. According to the literature, the peak
broadening in the PO43 “mode V; should be due to the increased structure disordering
induced by the presence of the substitution ions [173]. In addition, De Mul and
co-workers suggested that the peak width of the PO4> mode v, can be highly dependent
also on the level of COs> substitution [82].
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Table 26: Peak assignment of Raman spectra for (S5): hydrothermal HA, Ca/P = 1.39, (S8) hydrothermal HA, Si = 0.26 wt%, (S9) hydrothermal
HA, Si=0.39 wt%, (S10) hydrothermal HA, Si = 0.56 wt%, (S11) hydrothermal HA, Si = 0.53 wt%, (S12) hydrothermal HA, Si = 0.81 wt%.

S5: S8: S9: S10: S11: Sl2:
Hydrothermal | Hydrothermal | Hydrothermal | Hydrothermal | Hydrothermal | Hydrothermal )
) ) ) ) ) Assignment Reference
HA, Ca/P = HA, Si= HA, Si= HA, Si= HA, Si= HA, Si=
1.39 0.26wt% 0.39wWt% 0.56wWt% 0.53wt% 0.81wt%
430, 446 430 431, 447 430, 453 432, ~445 ~425,433,453 | PO4” v, mode [10, 121]
~581, 591, ~ 5
578,594, 610 578, 591, 610 574, 591, 607 592, 607 596 POs”" v4 mode [10, 121]
601
961 963 963 963 963 963 PO, v; mode [10, 121]
1048, 1076 1047, 1077 1047, 1075 1045, 1074 1045, ~1073 1045, 1073 PO,> v mode [10, 121]
B-site CO;™
1076 1077 1075 1074 ~1073 1073 [121]

mode V;
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3.5.4. *'P MAS-NMR spectroscopy studies

Figure 58 shows °'P MAS-NMR spectra of six HA samples with different Si

substitutions. The *'P chemical shift and full-width at half peak maximum are listed in

Table 27.
3 p
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Figure 58: *'P MAS-NMR spectra of six hydrothermal HA samples with different Si
substitutions: (S5): Ca/P = 1.39, (S8) Si = 0.26 wt%, (S9) Si = 0.39 wt%, (S10) Si =
0.56 wt%, (S11) Si=0.53 wt%, (S12) Si=0.81 wt%. The side bands are indicated by e

As mentioned previously, in the case of S5, a single HA crystalline phase has been
identified (also by XRD) that is associated with a peak at 2.8 ppm in the *'P MAS-NMR
spectrum [186].

By increasing Si substitution from 0 to 0.81 wt%, the peak shifts to ppm values from 2.6
to 2.9. No particular trend in the chemical shift was observed with increasing Si
substitution but the local changes within the apatite lattice seem to affect slightly the
chemical shift in the *'P MAS-NMR spectra although the amount of Si in the
substituted samples is rather small. This shows that >'P MAS-NMR is a very sensitive

technique for the local characterisation of the apatite lattice. Generally, all samples



exhibit clearly phosphorus in an orthophosphate environment.

On the other hand, the peak width and the peak intensity vary systematically with
increasing Si substitution, as noticed in Figure 58 and Table 27. This observation is in
good agreement with the XRD, FTIR and Raman data which clearly show that both Si
substitution and the presence of CO;” groups affect considerably the degree of

crystallinity and the crystal size of the substituted apatite samples.

As mentioned previously, in the case of S5, a single HA crystalline phase has been
identified (also by XRD) that is associated with a peak at 2.8 ppm in the *'P MAS-NMR
spectrum [186].

By increasing Si substitution from 0 to 0.81 wt%, the peak shifts to ppm values from 2.6
to 2.9. No particular trend in the chemical shift was observed with increasing Si
substitution but the local changes within the apatite lattice seem to affect slightly the
chemical shift in the *'P MAS-NMR spectra although the amount of Si in the
substituted samples is rather small. This shows that *'P MAS-NMR is a very sensitive
technique for the local characterisation of the apatite lattice. Generally, all samples
exhibit clearly phosphorus in an orthophosphate environment. On the other hand, the
peak width and the peak intensity vary systematically with increasing Si substitution, as
noticed in Figure 58 and Table 27. This observation is in good agreement with the XRD,
FTIR and Raman data, which clearly show that both Si substitution and the presence of
CO;5™ groups affect considerably the degree of crystallinity and the crystal size of the

substituted apatite samples.
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Table 27: *'P MAS-NMR chemical shift and peak width at half maximum (FWHM) of
six hydrothermal HA samples with different Si substitution: (S5): Ca/P=1.39, (S8) Si=
0.26 wt%, (S9) Si = 0.39 wt%, (S10) Si =0.56 wt%, (S11) Si = 0.53 wt%, (S12) Si =
0.81 wt%.

Measured Si
Sample substitution (wt%) | Chemical shift (ppm) | FWHM (ppm)
in the Solid Phase
S5 - 2.8 1.11
S8 0.26 2.9 1.09
S9 0.39 2.6 1.20
S10 0.56 2.6 1.37
S11 0.53 2.9 1.49
S12 0.81 2.9 1.49

3.6. Effect of Carbonate substitutions on the apatite

structure

3.6.1. X-ray diffraction studies

Figure 59 shows the powder XRD patterns of three HA samples with increased CO3>
substitution up to 21 wt%. Sample S5 is used as the control HA sample. By increasing
COs” substitution to 5 wt% (sample S13) the XRD pattern remains almost identical to
the XRD pattern of S5. This is in good agreement with the literature. For example, De
Mul and co-workers reported that HA lattice was able to take up to 4.5 wt% of CO3>
without significant changes in the XRD pattern [82]. By further increasing the COs>
substitution to 21 wt% (sample S14) on the other hand, results in the formation of a HA
and a CaCOs crystalline phase, as shown in Figure 59. The formation of a biphasic
material in the case of S14 indicates that the 21 wt% COs> is probably beyond the
capacity of the apatite lattice to substitute COs> for PO, and implies that COs>
substitution has a considerable effect on the apatite crystallization [83, 100] considering

the decrease in the crystallite size with increasing CO;” substitution, as shown in Table

28.
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Figure 59: Powder XRD patterns of three different hydrothermal HA samples: (S5)
Ca/P = 1.39, (S13) CO3™ = 5 wt%, (S14) CO;* =21 wt%.

Table 28: Measured CO;” substitution, phase composition, and crystallite size of three
hydrothermal HA samples: (S5) Ca/P = 1.39, (S13) CO5> =5 wt%, (S14) COs* =21

wt%.
Measured CO;™ Crystallite size
Sample | substitution (Wt%b) in Phase composition y (nm)
the solid phase
S5 - HA 42
S13 5 HA 28
53 wt% HA 16
Si4 21 47 wt% CaCOs3 60

In addition, with increased CO;” substitution from 0 to 21 wt%, several shifts in the

XRD patterns are noticed, and particularly in the (002) and (300) reflection, as shown in

Figure 60.
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Figure 60: Powder XRD patterns of three different hydrothermal HA samples in the
region of the 2 theta value from 25 to 35 degree: (S5) Ca/P=1.39, (S13) COs> = 5 wt%,
(S14) CO5* =21 wt%.

As observed in Figure 60, by increasing COs> to 5 wt% (S13), both (002) and (300)
reflections shift to higher values of 2 theta. Legeros and co-workers reported a shift of
the (300) reflection to higher 2 theta values and a shift of (002) to lower 2 theta values
with COs> and suggested that this was due to decreased a-axis dimension and increased
c-axis dimension with increasing substitution [124]. Nelson and co-workers also
reported that the decrease in the a-axis and increase in the c-axis in the apatite lattice
was a typical effect, brought by the incorporation of B-type CO3> substitution into the
HA structure [101]. However, it is not possible to reach a similar conclusion with the
present results as it seems that both reflections shift to higher 2 theta values. A further
increase in the COs” substitution to 21 wt% results in the shift of both (002) and (300)
reflection to lower 2 theta values but no correlation can be possibly made to the
observations that Legeros and co-workers and Nelson and co-workers have made as the
observations made with the current data are not the same with the results published by
the above authors. Comparing S13 and S14 it can be said that for S13 the (002) and
(300) reflections shift towards the opposite direction compared to S14. This could be
explained if HPO,” ions or some entrapped water molecules were present in S14 [137,
138]. Finally, the degree of crystallinity seems to be the same for all samples as the peak

intensity does not show significant changes across the substituted samples.
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3.6.2. FTIR spectroscopy studies

Figure 61 shows the FTIR spectra of four HA samples with different CO5” substitutions.

The absorption band positions and their assignments are summarized in Table 29.

514: Hydrothermal HA, CO;’ =21 wit%
513: Hydrathermal HA, CO;’ =5 wit%

55 Hydrothermal HA, Ca/P = 1.39 ,JU
Y, E—

I T T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Figure 61: FTIR spectra of three different hydrothermal HA samples: (S5) Ca/P=1.39,
(S13) CO5™ = 5 wt%, (S14) COs*= 21 wt%.

All samples exhibit the characteristic HA apatite peaks that were mentioned earlier in

this work and are shown in Figures 61 and 62.

(2)

514: Hydrothermal HA, CO;’ =21 with
513 Hydrothermal HA, CO;’ = 5wit%
S8; Hydrathermal HA, CalP = 1.39

T T T T T T T T T T T T T T T T 1
1200 1100 1000 900 800 700 800 500 400

Wavenumber (cm™)
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(b)

514 Hydrothermal HA, CO:' =21 wt%

513: Hydrothermal HA, COf' = 5wt

38 Hydrothermal HA, CaiP = 1.39

I T T T T T T T T
4000 3600 3200 2800 2400

Wavenumber (cm™)

Figure 62: Details of (a) four PO, modes and OH" libration mode, and (b) OH
stretching mode of three hydrothermal HA samples: (S5) Ca/P = 1.39, (S13) CO;* =5
wt%, (S14) CO3™ =21 wt%.

By increasing COs> substitution up to 21 wt% from S5 to S13 and S14, a slight shift of
the main bands for both substituted samples is observed compared to the control sample
S5. Yasukawa and co-workers observed a similar shift in the FTIR spectra of COs-HA
samples with increasing the COs> concentration from 0.1 to 0.7 wt% [187]. As shown
in Figure 62 (a), in the case of S14, a small band appears at 714 cm™. A similar peak at
718 cm™ was reported by E.I. Feki and co-workers who assigned this peak to the B-type
CO;5” v4 mode in fluorinated apatite samples [188] whereas Vagenas and co-workers
reported that the peak at 713 cm™ corresponded most likely to calcite (CaCO3) [189].

The appearance of several additional absorption bands in the region of 900-800 cm™,
and 1600-1400 cm™ as shown in Figure 63 (a) and (b), respectively, suggests that
certain amount of CO5” substitution has definitely taken place in the apatite lattice

structure of both S13 and S14 [114, 190, 191].
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(a)

S14: Hydrothermal HA, CO;' = 21wt

513 Hydrathermal HA, CO:' =5 wit%

38 Hydrothermal HA, CalP = 1.39
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Figure 63: Details of (a) CO5* mode V,, and (b) COs>” mode v; of three hydrothermal
HA samples: (S5) Ca/P = 1.39, (S13) COs* = 5 wt%, (S14) CO;* =21 wt%.

As reported by Landi and co-workers, the FTIR bands at 880, 1450, and 1540 cm’
were attributed to the typical A-type CO3;-HA, whereas the bands at 870, 1430, and
1450 cm™ were due to the presence of B-type CO5* substitution [179]. In addition, it
was also reported that both A-type and B-type CO;” substitutions can co-exist in the
apatite lattice [179, 180]. This was evidenced by the presence of bands in the region of
877-844 cm™ and 1560-1419 c¢cm™' that correspond to CO5* mode Vo, and Vs,
respectively [114]. Based on the above, it is clear that both A-type and B-type CO5> are
present in S13 and S14 as shown in Figure 63 (a) and (b).
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Table 29: Peak assignment of FTIR spectra for three hydrothermal HA samples with different CO5> substitutions: (S5) Ca/P = 1.39, (S13) CO5* =
5 wt%, (S14) COs™ =21 wt%.

S5: Hydrothermal HA,

S13: Hydrothermal HA,

S14: Hydrothermal HA,

Assignment

Reference

Ca/P = 1.39 COs* = 5wt% COs* = 21wt%
476 476 476 O-P-O bending mode v, [36, 156-158]
561-601 563-604 566-603 O-P-O bending mode V4 [36, 156-158]
634 633 632 OH’ libration mode [20, 36, 148, 157]
i ) 714 B-type CO; (\gl:éaotzon mode V4 / [189]
871 850, 876, 877 844, 849, 855, 876,877 | D> P A'Eﬁf}if\% vibration 114, 179, 180]
871 876, 877 876, 877 HPO,* [152, 156, 162]
963 961 962 P-O stretching vibration mode v, [36, 156-158]
871, 1384 877, 1364-1568 877, ~1378 Residual nitrate [152, 161]
1029, ~1095 ~1030, ~1095 ~1036, ~1095 P-O stretching vibration mode V3 [36, 156-158]
1424-1438 1423, 1477 1345-1580 B-type/ A-type CO; vibration [114, 179, 180]
mode V3
1641, 3424 1650, 3429 1639, 3423 Adsorbed water [158, 161]
2359 2351 - CO; in air [106]
3571 3571 3571 OH’ stretching mode [20, 36, 148, 157]
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3.6.3. Raman spectroscopy studies

Figure 64 shows the Raman spectra of three HA samples with different
CO;”substitutions. The Raman peak positions and their assignments are summarised in

Table 30.

25000
20000 S
El
& 15000 4
= .
g 514: Hydrothermal HA, CO.7 = 21 wit
3
c 10000 =
513: Hydrothermal HA, CO;' = 5wt
5000 =
58 Hydrothermal HA, CaP = 1.39
0

T T T T T T T T T T T T
200 400 500 300 1000 1200 1400

Raman shift (cm™)

Figure 64: Raman spectra of three hydrothermal HA samples with different CO3>
substitutions: (S5) Ca/P = 1.39, (S13) COs> = 5 wt%, (S14) CO3* = 21 wt%.

The Raman spectrum of S5 has already been described and discussed in paragraph 3.1.3.
In the case of S13 where CO;> substitution is 5 wt% not significant changes are
observed compared to the S5. The spectrum of S14 however shows 3 additional peaks
at 284 cm™ and 1086 cm™ associated with the presence of CaCO; [192] and at 714 cm’
associated with CO;”> v4 mode vibrations [164]. Penel and co-workers also referred to a
peak at 1076 cm’! that was assigned to both PO,*> mode v; and B-type Cng' mode Vv;
[121]. It is not clear however, whether in the case of S14 the peak at 1086 cm™ can be
assigned to both PO43' mode v; and B-type C032' mode Vv, vibrations but given that Li
and co-workers clearly stated that the peak at 1086 cm™ was present in the Raman

spectrum of CaCOs [192], it is most likely that in the case of S14 this peak is associated
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with the presence of B-type CO5;*[164].

De Mul and co-workers proposed an interesting method to determine the concentration
of CO;™ content in the apatite samples, by comparing the Raman peak [82]. Figure 65
shows such a comparison among S5, S13 and S14. It can be concluded, that
incorporating CO;” into the apatite lattice the intensity of the peak associated with
PO43' mode V; decreases. This is an indication according to Legeros and co-workers
[124] that by incorporating CO3”in the apatite lattice results in more disordered apatite
structures. The presence of CO3> seems to interfere with the crystallization of apatite as

well as it results in weakening effects in the chemical bonds of the apatite structure.

6000

5000 4 —— 58 Hydrothermal HA,

CaP =138

4 —— 513 Hydrothermal HA,
O = 5wt
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4000
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e —
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Raman shift (cm™)

Figure 65: Details of PO, mode v, of three HA samples with different CO5*

substitution.

De Mul and co-workers suggested that the substituting limit of CO;” in the apatite
structure was approximately 4.5 wt%, and when the CO;> content was beyond the
substituting limit, the excess amount of COs; was located on the apatite crystallite
surface with no further effect on the apatite lattice [82]. Elliott reported that the excess
of COs> content could also be present in the form of amorphous CaCO; [46]. In the
current situation, due to the small change in the peak width of PO,*" mode v, for S13

and S14, it is suggested that in the case of S14, was not complete. It is not possible to
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accurately calculate the amount of CO32' substitution in S14 based on the current data.

However, it can be assumed that the max possible CO5* substitution should be between

5 and 21 wt% and most likely closer to 5 wt%. The excess amount of Cng' content is

most likely adsorbed on the apatite surface or/ and present in amorphous CaCOs as

suggested in the literature [46, 82]. However, in the present situation it was clear from

the XRD data that S14 exhibits a crystalline phase of CaCOj as a secondary phase. The

processing temperature during the hydrothermal synthesis was 400°C higher than the

actual crystallisation temperature of CaCO; at 357°C as reported by Koga and

co-workers [193].

Table 30: Peak assignment of Raman spectra for three hydrothermal HA samples with
different COs> substitutions: (S5) Ca/P = 1.39, (S13) COs* = 5 wt%, (S14) COs* =21

wt%.
S5: S13: S14:
Hydrothermal | Hydrothermal | Hydrothermal i
HA, Ca/P = HA, COs> = | HA, COs> = Assignment Reference
1.39 5wt% 21wt%
428, ~446 431 434 PO,*" v, mode [10, 121]
N5796’(;599 b 590 593 PO v, mode [10, 121]
962 963 963 PO4” v; mode [10, 121]
1028, 1046, N (10, 121]
1048,1076 | | 5¢ (090 | 1048,1086 | POs™vsmode
. 2-
1076 1076 ) B-site CO; [121]
mode V;
_ ) 284,714, 1086, Caco; 192]

1435
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3.6.4. *'P MAS-NMR spectroscopy studies

Figure 66 shows the >'P MAS-NMR spectra of S5, S13 and S14 with different CO5>
substitutions ranging from 0 to 21 wt%. The *'P chemical shift and peak width at half

maximum are listed in Table 31.

31 P
=14 Hydrothermal HA, CO;' = 21 wit%
- -
. 513: Hydrothermal HA, CO;’ =5 wit%
L ]
. 55 Hydrothermal HA, CailP = 1.39
L
T T T T T T T T T T T T 1
g0 40 20 0 -20 40 -60

Chemical shift (ppm)

Figure 66: °'P MAS-NMR spectra of three hydrothermal HA samples with different
COs” substitutions: (S5) Ca/P =1.39, (S13) COs* = 5 wt%, (S14) COs* =21 wt%. The

side bands are indicated by e

A single peak at 2.8 ppm is observed in the case of S5 whereas the peak for S13 and S14
shifts to 2.9 and 2.7 ppm, respectively. Miquel and co-workers assigned the chemical
shift at 2.9 ppm to crystalline stoichiometric apatite structure [168]. The FWHM
increases with increasing CO3;* as shown in Table 31. It is known that the peak
broadening in the *'P MAS-NMR spectra is usually accompanied with a reduction in
the crystallite size as well as a reduction in the degree of crystallinity [168]. The
increased *'P MAS-NMR FWHM (Figure 66) with increasing COs”, suggests a
decrease in the crystallite size and crystallinity of the apatite phase in the order of S5 >
S13 > S14, which is in good agreement with the XRD results in paragraph 3.6.1 and
Table 28. The largest FWHM in the case of S14 is probably due to the following factors:

(1) the smallest apatite crystallite size [169]; (2) the poorest degree of crystallinity of
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apatite [168], given by the highest amount of COs” in the apatite structure, and possible

larger amount of excess CO;” segregated at outside of the HA lattice, compared to S13.

Table 31: *'P MAS-NMR chemical shift and peak width at half maximum (FWHM) of
three hydrothermal HA samples with different CO5> substitutions: (S5) Ca/P = 1.39,
(S13) CO5™ = 5 wt%, (S14) COs™ =21 wt%.

Sample Description Chemical shift (ppm) FWHM (ppm)
Hydrothermal HA,
S5 Ca/P = 1.39 2.8 1.11
Hydrothermal HA,
S13 COSZ = 5 wtv% 2.9 1.20
314 Hydrothermal HA, 27 196

CO:> =21 wt%
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4.Conclusions

Effect of synthesis on the apatite structure

HA and substituted HA have been successfully prepared by using three different
preparation methods; chemical precipitation method, bacterial biosynthesis, and

hydrothermal method.

The formation of HA has been confirmed by the presence of the characteristic HA XRD
pattern in all samples as well as by *'P MAS-NMR spectroscopy that showed the
presence of phosphorus in an orthophosphate environment in the region between
2.7-3.3 ppm. However, due to the variation of the peak width and/ or peak intensity in
the XRD patterns and >'P MAS-NMR spectra, there were changes in the crystallite size
and the degree of crystallinity among the different samples studied. Comparing the HA
samples prepared by different synthesis methods it was concluded, that the crystallite

size ranged from 8 to 42 nm in the order:

S20 (biological HA) < S15 (precipitated HA) < S6 (hydrothermal HA, Ca/P = 1.42)
< S5 (hydrothermal HA, Ca/P = 1.39)

The crystallite size and crystallinity are highly dependent on the processing parameters,
such as temperature, time, and pH. From the FTIR and Raman studies, the changes in
the crystallite size as well as the degree of the crystallinity of the HA samples were
attributed to the presence of other foreign ions, such as CO;>, HPO,”, and/or residual

nitrates (the latter is only true for the hydrothermal and precipitated HA samples).

All HA samples seem to contain both A-type and B-type COs>". Considering that no
CO;5” source was applied during the synthesis with the exception of the biological HA,
the presence of COs> in the HA samples, was attributed to the following reasons: (1)
the presence of impurities in the starting materials; (2) the experimental steps were

carried out in air.
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Effect of ionic substitution on the apatite structure

In this project, the effect of five different substitutions, Zn*", Mg2+, Sr2+, Si/ Si044', and
CO;” were studied. Depending on the different size of substituted ions, as well as the
degree of substitution, different results were obtained. Some of the substituted ions
were actually integrated in the apatite lattice but some were either adsorbed on the
surface of apatite crystals or present in other secondary phases or amorphous regions.
Substitutions in the apatite lattice do not seem to be always unlimited. For some ions it
was clear that only a small amount was able to become part of the apatite lattice.
Generally, ionic substitution had a significant effect on the crystallite size, crystallinity

and lattice parameters.

Effect of Zn”*substitution in hydrothermal HA

There was only one sample with 2.6 wt% Zn*'substitution (S7) that was compared with
the control hydrothermal HA (Ca/P = 1.39). Generally, there was no strong evidence
that Zn>" was part of the apatite lattice. Not significant changes in the crystallite size or
crystallinity were observed and the XRD pattern as well as the FTIR and Raman spectra
did not show any indication that there was a strong effect of Zn>" substitution on the
apatite structure. Raman spectra showed a small decrease in the crystallinity of S7
which was attributed to the presence of B-type COs> ions, adsorbed water molecules,
as well as residual nitrate groups, which were identified in the FTIR spectra. Generally,
there are two reasons for the above observations: (1) the substitution of 2.6 wt% Zn is
too small to induce any obvious changes in the apatite structure; (2) Zn might not have
entered the apatite lattice at all, or at least not all of it, and instead, it was adsorbed on

the crystallite surface or/ and present in the amorphous phase.

Effect of Mg**substitution in hydrothermal HA

Four hydrothermal Mg-containing samples with Mg substitution ranging from 0.7 to
9.1 wt% (S1-S4) were compared with a control hydrothermal HA (Ca/P = 1.39) sample.
Generally, incorporation of 0.7 wt% Mg substitution (S1) was accepted in the HA
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structure without showing strong effects on the apatite structure. However, the
increasing Mg substitution from 1.6 to 9.1 wt% resulted in inhibiting the formation of
apatite and favouring the formation of Mg-whitlockite. The crystallite size and the
crystallinity of apatite and/ or Mg-whitlockite were varied, and that was most likely due
to the presence of un-quantified amount of B-type CO3”, residual nitrates, and HPO4”,

as well as associated with increased Mg substitution.

Effect of Sr** in precipitated HA

The effect of Sr** substitution from 0 to 100 mol% (S15-S19) in precipitated apatite

**, Sr*" substituted easily Ca in the apatite

structure was studied. Unlike the effect of Mg
lattice. Rietveld analysis suggested that the incorporation of 25 mol% Sr (S16) into
precipitated HA expanded both the lattice parameters a and c. By increasing Sr
substitution from 0 to 100 mol%, the crystallite size varied from 10 to 22 nm, and the
smallest crystallite size was obtained when 50 mol% substitution occurred (S17),
whereas the largest crystallite size was observed in the fully Sr substituted apatite
sample (S19). Both FTIR and Raman analysis suggested that CO;> was present in all
precipitated apatite samples, whereas the FTIR spectra additionally indicated that there
were residual nitrates and possibly a small fraction of HPO4> as well. Furthermore, the
Raman peak at around 1772 cm™ was only observed in the Sr containing apatite

samples suggested that this peak most likely derived from the chemical reactant of

SI‘(NO3)2.

Effect of Si/SiO," in hydrothermal HA

Four hydrothermal HA samples with various Si substitutions from 0.26 to 0.81 wt%
(S8-S12) were compared with the control hydrothermal HA (Ca/P = 1.39) sample. In
general, there was no obvious indication for the incorporation of Si into the HA
structure. Therefore, it was considered that either the Si substitution was not entering in
the apatite lattice at all, or the Si substitution concentration 0.81 wt% was too small to
cause any effect on the structure of the apatite. On the other hand the crystallite size,
crystallinity and the lattice parameters were found to vary randomly with increasing Si

substitution.
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Effect of CO5” in hydrothermal HA

Two hydrothermal C032' substituted HA samples (S13-S14) with CO32' substitution of
5-21 wt% were studied and compared with the control hydrothermal HA (Ca/P = 1.39).
The CO;” substituting limit should be within the range between 5 and 21 wt% in the
apatite structure. Above 21 wt% substitution the formation of secondary phase of
CaCOs; in addition to HA was observed (S14). The presence of increased CO32'
substitution from 0 to 21 wt% in the HA samples led to the reduction in the HA
crystallite size from 42 to 16 nm. FTIR and Raman studies both confirmed that the
presence of CO3” species. In addition, both XRD and Raman results suggested that the
crystallite size and crystallinity were different for each sample due to the presence of

CO5%, residual nitrates, and possibly HPO,”"
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