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ABSTRACT OF THE DISSERTATION
Sol-Gel Synthesis of Calcium Phosphate Powders

By AHMED AHMED SARHAN
Dissertation Director:

Lisa C. Klein

Materials that are used for biomedical or clinical applications are known as
biomaterials. These materials are made in different forms according to their functionality
and the body part they will repair. Biocompatibility, biofunctionality, and bioavailability
are three significant factors in selecting these materials, as they might be bioinert,

resorbable, or bioactive like hydroxyapatite.

Hydroxyapatite (HAp), chemical formula Cao(PO4)s(OH)2, having a calcium to
phosphorus ratio of 1.667, has received special interest in the field of biomaterials as it is
well known to be an inorganic bioactive material capable of forming chemical bonds with
bones and teeth, besides promoting tissue engineering and bone growth for the treatment
of infected or damaged organs. It is chemically and crystallographically similar to the
main minerals in bones, dentin, and enamel where no toxicity or inflammation of a

foreign body response has occurred. Affinities of biopolymers, and the high osteogenic



potential of promoting bone in-growth and osteoconduction, are common reasons for

synthetic HAp to dominate the field of biomaterials.

HAp ceramics are mostly limited to applications of low mechanical loads. In use,
this may mean that the HAp is used in conjunction with a polymer in a composite.
Consideration is given to using HAp powders in 3D printing. By using 3D printing, it is
possible to control the pore size and pore distribution of composite scaffolds. Since the
characteristics of the HAp powders influence the ability to print bone scaffolds, it is

interesting to compare their properties.

There are numerous synthesis methods and approaches to produce HAp. In this
study, hydroxyapatite is prepared by the sol-gel method, where precursors are subjected
to high temperatures treatment after a gel-like network is formed. These powders are
compared to HAp prepared by the hydrothermal method, where the precursors react in an
aqueous solution under high temperature and pressure to synthesize HAp crystals. Both
materials have been studied in comparison to a commercial HAp powder obtained from a
manufacturer (FLUIDINOVA, S.A). This study focuses on the differences of preparation
methodology, the resulting microstructures, phase composition, particle size and

crystallinity.

The sol-gel method provided a homogeneous molecular mixing at a low
processing temperature (<95°C). The resulting apatite structure mainly depended on the
choice of the precursors and the sintering temperature. For comparison, the hydrothermal
technique produced crystalline HAp in one step without requiring post heat treatment to
crystallize. HAp formed directly from the aqueous solution in a sealed vessel at high

pressure and temperature of 150°C.



Phase identification by X-ray diffraction analysis, microstructure analysis
(FESEM), nitrogen surface area (BET), particle size, differential thermal analysis was
performed on the samples of the HAp powders. Higher crystallinity, higher surface area,
high pore volume, a narrow range of particle sizes, and a needle-like morphology point to

the fact that hydrothermal HAp powder is a preferred choice for 3D printing applications.
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Chapter One

Introduction

1.1 Introduction

Materials that are used for biomedical or clinical applications are known as biomaterials. These
materials are made in different forms according to what functionality and body part they will repair.
Biocompatibility, biofunctionality, and availability are three significant factors in selecting these
materials, as they might be bioinert (e.g., alumina and zirconia), resorbable (e.g., tricalcium phosphate),
bioactive (e.g., hydroxyapatite, bioactive glasses, and glass-ceramics), or porous for tissue ingrowth
(e.g., hydroxyapatite-coated metals) [1].

Hydroxyapatite (HAp), chemical formula Ca;o(PO4)s(OH)2, has received special interest in the
field of biomedical engineering. In addition to Bioactive Glass, HAp is well known to be a bioactive
material capable of forming chemical bonds with bones and teeth. It is chemically and
crystallographically similar to the main minerals in bones, dentin, and enamel [2]. Besides being the
coating of choice for surgical metal and an alternative to polymer coatings, HAp is promoted for tissue
engineering in the treatment of sick or lost organs. In this case, scaffolds are designed to serve as a
temporary adhesive substrate for embedded cells promoting their growth, and a physical support for the
arrangement of the new organ. These scaffolds need to be biocompatible, biodegradable, porous with a
high surface/volume ratio, and mechanically sound [3].

Apatite is a general term for the crystalline minerals that have the formula M10(ZO4)sX>.

Different ions shown in table 1 might replace the (M, ZO4 and X) components and still be called apatite.



However, the most common apatite found in nature is calcium phosphate apatite, where M and ZO4 are
Ca?" and POs ™, respectively. When X is —OH, i.e. Ca19(PO4)s(OH),, stoichiometric Ca/P molar ratio

1.67, the apatite is called Hydroxyapatite (HAp) [4].

Table 1. Major ions that can be part of apatite, M10(Z04)6X2

Component | Ions

M Ca?", Mg?*, Sr**, Ba?", Mn?*, Fe**, Zn**, Cd**, Pb*", H*, Na*, K", AI*", etc.

704 PO4, AsO4*, VO4*~, SO4*, COs%7, SiO4>, etc.

X OH, F, CI, Br, O*, COs*, etc.

Hydroxyapatite can be synthesized via several methods such as wet chemical deposition,
biomimetic deposition, sol-gel route (wet-chemical precipitation) or electro deposition [5]. Yagai and
Aoki proposed a wet chemical precipitation reaction that formed a hydroxyapatite nanocrystal

suspension [6].

10 Ca(OH)> + 6 H3PO4 — Caio(PO4)s(OH)2 + 18 H2O ..... eq (1)

Since calcium phosphate (CaP) salts are the principal mineral constituents of bones, hydroxyapatite
(Cai0(PO4)s(OH)., is the most thermodynamically stable crystalline phase of CaP in body fluid. For
decades, synthetic HAp has been widely used mostly due to its excellent biocompatibility and
bioactivity, where no toxicity or inflammation of a foreign body response has occurred. Affinities of

biopolymers, and the high osteogenic potential of promoting bone ingrowth and osteoconduction, are



common reasons for synthetic HAp to dominate the field of biomaterials [7] in the use of bone
replacement, augmentation, and for coating metal prostheses to improve their biocompatibility [8]. The
mineral of bones and teeth is an impure form of HAp, having a variable Ca/P mol ratio of (1.6 to 1.7), as
well a low percentage of CO3> and water. The microcrystals in HAp are approximately 150A wide by
400A long in bone and dentin, and 400A wide or more in dental enamel [8].

The structure of the apatite, Caio(POas)sF2, 1s an approximate hexagonal close packed set of
spheres in which each sphere represents a tetrahedral PO4> ion. This packing has octahedral interstitial
sites that form channels through the structure parallel to the hexagonal axis. The F~ and 4/10ths of the
2+

Ca*' ions are in these channels forming columns of F- and Ca** ions. The remaining 6/10ths of the Ca

ions form Ca triangles around the F~ions [9].

Fig 1.1 Structure of Hydroxyapatite
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To date, calcium phosphate HAp is produced for clinical purposes in different forms and several
composites with a poorly crystallized non-stoichiometric apatite phase containing CO3>", Na*, F~ and
other ions in collagen fiber matrix calcium in the presence of bone. Research on new HAp formulations
is being carried out to approach the nanosized and monolithic structures that make the material more
effective for biomedical applications [9]. In the biologically active process whereby the HAp layer
binds with normal bone, HAp needs to be partially soluble. Coatings that are less crystalline and more
soluble are better when it comes to fusing with bone [9]. Due to the chemical similarity of calcium
phosphates in HAp to bones, it is integrated into 3D printed structures used for tissue engineering and
bone replacements [10].

Currently, HAp is the material of choice for various biomedical applications, e.g. replacement
for bone and periodontal defects, alveolar ridge, middle ear implants, tissue engineering systems, drug
delivery agents, dental materials, and bioactive coatings [7]. Nanosized HAp is used because of better
resorbability, higher bioactivity, less demineralization, improved densification and sinterability due to
higher surface energy [11].

Nonmedical, industrial, and technological uses of HAp include catalysts for chemical reactions

such as the Michael-type addition and methane oxidation, host materials for lasers, fluorescence



materials, ion conductors, and gas sensors. Synthetic HAp is used in column chromatography for simple
and rapid fractionation (isolating) of proteins and nucleic acids, water treatment, and remediation of
heavy metal contaminated soils, grinding media, and light-weight concrete [6,7]. Moreover, HAp has
been used to adjust and stabilize the corrosion rate of magnesium alloys in the form of metal matrix
composites resulting in a cyto-compatible, biodegradable material [12]. HAp is used in absorbing and
decomposing CO in composite air filters, and as an adsorbent for fluoride. The biocomposite removes
fluoride through an ion-exchange mechanism and is both biocompatible and biodegradable [13].

There are numerous synthesis methods to produce HAp [14]. In this thesis, two methods were
used and compared. First, the Sol-Gel method was used, where precursors are subjected to high
temperatures after a gel-like network is formed to attain spherical shape HAp nanoparticles [15].
Second, the Hydrothermal method was used, where the precursors are reacted in an aqueous solution
under high temperature and pressure to synthesize HAp crystals [16,17].

Other HAp synthesis approaches use conventional synthesis techniques such as: chemical
approach; wet chemical precipitation method, where the reaction of precursors produces a precipitate of
HAp nano-plate like morphology [18,19]; and solid-state reaction method, where the precursors are
sintered at high temperatures to obtain micro and nano-particles [20,21]. There are mechanical
approaches such as mechanochemical methods, which involve coupling of mechanical forces and
chemical reactions to obtain nanorods and/or nanofibers [22,23]. In the biomimetic deposition
approach, the precursors are added to synthetically prepared simulated body fluid (SBF) and
ultrasonically irradiated to obtain micro-sized HAp particles [24,25]. Electrodeposition methods use
electric current to form nano-sized HAp coatings on an electrode [26,27]. In the complexing approach,
polymers such as polyethylene glycol are added along with the precursor solutions and a reaction is

carried out similar to wet chemical precipitation to obtain HAp nanoparticles [28,29]. Other



miscellaneous methods include emulsion methods, where aqueous solvents containing the precursors are
mixed with organic solvents containing surfactants to obtain HAp nanospheres [30,31], and ultrasonic
spray pyrolysis methods, where precursor solution is directed through an ultrasonic nozzle on a substrate
to produce HAp nano-rods [32,33].

The physical and chemical properties of HAp differ from one synthesis technique to another,
with respect to different applications. Therefore, powder or coating characteristics of the procedure
should be decided before choosing the technique. The ease of scalability and cost are main factors to

consider for large scale quantities.



Chapter Two

Literature Review

There are many studies related to different techniques of synthesizing calcium
hydroxyapatite. Several methods have been used for the synthesis of HAp including dry
methods (solid state and mechano-chemical techniques), wet chemical methods
(precipitation, hydrolysis, sol-gel approach, hydrothermal synthesis, multiple emulsion,
biomimetic deposition, and electrodeposition), and high temperature process

(combustion, pyrolysis, biogenic sources) [7,34].
1. Synthesis Methods
a. Precipitation

Precipitation is the most widespread approach due to its simplicity, low reaction
temperature, minimal operating costs, ready availability and use of inexpensive raw
materials [35]. This process is attractive to manufacturing applications due to its
scalability. Obtaining a final homogeneous product takes controlling the solution pH,
concentration, and temperature of the mixture when it reaches supersaturation. The post-
formation precipitated powders are typically calcined at 400-600°C to refine the crystal
structure, and in some cases fully crystallized HAp is not formed until it has been sintered
up to 1200°C. A main consideration is that, simultaneous nucleation, crystal growth,
coarsening and/or agglomeration occur once the solution is supersaturated [35].

Therefore, this technique requires fine-tuning to optimize morphology and minimize



crystal growth. Several surfactants (e.g. PVA) or dispersants (e.g. ammonium

polyacrylate, ethanolamine) have been used to reduce particle agglomeration [35, 36].

b. Sol-Gel Approach

The sol-gel method is a technique of homogeneous molecular mixing and low
processing temperatures (<400°C) with the ability of synthesizing nano-sized particles.
This method includes two stages: forming the ‘sol’, which is a dispersion of solid
particles, also known as colloids in a liquid, and the ‘gel’, which can be defined as a
diphasic system consisting of a solid and interstitial liquid phase. Gelation is the process
of linking monomer unites together through the condensation of OH™ forming M-O-M
bonds within the sol causing the viscosity to increase. Gelation occurs by hydrolysis and

polycondensation reactions.

Precursor materials are mechanically mixed in a solvent at a pH that prevents
precipitation. Typical precursors are metal alkoxides (e.g. tetracthoxysilane to introduce
silicon) and metal salts (e.g. calcium nitrate to add calcium, and ammonium phosphate to
add phosphorus) [35]. Some reactants are costly as compared to other low temperature

methods [37].

Post gelation, a drying process is necessary to remove the liquid phase. Drying is
usually accompanied by a significant amount of shrinkage. During drying, the gel can
break into small pieces, which results in a fine powder for further processing as a
granulate. In comparison, aging the gel before drying and specific sintering protocols are

essential to avoid cracking in 3D structures [35].



The sol-gel method is an effective method for the synthesis of nanophasic HAp,
due to the possibility of controlling the process parameters and having a molecular level
mixing of the calcium and phosphorus. It has been reported that HAp materials
synthesized by sol-gel process are effective in improving the contact and stability at the
artificial/natural bone interfaces in both in vitro and in vivo environment [34]. Several
calcium and phosphorus precursor combinations were used for sol-gel synthesis of HAp.
The resulting apatite structure mainly depends on the chemical nature of those precursors
in terms of chemical activity and required formation temperatures. Balamurugan et al.
[38] used Ca(NO3)2.4H>0 and triethyl phosphate as calcium and phosphorus precursors,
to obtain the stoichiometric Ca/P ratio 1.67. The synthesized HAp powders were dried
and calcinated at temperatures up to 900°C. Brendel et al. [5] synthesized HAp using
Ca(NO3)2.4H20 and phenyl dichlorophosphite [C¢HsPClz] as precursors at (400°C)
resulting in a low purity and poor crystallinity powder. However, increasing the
temperature up to 900°C formed a pure, well-crystallized HAp phase. In another
approach, Vijayalakshmi et al. [39] synthesized microcrystalline HAp powders from
calcium acetate and triethyl phosphate in water and ethanol medium. They showed that
proper heat and acid treatment could eliminate secondary phases such as CaO, Ca;P-07,
and tricalcium phosphate (B-TCP) by managing the pH and gelation time. The acid
treated powder showed better resolved HAp peaks at 211, 112, and 300 planes. The acid
consumes all the soluble impurities, and the calcium carbonate peak at 29.399° was

minimized by a mild acid washing method.

Flores et al. [40] studied the influence of mixing techniques on sol-gel

synthesized HAp powders using calcium precursor Ca(NOs)2 .4H>O at room temperature.



10

Powder characterization showed that samples synthesized under ultrasonic mixing at a
higher addition rate (12 drop/min) had more compact surface morphology and no
tendency to absorb atmospheric carbon, as compared to the sample synthesized by
continuous stirring and lower addition rate (6 drop/min). Thermal diffusivity values for
the ultrasonically mixed samples gave a value closer to the typical value for thermal
effusivity of mandibular human bone. As the higher mixing rate and ultrasonic technique
produce an appropriate stoichiometry, and a homogeneous granular surface, as seen in an
SEM study of the surface morphology, these powders are more suitable for biomedical
applications such as bioactive coatings or bone cements. Flores stated that a higher
addition rate and ultrasonic agitation prevented the increase of crystallite size by adding
energy to the system during the chemical reaction, which makes the chemical reaction
faster at a fixed pH value. In comparison, the slower addition rate without ultrasonic
assistance gave a more compact surface morphology. Gopi et al. [41] reported an
approach for particle size reduction using a novel ultrasonic treatment coupled with sol—
gel synthesis of nano-HAp powders, as compared to the conventional sol—gel method.
Such nano sized HAp powders could be used as coating material for biomedical

applications.

Rodriguez-Lorenzo et al. [42] prepared apatites with different stoichiometries and
morphologies using aqueous solutions. Their work showed that it is possible to control
stoichiometry, crystallinity, and morphology of calcium phosphate apatites as a function
of reaction conditions. Homogenous sets of the final product started with higher
concentrations of reagents. Obtaining apatites with crystal size in the range of adult

human bone or dentin was done at reaction temperatures in the range 25-37°C, while
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higher temperatures ~90°C were necessary to copy apatites with crystal sizes in the range

of enamel.

Anandan and Jaiswal [14] synthesized human bone-like HAp using Schiff’s base
as a surfactant, organic modifier, and a chelator to bring calcium and phosphate
precursors together for HAp formation mimicking the mineral in the human bone by
synthesizing needle-like HAp nanostructures. They used a Schiff’s base derived from
salicylaldehyde and 1, 4-diaminobutane as complexing agent/organic modifier to
synthesize HAp [43]. SEM photos showed highly crystalline nano-needles of HAp with
diameter 10 nm and length 50—-60 nm similar to the morphology of HAp in natural human
bone [44]. In addition, results obtained from TGA and DSC, even after exposure to
higher temperatures, showed only a single phase of HAp. This thermal stability of HAp
suggests that it could be incorporated into polymer composites to obtain better

biomaterials for biomedical applications.

Nazeer et al. [45] investigated the solvent effect on the synthesis of HAp with a
Ca/P ratio of 1.67 through a sol—gel process by reacting Ca and P precursors in different
solvent mixtures of distilled water, tetrahydrofuran (THF) and N,N-dimethylformamide
(DMF). These mixtures with different polarities and dielectric constants were used as the
reaction media. They performed physical and chemical characterization with FESEM,
BET, ATR-FTIR, Raman, XRF and XRD techniques and found that water-based reaction
medium with highest dielectric constant yielded mainly B-CPF with a minor amount of
HAp. In DMF/water-based synthesis, HAp was obtained as the major phase with a very
minor amount of B-CPF. In THF/water solvent system with the lowest dielectric

constant, pure HAp was synthesized. Thus, choosing a suitable solvent plays a major
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role in synthesizing a near pure single phase of HAp for specific applications such as 3D

printing where multi-phase inks might not be favored.

Reaction temperature plays a major role in determining particle size, crystal size,
and shape. Specific surface area was found to decrease with the increase of reaction
temperature. Longer reaction times lead to apatites with higher Ca/P ratios as well as
bigger particle sizes, while shorter times and/or lower temperatures yielded calcium
deficient apatite. Atmospheres of N> or CO: can affect the absorption of impurity ions or
COs* groups into the apatitic structure. Aging of the precipitates at room temperature
can lead to the incorporation of minor quantities of carbonate from the medium. Ben-
Arfa et al. [46] synthesized HAp powders by an aqueous sol-gel method requiring 1h,
instead of conventional aging and drying over 1 week (~200 h), that resulted in a similar
product with slightly enhanced bioactivity. They also employed a fast-drying process
using a rotary evaporator to directly dry the slurry in 1h with no aging. According to
Ben-Arfa, this fast drying, a 50-to 200-fold reduction in process time, results in nano
powders with smaller crystallite sizes, higher surface areas, reproducible and controlled
features, versatility to prepare HAp or biphasic mixtures (HAp + B-TCP) within faster
aging/drying time when compared to the conventional drying method. Moreover, the
study showed that pH and higher synthesis temperatures are the most relevant factors in
determining the crystalline phase and form calcium phosphates with higher Ca:P ratios.
This fast-drying method reduced calcination temperatures and thus, eliminated secondary
phases of biphasic mixtures (HAp + B-TCP) from the starting apatitic powders. Matto et
al. [47] studied the effects of drying methods on the microstructure of biphasic calcium

phosphate ceramics (BCP) obtained by sol-gel method. Their point was to prove that
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desired apatite phases with singular physical-chemical properties are related to process
conditions such as precursor mixtures, aging, drying method, calcination and sintering.
BCP powders were synthesized by an alcoholic sol-gel method and dried either in a
muffle-furnace at 200°C/2h with heating rate of 5°C/min or freeze-drying (BCP-FD),
before calcination. XRD analysis revealed that HAp phase contained in alcoholic sol-gel
processed BCP powder underwent partial transformation into B-TCP after sintering,
resulting in higher particle reactivity. However, sintered freeze-dried BCP samples
remained biphasic from the powder and presented no trace of pyrophosphate phase in the
FTIR spectrum. In conclusion, the freeze-drying method produced a powder with better

features for preventing partial HAp/B-TCP phase transformation.

¢. Hydrothermal technique:

Hydro- and solvo-thermal processing involves the use of a solvent (with precursor
soluble ions), which is heated in a sealed vessel. The typical solvent in a hydrothermal
synthesis is water that reaches temperatures above its boiling point as the pressure inside
the sealed vessel exceeds the ambient pressure [35]. In the last century, hydrothermal
techniques were a common method for various ceramic materials including HAp.
Hydrothermal synthesis involves single or heterogeneous phase reactions in water
conducted at ambient conditions or elevated temperatures (T>25°C) and saturated vapor
pressures (P>100 kPa) to crystallize ceramic materials directly from solutions [48].
Upper limits of hydrothermal synthesis extend to over 1000°C and 500 MPa pressure.
However, 350°C and pressures approximately 50 MPa or less are preferred for

commercial processes [49].
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The pressure and temperature determine and regulate the reactions, including
crystal nucleation, growth, and aging. Crystalline HAp can be produced in one step via
hydro- and solvothermal synthesis without requiring post heat treatment [50], but the
scalability of these “batch” techniques is limited to the size of the reaction vessel [51].
Furthermore, solvent and surfactant selection may require modification to optimize

production.

Bilton et al. [52] compared hydrothermal and sol-gel synthesis methods in
preparing nano-particulate HAp powders. Their elemental analysis data and
characterization showed that hydrothermal powder had a single phase of near-
stoichiometric needle-like HAp nano-particles. Bilton et al. found by studying the Ca/P
ratios of each powder using a transmission electron microscope with energy dispersive X-
ray spectroscopy (TEM-EDX), that there is a greater compositional variability of
particles from the sol-gel route (Ca/P ratio of 1.67, and a small fraction higher than that)
compared to the hydrothermal route (average Ca/P ratio of 1.61) with no detection of Ca-
rich particles. On the other hand, there was the presence of secondary phases in the sol-
gel powders, which was attributed to the evaporative loss of the precursor phosphate
phases during specimen preparation and breakdown of the primary HAp phase during
calcination. The sol-gel synthesis method produced HAp nano-particles that were a

mixture of equiaxed and rod-like particles.

Through intensive research, cost-effective, lower pressure reactors, and chemical
methodologies have led to a better understanding of hydrothermal chemistry reducing the
reaction time, temperature, and pressure to T<200°C and P<1.5 MPa [48]. Manafi et al.

[53] synthesized HAp by dissolving HPO4.2H>O in NaOH and distilled water, followed
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by adding 2-3 g cetyl trimethyl ammonium bromide (CTAB). The hydrothermal
synthesis was conducted at 150°C for 2 hours in an electric oven. This sono-chemical
process resulted in the formation of HAp crystals. The crystallite size and crystallinity

degree of the HAp increased with further annealing.

For an effective and precise morphology control of HAp crystals, Neira et al. [54]
successfully synthesized HAp powders on a gram scale at low temperature 90°C through
a urea-assisted hydrothermal reaction between calcium nitrate tetrahydrate Ca(NO3)>
4H>0 and di-ammonium hydrogen phosphate (NH4)>HPOj4 as precursors. The
morphology of the HAp crystals was controlled by changing the concentrations of the
components and the slow thermal decomposition kinetics of urea. Single-crystal, nearly
defect-free microstructures of carbonated hydroxyapatite crystals were obtained in
different shapes such as plate-like, hexagonal prism-like, needle-like and fine-plate-like
particle morphologies. The shapes and crystallinity were observed with TEM and
electron diffraction (ED). The HAp particles obtained in this study showed higher
mechanical properties under nanoindentation, and better hardness and elastic moduli due

to the crystal orientation.

Ziani et al. [55] worked on doping calculated amounts of magnesium ions (Mg *?)
from 0 to 10% (molar ratio) into the calcium sol solution. The structure and morphology
of the gels obtained after mixing the phosphorus and (calcium + magnesium) solution
were different, and their condensation rates depended on the quantities of magnesium
added. Their XRD, FTIR, and ICP results indicated that the magnesium was

incorporated into the lattice structure of HAp, while SEM and TEM results confirmed the
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influence of Mg on their morphology (needle and irregular shape) and crystallite size,

which was about 30—-60 nm.

Different morphologies lead to a variety of applications. Xuel et al. [56]
synthesized highly crystalline carbonated hydroxyapatite CHA nanorods with different
carbonate levels by a convenient hydrothermal reaction. Increasing the carbonate content
decreased the nanorod lengths slightly and increased the widths. This change of the
carbonate content played a role changing the crystallinity of CHA nanorods. The
substitution of CO3>” ions caused lattice defects that eventually decreased the total
crystallinity of the product. However, biocompatibility and osteogenic differentiation
tests proved that the CHA nanorods were biological apatites and a promising biomaterial
for bone-tissue engineering applications. A main factor to obtain the desired morphology
was using a considerable amount of CTAB as a template. TEM micrographs from Wang
et al. [57] showed the probable mechanism involving interactions of the tetrahedral
CTAB cation structure, the tetrahedral PO4 >~ structure and the OH- ions at different pH
values, resulting in HAp in a variety of shapes, from spheroids with a diameter of ~27
nm, achieved at 90°C, pH=13 for 20 h, to long fibers ~1125 nm and a diameter of ~60
nm at 150°C, pH=9 for 20 h. The results showed that the nanosized HAp particles can be
tailored through the control of the process temperature, the reaction time, concentration

of CTAB, and the pH value of the solution.



17
2. Doping of HAp

A significant amount of research has been done to enhance properties and
applications of HAp synthesized by different methods especially for resorbable scaffolds
and coatings. Due to its biocompatibility, chemical similarity to the human bone mineral,
particle size, crystal morphology that controls the interfaces with cells, proteins or
peptides, hydroxyapatite is an ideal candidate for orthopedic implants, dental implants,
and repairing hard tissues [42]. Due to the ionic contamination of biological HAp, much
research has focused on the ion doping of HAp structure [58]. Doping ions such as
strontium (Sr), magnesium (Mg) and/or, fluorine (F) into HAp structure improves HAp
properties for different uses. Sr and Mg hinder the growth of HAp particles and increase
their solubility and positive surface charges making HAp a good candidate for gene
delivery [59]. On the other hand, fluoride increases the structural order of HAp by
preferred binding with OH, and consequently, fluoridated hydroxyapatite (FHAp) has a
higher thermal and chemical stability than undoped HAp [60] in addition to greater
mechanical properties when sintered at high temperatures. By increasing the fluorine
content, Esnaashary et al. [58] found that the sinterability of FHAp samples was

decreased and the hardness of FHAp samples was improved.

Most research is directed towards modified synthetic apatites involving the
substitution of chemical species found in natural bone. The ability of HAp to exchange
Ca" ions influences crystallinity, physico-chemical and biological properties [61].
Because of the poor mechanical characteristics, mainly its brittleness (Kic ~ 1-2 MPa
m'?), HAp ceramics are mostly limited to applications of low mechanical loads. Remesh

et al. [62] studied the effect of manganese (IV) oxide (MnO>) on the sinterability of HAp.
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They reported a beneficial effect of a small amount of (MnQO>) on the process of low-
temperature densification of the modified HA material without causing any changes in
phase composition. As a result, the mechanical strength of the bioceramics modified in
this way increased. Paluszkiewicz et al. [63] showed a clear influence of manganese
substitution on the structure and thermal stability of Mn-doped hydroxyapatite. They
also showed that the degree of MnHA decomposition depended on the wt% of Mn
introduced in the initial powder, in addition to the calcination temperature. Czeslawa
stated that the presence of manganese additions in the crystalline structure of HA
influenced the adherence of bone cells to the implant material and induced their spread
and viability. Mayer et al. [64] related this advantage to the conformational changes of
integrins, i.e. a group of receptors, responsible for activation of cell adherence processes,

caused by manganese.

Beheri et al. [65] studied the mechanical properties and microstructure of
reinforced hydroxyapatite/calcium silicate nano-composites synthesized by both chemical
precipitation and a sol-gel method. Their research showed the effect of changing the
ratios between HAp and calcium silicate on the mechanical properties, and
microstructure, in an in vitro study. They observed that the mechanical properties were
improved with increasing the calcium silicate ratio in the composite. In addition, their
work confirmed formation and nucleation of apatite on the composite surfaces, which
contained a low content of calcium silicate after one week of immersion. According to
Beheri, HAp/ calcium silicate composites, containing high HAp content at the expense of
calcium silicate content, are promising for bone substitute applications, especially in load

bearing sites.
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Ruys [66] worked on determining the feasibility of chemically doping HAp with
silicon through a metathesis method using Ca3(NO3 )2, (NH4)> HPO4, and NH4OH and
adding silicon by a sol-gel route using tetraethyl orthosilicate [TEOS] and ethanol up to a
Si:HAp molar ratio of 2. His study showed the nucleation and growth of HAp crystals on
silicon-rich substrates in addition to calcium silicophosphate, TCP, and phosphosilicate
glass. This research identified silicon as a calcifying agent rather than as a resident
structural species. Hence, silicon may be used for improvement of bone in-growth rates
for bioactive prosthetic materials as long as the dopant levels are kept low in order to
keep the TCP content to a minimum and reduce the possibility of biodegradability in-

vivo [66].

Sawdi et al. [67] used fluorine to substitute for some of the hydroxyl groups to
form fluoridated hydroxyapatite (FHA) [4-6 wt% F, (FHA, Cai0(POa4)s(OH)>—F«].
Fluorinated hydroxyapatite has been developed by different methods to increase strength
and give higher corrosion resistance in biofluids and acids reducing the risk of dental
caries with the use of pure HAp. The stability of FHA has been improved as the
fluoridated hydroxyapatite has a more compact structure than HAp, resulting in decreased
dissolution rate, and enhanced adhesion strength between the coating and substrate. The
effects of fluoride on bone quality are dependent on the balance between the beneficial

effects and deleterious effects [68].

Morais et al. [69] reported the results of doping cerium into a glass-reinforced
HAp to study the antibacterial and osteoconductive properties for bone tissue
regeneration. The results showed that the Ce inclusion in the glass reinforced-HAp

matrix induced the antimicrobial ability of the composite by promoting cell adhesion,
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seeding osteoblastic populations, and proliferation. The outcome induced regeneration of

the bone tissue.

3. 3D printing of Hydroxyapatite

In general, three-dimensional (3D) printing, also known as additive
manufacturing (AM) is a direct fabrication process of parts layer-by-layer guided by a
computer-aided design (CAD) program. For biomedical applications and tissue
engineering (TE), hydroxyapatite falls into fabrication approaches such as 3D-Bioplotter
or Direct Ink Writing, Selective Laser Sintering, and Robotic-Assisted Deposition or
Robocasting depending on the end user application [70]. Some key advantages of 3D
printing in biomedical applications are that it allows more flexibility regarding
manufacturing customized, low-volume, complex implants with functional grading,
without the need for high energy and without material waste. 3D printing or AM
represents a great opportunity to produce a variety of biomedical devices such as

orthopedic implants.

Materials with compositions similar to the mineral phase of bone have high
clinical interest [71]. A wide range of bioactive ceramics, such as HAp, (B-TCP,
bioactive glass (BG) and calcium silicate (CS), bioactive ceramic scaffolds could react
with physiological fluids, resulting in the formation of strong chemical bonding to bone
tissues due to the formation of bone-like HA layers [72] and then self-degrade in vivo.
Typically, a water-soluble polymer is used as a binder for 3D printing. For example,
Seitz et al. [73] reported 3D printing of HAp scaffolds with a polymer-based binder

solution layer-by-layer, scaffolds are heated at 400°C to burn out the organic
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components, and then rapidly sintered at 1250°C in ambient air. Controlled shapes and
pore sizes were fabricated. Pires et al. [74] changed printing parameters and binder
proportions when he 3D fabricated and sintered HAp scaffolds. His results showed that
increasing sintering temperatures led to a slight increase in density, compressive strength
and tangent modulus of the scaffolds with an expected porosity decrease. Furthermore,
HAp scaffolds showed superior biocompatibility compared with B-TCP scaffolds and

BioOss® scaffolds [74].

Razali et al. [76] studied the effects of excess calcium on the handling and
mechanical properties of hydrothermal derived calcium phosphate cement (CPC) for
bone filling applications using calcium oxide, CaO and ammonium dihydrogen
phosphate, NH4H>POy as the calcium and phosphorus precursors respectively. The
effects of calcium excess were evaluated by varying the CaO content at 0, 5 and 15
mole %. Their work showed that an increase in calcium content of CPC caused poor
injectability performance due to lack of water content in the cement and the increase of
viscosity as well as the cement self-setting rate. However, agglomerated particles in the
CPC may increase the overall strength of the cement [77] and the highest compressive
strength achieved by CPC-5 at 1.682 MPa, compared to the compressive strength of
CPC-0 and CPC-15 at 1.638 MPa and 1.508 MPa, respectively. The mixture with higher
calcium excess is found to be sticky due to the interparticle attractive forces, which

hardens the cement faster [78].

Polymer materials that are currently used for 3D printing for biomedical
applications are based on naturally derived polymers (gelatin, alginate, and collagen) or

synthetic polymer molecules such as polyethylene glycol (PEG), poly lactic-co-glycolic
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acid (PLGA), and polyvinyl alcohol (PVA). For such applications, printable materials
should have several desired characters, e.g., printability, biocompatibility, good
mechanical properties and structural properties [79]. It is essential for any successful
transplantation to have a decent interaction with endogamous tissues [80]. 3D printing
has addressed this problem by allowing the control of pore size and pore distribution in
the scaffold [81]. Printing of composite scaffolds with high biocompatibility was
achieved by adding bioactive particles into polymer. The biodegradable and
biocompatible polymers maintain the toughness of the printed scaffold, while the brittle

biomaterial particles increase biocompatibility.

Synthetic calcium phosphates such as HAp [82] and TCP [84] have been widely
applied in tissue engineering to fabricate biocompatible composite scaffolds through
variable 3D printing technologies. These materials effectively generate nano/microscale
topology in composite scaffolds and greatly improve the hydrophilicity of the scaffolds,
thus increase the bioactivity of scaffolds [79]. To improve the strength of scaffolds, most
of the composite scaffolds were prepared by blending HAp or TCP with polymer matrix.
Xia et al. [84] selected HAp as reinforcement and fabricated a poly caprolactone (PCL)
based scaffold by SLS technique. A 130% improvement in the compressive strength of

fabricated composite scaffolds was demonstrated.

When it comes to the 3D fabrication of an artificial bone scaffold process, the
interaction mechanism between binder and bioceramic powder determines the
microstructure and macro mechanical properties of HAp bone scaffold. Wei et al. [85]
explained in their work that ionic bonds and hydrogen bonds are formed between the

polar functional groups in the binder polymer and the Ca, and —OH groups in HAp. They



23

also stated that Young's modulus of bone scaffolds is limited by the Young's modulus of
binders, and the compressive strength is mainly decided by the viscosity of the binders.
Moreover, the porosities within HAp pellets and the incomplete infiltration of binder in

the HAp surface are the main reasons for the differences in mechanical properties.

The core challenges associated with biomedical 3D printing are in achieving high
mechanical properties, durability, and designed architectures that satisfy both mechanical
and functional requirements especially in load-bearing implants. The challenges go
further in the ability of 3D printing technologies to accurately produce desired porous
architectures that meet design objectives due to the resolution capability of the 3D printer
in use. Implant pores can be infiltrated with polymers to modify strength, fracture
resistance, and biodegradation speed. Micro-porosity is vital for fluid exchange and

cellular influx during bone healing.

HAp has been infiltrated with non-degradable methacrylate polymers improving
the bending strength of 3D printed HAp ceramics by nearly two orders of magnitude, to
>50 MPa [70,86]. Surface roughness of the product plays a critical role to induce cell
anchoring, proliferation and integration, but at the same time for other cases this
roughness might be unfavorable because of stimulating foreign body reactions or

releasing particles around the implant [70].

The size and shape of pores of granular HAp used in 3D printing can affect
vascularization. New bone formation requires a critical pore size (>350 ) for better cell
migration and angiogenesis in vivo [86]. For such accurate fabrication, porogen
leaching, electrospun matrices, and micromolding techniques are now in use. Optimizing

pore size becomes essential for molecular signaling, nutrition supply, waste removal, and
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tissue studies in vitro and in vivo. Weia et al. [86] investigated new nano-hydroxyapatite
(NHAp)/polymer composite scaffolds with high porosity (90% and above) developed
using thermally induced phase separation techniques. Nano-sized HAp particles were
effectively incorporated into the porous scaffold and improved the mechanical properties
and protein adsorption of the composite scaffolds, while maintaining high porosity and
suitable micro architecture. The results suggest that the newly developed nano-
HAp/polymer composite scaffolds may serve as an excellent 3D substrate for cell

attachment and migration in bone tissue engineering.

Suwanprateeb et al. [89] studied the mechanical properties and bioactivity of a 3D
printed hydroxyapatite composite infused with bisphenol A glycidyl methacrylate resin
(HAp/bis-GMA). As-fabricated green 3DP samples and 1300°C sintered 3DP samples
were studied. The HAp volume fraction in both composites was found to be 0.22 and
0.36, which are typical levels that could show bioactivity without compromising the
mechanical properties. It was found that both 3DP composites had higher flexural
modulus, strength and strain-at-fracture than the initial 3DP hydroxyapatite sample.
However, in contrast, the sintered composite had a higher HAp content, higher density
and greater modulus, but lower strength and strain-at-fracture than the composite
produced from green 3DP sample. In vitro toxicity showed that 3DP samples of
HAp/bis-GMA based composites were non-toxic and the higher content of HAp helped
more osteoblast cells to attach and attain normal morphology on the surface of
composites. Poor interfacial bonding between the HAp and matrix resin was observed in
both composites, which explains average bioactivity for the greater amount of HAp in the

composite.
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In another HAp composite study, Sarsilmaz et al. [88] investigated a composite
implant of HAp and polyethylene (PE) for the usability in large bone defects and
orthopedic surgery in mongrel dogs. The implants were manufactured in blocks by hot
compacting the mixture of 80% HAp and 20% PE weight ratio. Polyethylene being a
bioinert material required that the surface of the implant had to be as reactive as possible
with the neighboring tissues by adding the greatest possible amount of HAp and
maintaining a rough outer surface to increase cell proliferation and adhesion. The study
found that the mechanical properties of the implant were close to those of the human
cortical bone, except the Poisson’s ratio, and the composite was considered bioabsorbable
due to light inflammation by the penetration of osteoid tissue into the implant, especially

with higher %HAp and surface pores.

Chumnanklang et al. [89] studied the influence of binder concentration in the
slurry for pre-coated particles on the properties of a hydroxyapatite part fabricated by
3DP. The demonstration was done by using maltodextrin, a low-cost water-soluble
natural polysaccharide binder, and a spray drying technique to prepare the raw material.
The concentration of binder was found to influence properties of both green and sintered
parts. Eventually, increasing the binder concentration and pre-coated particle size
increased the green strength of the sintered HAp samples. The researchers stated that it is
likely that a large pre-coated particle would yield a stronger 3DP hydroxyapatite part
because of the better densification of intra-particles than inter-particles during the

sintering process.

Micro-nozzle 3D printing for direct biomaterial ink deposition is a promising

method to print microscale features [90]. A variety of materials including poly (2-
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hydroxyethyl methacrylate) (pHEMA), polyacrylic acid, (PAA), polyethylenimine (PEI)
have been used as ink solution in the direct writing technique [91]. Sun et al. [91]
investigated the effect of direct writing architectures on cell composition and human
tissue formation. Biomaterial architecture, including pore size and shape, has a huge
impact on bone tissue engineering from various materials. They worked on 3D silk/HAp
scaffolds that were used to support the growth of co-cultures of human bone marrow-
derived mesenchymal stem cells (hMSCs) and found the spacing between silk/HAp
filaments is approximately 400 p, the vascular-like structures follow the scaffold

morphology.

Michnaa et al. [92] studied the effects of calcining and milling on as received
HAp powder to formulate ink for direct-writing assembly. Upon calcining at 1100°C for
10 h, there was a dramatic change in powder morphology yielding a final specific surface
area (SSA) value of 3.8 m?/g after a starting value of 75.7m?/g. The optimal powder
morphology emerged only after calcining at this temperature for several hours. Longer
calcination times are required for the particles to adopt the nominally smooth, pore-free
morphology. They found as well that concentrated HAp inks suitable for direct-write
assembly of 3D periodic scaffolds require both a high solid loading (~45 vol%) and high
elastic shear modulus (~10° Pa). The HAp inks used in their work were mainly prepared
by making a stable colloidal suspension (30 vol% HAp) in deionized water with an
appropriate amount of PAA dispersant (0.57mg PAA/m? HAp) and an adjusted pH of 9
followed by ultrasonication. Viscosifier and defoamer were then added in the appropriate

amounts, followed by shaking on a paint shaker and addition of PEI gelling agent.
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3D powder printing and 3D plotting are considered appropriate methods for
processing of calcium phosphate-based materials [93]. Mechanical properties (e.g.
compressive strength) can be improved by sintering as a post-processing step. Kumar et
al. [94] studied chemical stabilization and structural properties of 3D scaffolds and the
comparison in cases of alginate cross-linking versus sintering. For extrusion method of
3D plotting, two different binders, maltodextrin and sodium alginate (cross-linked with
CaCl; solution), were used to fabricate scaffolds with parallelepiped porous architectures
having up to 74% porosity. Sintered scaffolds exhibited progressive deformation and
delayed fracture under external loading. The study showed hydroxyapatite—alginate
scaffolds having a higher compressive strength (9.5 + 0.5 MPa) than hydroxyapatite—
maltodextrin scaffolds (7.0 = 0.6 MPa) due to differences in microstructure. After
sintering and complete removal of polymeric phase, a pure inorganic, micro-porous 3D
structure remained. Holding at 450°C for 30 min, and heating at 1250°C for 1 h lead to
densification and 30% decrease in total microporosity. In contrast, the sintering of HAp—
alginate samples at 1250°C for 1 h lead to the complete transformation of HAp to
chlorapatite. In 3D powder printing, the choice of binder is limited depending on the
powder composition [95]. The crystallinity of HAp determines its stability in body fluids
at physiological pH where low crystallinity HAp with porous architecture is

recommended for faster bone regeneration [96].

4. Sintering Hydroxyapatite and Calcium Phosphates

The low chemical and thermal stability of HAp in general, affects its sinterability

leading to poor mechanical properties of a HAp bulk [58]. Therefore, poor sinterability
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has restricted HAp applications to non-load bearing conditions such as coatings or
combinations with other materials. However, poor sinterability does not degrade the
hardness of HAp, as Esnaashary et al. [58] have shown. In addition, lower sintering
temperature reduces material processing cost and prevents second phase decomposition at

high temperatures [97,98].

Ghosh and Sarkar [99] studied the effect of preparation on the microstructural
properties and microhardness of sintered HAp samples synthesized by three different
routes: wet chemical precipitation (HCop), sol—gel (HSol), and solution combustion
(HCom) methods. The calcined powders had higher particle size for HCop than either
HSol or HCom powders. Powder particles grew from nano- to micro-range sizes as the
calcination temperature increased from 700 to 1000°C. The HAp synthesized by the wet
chemical precipitation had the highest microhardness value and bulk density due to the
very high compact grain structure with almost no porosity. The hardness was lower for
the samples (HCom, HSol) sintered at 1200°C because of the lower bulk density value at

this temperature [100] making them more suitable for load bearing applications.

Customizing sintering schedules can help in designing the final required
properties of a bioceramic by altering the microstructure, shape and size of the grain,
composition, and surface chemistry [101]. The sintering characteristics are dependent on
the surface area of the powder, heating rate, Ca/P ratio and the mode of heating. Usually,
the objective is to increase the surface area and prevent grain growth. Whatever the
sintering technique may be, grain growth occurs mainly during the last step of sintering,

when the relative bulk density reaches 95% of the maximum value. [102]
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HAp powders were reported to reach theoretical density by pressureless sintering
[103] at 1000-1200°C. When the sintering/holding temperature exceeds 1300°C, HAp is
unstable leading to grain growth and decomposition. The processing of HAp under
vacuum leads to the decomposition of HAp, while processing under high partial pressure
of water prevents decomposition [101]. Meanwhile, the presence of water in the
sintering atmosphere constrains densification of HAp and accelerates the grain growth

[104]. The densification of HAp attains a saturation limit between 1100 and 1300°C.

Sintering of HAp is difficult due to the presence of OH content, which
decomposes to form TCP and anhydrous calcium phosphates at ~1200-1450°C.
Dehydroxylation leads to decomposition, and this -OH ion loss can be reversed during
cooling to ambient temperature [105]. Partial dehydration of HA into oxy-hydroxyapatite

may occur [106, 107] according to a reversible reaction:

Ca10(PO4)s(OH)2 <> Caio(PO4)s(OH)2-2y Oyt yH20 (gas) ... eq (2)

In general, dehydroxylation tends to occur at temperatures >800°C and
accelerates up to 1350°C. At a temperature >1350°C, irreversible dehydroxylation
accompanied by decomposition occurs, whereas densification at a temperature >900°C
takes place depending on the type of powder used. The densification saturates at ~1150—
1200°C with closed porosity. Through the progress of the dehydroxylation, vacancies
enhance both grain coalescence in the first stage of sintering at low temperatures and
densification during the intermediate stage at higher temperatures. Dehydroxylation can
prevent densification at the final stage of sintering when the pores are closed, and trapped
water vapor is present [102]. Sintering is delayed by moisture [108]. Substituted ions

may also play a role in the ability to sinter. At the microscopic scale, ionic substitutions
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in hydroxyapatite create lattice defects/point defects that modify the sintering rate. They
can either accelerate or slow down the sintering rate. Still, and despite the composition
of CaP, the transition point between densification and favoring grain growth occurs at
~95% of relative bulk density [102]. Grain growth and densification processes occur
simultaneously to some degree, but grain growth is particularly active during the last

stage of sintering at high temperatures.

Grain growth and the probability of chemical decomposition are some of the
problems encountered during conventional sintering [ 109]. Esnaashary applied a two-
step sintering method by Chen and Wang [110] to achieve nanostructural properties for
his prepared HAp. In two-step sintering, the sample was heated up to a temperature
sufficiently high to reach a critical relative bulk density of ~70%. Then, it is rapidly
cooled and held at a lower temperature until densification is completed [111]. Grain
boundary migration is hindered by triple grain junctions, which form at higher
temperatures in the first step and become stable by densification through volume and
grain boundary diffusion at lower temperatures in the second step [112]. The critical
element in the first step is achieving an initial relative density of more than 75% to render
pores unstable and to form triple grain junctions [58, 112]. Lastly, to achieve lower
sintering temperatures with higher densification rates, several sintering techniques in
controlled atmospheres, flash sintering, spark plasma sintering (SPS), and hot isostatic

pressing (HIP) have been used on HAp [101, 102].
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Chapter Three

Materials and Methods

Introduction

Over the past forty years, there has been much research and success in
synthesizing new ceramic materials at low temperatures. Sol-gel processing, because of
its atomic level mixing in solutions, has an advantage in synthesizing highly reactive
starting materials of many ceramic composition [49]. Meanwhile, hydrothermal
processing is popular for crystalline phases using modest temperatures in high-pressure
water vessels [49]. In this thesis, these synthesis methods are the basis for producing fine
powders with controlled size, composition, and purity. Powders prepared by these
methods were compared to a powder that is commercially available. In total, three

powders were examined.
3.1 Sol-Gel preparation of Hydroxyapatite [112]

First, a sol-gel synthesis was used to obtain the hydroxyapatite nano powder. The
flowchart given in Fig.3.1 outlines the experimental procedure used to generate the nano-
HAp. In the synthesis, calcium nitrate tetrahydrate Ca(NO3)2.4H,0 (Merck) and
ammonium dihydrogen phosphate (ADP) NH4H2PO4 (Sigma Aldrich) were used as
starting Ca and P precursors. Ammonium hydroxide NH4OH was used to adjust the pH

of the solution. The following synthesis reaction was carried out:
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10Ca(NOs3)2.4H>0(s) + 6NH4H2PO4(s) + 14NH4"(aq) +OH™ (aq) —

Cai0(PO4)s(OH)2(s) + 20NH4 " (aq) + 20NO3™(aq) + 52H>0(1) (eq) 3
1.67 M Ca(NO3)2.4H>0 solution in ethanol (pH 10) was added to the IM NH4H>PO4
solution (Ca/P=1.67) under vigorous stirring for 20 min at room temperature. After a
white milky solution was obtained, it was aged for 24 h at room temperature. The gel
obtained after this process was filtered and washed repeatedly using double distilled
water to remove NHs"(aq) and NOs (aq). In addition, the gel was washed repeatedly
using pure acetone (99.8% Merck) to change the phase while preventing agglomeration.
The filter cake obtained by this process was then dried at 80°C for 18 h in an oven, and
the dried powder was calcined at 750°C for 4 h, using an electric furnace, employing a

1

heating rate of 15°C min™" in air. The final powder was hand crushed in a mortar and

pestle.
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Ca(NO,),4H,0 ‘ NH,H, PO,
L in ethanol - ' L in water

pH~10 pH~10

Sol-Gel (pH~9)

"

24 h aging at
room temperature

Drying at 80°C
for 12h

L.

Thermal treatment
at 750°C for 4h

HAp nanopowder

Fig.3.1. The flow chart of HAp preparation.

3.2 Hydrothermal preparation of Hydroxyapatite [113].

The starting materials used in this work were 1 M calcium nitrate tetrahydrate
Ca(NO3)2-4H,0, diammonium hydrogen phosphate(NH4)2HPOs,
cetyltrimethylammonium bromide (CTAB) and deionized water (>18.2MQ). All
chemicals were analytical grade, and aqueous solutions were made dissolving them in
equal volumes of (75 ml) of deionized water. All mixing was done with continuous and
gentle magnetic stirring of 400 rpm and a constant temperature of 90°C. The sample

preparation solution had a Ca/P ratio equal to 1.67 (stoichiometric ratio of HA). The
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general procedure was the following: 0.67 mol (NH4)HPO4, and 0.025 mol CTAB were
dissolved completely in 75 ml of deionized water heated to 90°C, and the pH value was
adjusted to 9.3 by adding NH4OH solution (1 M) for 20 min. At the same time,
Ca(NO3)2.4H>0 was dissolved in 75ml of deionized water at 90°C and the pH value was
also adjusted to 9.3 by adding NH4OH solution (1 M) for 20 min. Then the
(NH4)>HPO4/CTAB solution was added slowly drop-wise by burette to the solution of the
Ca(NO3)2.4H>0. The final milky suspension was formed after the pH went above 2.59.
The pH was adjusted to pH 10.3 by adding more NH4OH. The pH adjusted solution was
left for vigorous mixing for 45min at 90°C and 1000 rpm to ensure the reacting and
complexing was completed. Then, the mixture was transferred to a 250ml Teflon vessel
sealed tightly and heated in an oven at 150°C for 24 h. The precipitate was then rinsed to
discard the extra solution and then double washed with deionized water to change the
phase, filtered, washed again with methanol (Sigma Aldrich 99.8%) and filtered to
remove the residual CTAB and nitrate ions. A gel-like paste was produced which was

then dried at 100°C for 24 h to yield white powders.

3.3 Commercial Hydroxyapatite.

This sample was provided by FLUIDINOVA, S.A a spin-off from the Faculty of
Engineering at the University of Porto (Portugal) 2005. FLUIDINOVA is a specialized
manufacturer and supplier of synthetic nano-hydroxyapatite and tricalcium phosphate
materials marketed as nanoXIM. The high-quality standards of their products aim at
providing companies around the world that operate in the industries of medical devices,

oral care, food and a vast number of applications. The company implemented a Quality
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Management System and is certified according to ISO-9001 standards in the scope of
production of calcium phosphate nanoparticles and hydroxyapatite. The product
provided is nanoXIM HAp203, a white powder with 100% phase purity of HAp and
particle size distribution (d50) of 10.0 £ 2.0um. The company states their product has a
high BET specific surface area (>100 m?/g) due to its high porosity conferred by the

nanostructure of the hydroxyapatite.

According to the company literature, FLUIDINOVA invented a reproducible
process of micromixing and quality control of calcium phosphates nanoparticles
synthesized by a wet chemical precipitation method. A static mixer, NETmix® reactor
fed by a calcium solution, a phosphorus solution, and an alkaline solution with optional
use of a solvent or a surfactant agent was used to synthesize the nanoXIM HAp203. This
process performs a great mixing quality at the molecular level to produce particles with
nanometric structure, high purity and controlled crystallinity, and controlled crystal size
and morphology. This invention also allows programming the reactants injection scheme
with a given distribution at the inlet and along the reactor, which enables to program the

pH of the reactant media along the reactor.

3.4 Materials characterization

To achieve a comparison study of the three as-synthesized HAp powders, certain
information was required to determine the characteristics and properties of the powders.
These are phase identification and X-ray diffraction analysis, microstructure, surface area

and topography, particle size, thermal properties, and chemical composition. These
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comparisons are just the beginning. Further studies under different atmospheres and
thermal conditions will be needed to fully understand the properties of the material and

their behavior when applied in 3D printing.

Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC)
were used to measure the thermal properties of the powders. A field emission scanning
microscope (FESEM) was used to study the surface morphology of the powders. The
molecular components and species were identified using Fourier transform infrared
spectroscopy (FTIR). BET surface area and pore size distribution were measured to

understand the particle sizes within each synthesized powder.
3.4.1 Phase identification and X-ray Diffraction Analysis

Powder XRD patterns were collected at room temperature, using a PANalytical
X’Pert Pro diffractometer (Westborough, MA) with a Cu Ka = 1.5406 A radiation source
operating at 45 kV and 40 mA. The diffraction patterns were collected over a 20 range
from 5° to 90° with an incremental step size of 0.04° using flat plane geometry. The
acquisition time was set at 32.895 seconds for each scan and a step size of 0.0131303°.
The powder XRD pattern was used to confirm the phase of the final HAp powders and to

identify any other phases that were present.
3.4.2 Microstructure and FESEM microscopy

A Zeiss Sigma Field Emission Scanning Electron Microscope (FESEM,
Thornwood, NY) with full digital image collection was used to investigate the size and

morphology of the HAp powders. The importance of determining the morphology is due
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to the influence of morphology on the functional properties of HAp and its desired

applications.
3.4.3 Fourier Transform Infrared Spectroscopy (FTIR)

Fourier transform infrared spectroscopy (FTIR) is a form of vibrational
spectroscopy that relies on the absorbance, transmittance or reflectance of infrared light.
Using this method, light is absorbed in different amounts in a sample at distinct
frequencies corresponding to the vibrational frequencies of the bonds in the sample. The
IR spectra of the samples prepared were recorded in the 4000-400 cm ™! range using
Perkin-Elmer Frontier™ FTIR spectrophotometer with a UTAR that operates in that mid

—IR region (2.5um-25um).

3.4.4 Thermogravimetric (TGA) Analysis and Differential Scanning Calorimetry

(DSC)

Thermal analysis has been carried out to investigate the thermal stability of the as-
synthesized powders. Thermogravimetric analysis (TGA) is a technique in which the
substance mass is monitored as a function of temperature or time while subjected to a
controlled temperature program in a controlled atmosphere. Differential scanning
calorimetry (DSC) is a thermal analysis technique that measures the temperature and heat
flow associated with transitions in materials as a function of temperature and time. Such
measurements provide quantitative and qualitative information about physical and
chemical changes that include endothermic/exothermic processes or changes in heat

capacity.


https://www.netzsch-thermal-analysis.com/us/products-solutions/thermogravimetric-analysis/
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A Netzsch STA 449F5 Jupiter (Burlington, MA) Simultaneous Thermal Analyzer
was used to study the thermal behavior of the HAp powders, such as the energy liberated,
reaction types exothermic or endothermic, and weight loss of the samples by recording
the samples starting weights and heat flow. Thermogravimetric analysis (TG) was
conducted on the as-synthesized HAp powders in both air and N> with 10°C/min heating
rate from room temperature up to 1200°C. This method was used to determine the phase

stability and reaction temperatures of the HAp powders.

3.4.5 Brunauer-Emmett-Teller (BET) Surface Area

Particle shape and size affect the densification, sinterability, as well as solubility
of HAp for implant applications. Nanosized HAp possesses higher surface area and
surface roughness, thereby resulting in better cell adhesion and bone regeneration [7,
114]. The Brunauer-Emmett-Teller (BET) surface area measurements of the HAp
powders were carried out using Micromeritics TriStar-3000 (Micromeritics Instrument
Corp. GA, USA). The adsorption technique used nitrogen gas to carry out the surface
area measurement. Results are presented in tables using the ISO 9277 standard for

calculating the specific surface area of solids based on the BET method [114].

3.4.6 Average Particle Size Distribution

Samples were tested using the Mastersizer 3000 Ver. 3.50 (Malvern Instruments
Ltd. Malvern, UK) operating in a size range 0.01 - 3500um dispersed in DI-water to

obtain the average particle size and distribution.
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Chapter Four

Results and Discussion

4.1 Phase identification and X-ray Diffraction Analysis

Pressed samples of powder were sintered to temperatures 400, 600, 850, and 1200°C.
After the samples cooled to room temperature, X-ray diffraction patterns were collected from
samples to identify phases. By knowing the phases that existed after these treatments, it was
possible to study phase transformations and decomposition reactions related to the sintering
temperature. It was found that the decomposition temperature for HAp was strongly dependent
on the particle characteristics and synthesis route [115].

XRD patterns (intensity of diffracted X-rays as a function of 26) indicate that all of the
synthesized samples are composed of several types of Calcium Phosphates. The sharp peaks
confirm they were highly crystalline, whereas broader peaks translate to a higher value of full
width at half maximum (FWHM), which indicates smaller size of the crystallites/particles in the
powder. The as-synthesized HAp powders did not show any major differences in the diffraction
patterns even after increasing the sintering temperatures. The XRD patterns revealed that the
sintering process promoted both crystallite growth and enhancement of crystallinity. The main
crystallite indices (hkl) from the highest intensity peaks and lattice parameters for all powders
are listed in table 4.1. The change in crystallite sizes due to different higher sintering
temperatures are shown in table 4.2.

The calculation was done so that a comparison could be made between the crystallite size

of the synthesized HAp powders and the growth in the crystallite size with increasing sintering
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temperature. The crystalline size, t(hkl), for the pure and sintered HAp powders was calculated

using the Debye-Scherrer equation [116,117].

0.91
BcosO(hkl) 7 (eq) 4

t(hkl) =
where, A is the wavelength of the monochromatic X-ray beam, B is the Full Width at Half
Maximum (FWHM) of the peak at the maximum intensity, 8(hkl) is the peak diffraction angle
that satisfies Bragg’s law for each of the (h k 1) planes and t(hkl) is the crystallite size.

Regarding the phase composition and purity, all XRD patterns showed that no
unexpected elements were involved in any of the reaction syntheses due to the nature of the raw
materials used as precursors in the sol-gel process, eq (3), or in the hydrothermal technique. No
CaO was observed in any of the X-Ray patterns which indicates a very small amount of HAp
carbonation, or no carbonation at all during the synthesis. CaO phase has been shown to have
negative effects on the growth of bone cells [118,119].

Among the calcium phosphates formed in the samples, sol-gel powders showed sharp
peaks of HAp Cas(PO4)30H presented in PDF card (97-005-0656), PDF card (97-000-2633), and
PDF card (97-018-4779) as the most dominating phosphates in the sample. Few other
phosphates peaks indicated Whitlockite Caz.99Ho.006(PO4)> PDF card (97-000-6191), Tricalcium
Bis(orthophosphate) Ca3(PO4)2 PDF card (97-041-0782), and a peak of calcium dihydride CaH>
PDF card (97-026-0873). After raising sintering temperatures up to 1200°C, the sol-gel powder
showed more matching peaks of HAp, Cai0(PO4)s(OH)> PDF card (97-001-6742) with very few

traces of calcium dihydrogen phosphate Ca(H2POs4)2 PDF card (97-000-2633).
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It is clear that sintering promoted crystal growth at temperatures above 400°C as the
diffraction peaks got sharper and no other phases could be detected Table 4.2. Fig.4.1, shows the

XRD Pattern for Sol-Gel HAp Powder sintered 400-1200°C.
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Fig.4.1. XRD Pattern for Sol-Gel HAp Powder sintered 400-1200°C
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Table 4.1 Crystallite indices of the calcium phosphates and apatite powders after sintering.

Sintering Sol-gel (hkl) Hydrothermal (hkl) Commercial (hkl)
Temp. Indices Indices Indices
(012) (104) (024) (100) (200) (002) (120) | (100) (200) (002) (101)
(010) (012) (210) (012) (112) (211) (300) | (120) (121) (113) (130)
400°C (220) (100) (016) (130) (132) (213) (321) | (112)(201) (310) (311)
(404) (238) (110) (402) (202) (301) (131) | (231)(132) (300) (211)
(111) (121) (200) (310) (311) (103) (222) | (123) (401) (222) (140)
(211) (212) (130) (312) (123) (232) (140) (502) (301) (303)
(222) (132) (213) (420) (144) (511) (322)
(252) (124) (222) (502) (152) (210) (110)
(212)
(210) (214) (110) (100) (200) (110) (111) | (100) (101) (110) (200)
(128) (220) (012) (211) (112) (002) (300) | (002) (102) (120) (300)
(112) (211) (226) (202) (301) (222) (110) | (121)(202) (112) (310)
600°C (016) (404) (010) (210) (213) (402) (102) | (222)(123) (231) (301)
(020) (024) (120) (212) (302) (400) (132) | (122)(311) (312) 004)
(104) (300) (202) (131) (240) (421) (502) | (410) (151) (522) (153)
(100) (152) (431) (243) (144) | (130) (213) (321) (502)
(252) (321)
(002) (300) (202) (100) (111) (120) (211) | (100) (200) (120) (121)
(214) (210) (220) (102) (101) (200) (300) | (300) (112) (002) (202)
850°C (128) (020) (110) (121) (112) (002) (212) | (222)(310) (211) (130)
(024) (010) (300) (202) (310) (222) (123) | (123)(231) (502) (102)
(128) (020) (112) (201) (004) (122) (214) | (210) (301) (212) (131)
(211) (012) (104) (151) (132) (213) (231) | (321)(412) (014) (332)
(122) (226) (404) (140) (312) (125) (502) | (240) (203)
(216) (502) (143) (311) (522) (143) (113)
(100) (012) (006) (200) (111) (211) (102) | (300) (112) (211) (213)
(110) (024) (128) (211) (112) (300) (222) | (202) (132) (121)(111)
1200°C (226) (238) (132) (130) (210) (002) (132) | (301) (212) (130) (131)
1131) (502) (511) (213) (140) (402) (004) | (113)(321) (303) (210)
(144) (301) (211) (202) (301) (212) (131) | (310)(222) (123) (231)
(201) (220) (310) (113) (332) (124) (502) | (004) (402) (200) (002)
(402) (213) (210) (502) (431) (144) (252) |(102)
(112) (321)
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Table 4.2. The change in crystallite sizes due to different higher sintering temperatures.

Powder sample | Sintering | Average crystallite
Temp. size (nm)
400°C 34.31
Sol-gel 600°C 37.51
850°C 51.46
1200°C 55.58
400°C 29.24
Hydrothermal 600°C 32.97
850°C 39.34
1200°C 44.12
400°C 15.10
Commercial 600°C 23.26
850°C 40.85
1200°C 61.25

The hydrothermal powders at 400°C showed phases of HAp as Caio(PO4)s(OH)> PDF
card (97-001-6742) and Cas(PO4);0OH PDF card (97-015-1414) besides Portlandite Ca(OH)>
PDF card (97-001-5471) in addition to traces of calcium dihydrogen phosphate Ca(H2PO4), PDF
card (97-000-2633). The XRD analysis for powders sintered at 600-1200°C confirmed further
formation of HAp represented by different PDF cards in addition to smaller peaks of apatite
CaOH B type NaxCO3 doped PDF card (97-009-3529) and penta calcium triphosphate V

hydroxide Ca(PO4);0OH, PDF card (97-005-1683).
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Fig.4.2 XRD Patterns for Hydrothermal HAp Powder sintered 400-1200°C

The diffraction patterns showed a larger number of apatite peaks in comparison to the
powders synthesized by the sol-gel route and the commercial powder. Increasing sintering

temperatures reflected a stable number of those crystallite sites without showing a dramatic
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change in the peak sharpness. This might indicate less crystal growth upon increasing sintering
temperatures. Both hydrothermal and commercial powders show generally sharper peaks of
apatites than the sol-gel powder, which is consistent with the larger particle size and high degree
of crystallinity as observed by FESEM (fig.4.4. a-g). Powders possessing higher crystallinity
have the capacity to yield higher counts of Osteoblast cell viability in a 3D scaffold for bone
replacements [120]. Hydrothermal HAp sample showed more diffraction peaks of high
crystalline HAp at all sintering temperatures. This sample would be very phase stable when it
comes to higher sintering temperatures when needed for a final 3D printed scaffold or for
bioactive coating. [120].

XRD analysis of the commercial HAp powder is shown in Figure 4.3., which shows
major phases of hydroxyapatite Cas(PO4);OH PDF card (97-016-1328), PDF card (97-020-3027)
and Caio(PO4)s(OH)2 PDF card (97-002-6204). In addition to a few other peaks of apatite CaOH
B type Na;COj3 doped PDF card (97-009-3529) and penta calcium triphosphate V hydroxide
Ca(PO4);0H, PDF card (97-005-1683). At the same values of 20, the diffraction pattern shows
its main peaks over different sintering temperatures. Yet, sintering at 1200°C showed a match of
whitlockite Caz.99Ho.006(PO4)2 PDF card (97-000-6191). As sintering temperatures increase, the
crystallite sites get larger which are indicated by sharper diffraction peaks associated with high

intensities (fig 4.3).
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4.2 Microstructure and FESEM microscopy

Typical images of the HAp powders are presented in fig.4.4. a-g. Different morphologies were
observed among the powders. The hydrothermal and commercial HAp powders were made up of
nanosized particles and consisted of soft agglomerates, whereas the sol-gel powder appeared to be
composed of hard agglomerates. At the same time, the sol-gel and hydrothermal HAp powders showed
a higher tendency to agglomerate.

Fig.4.4. a-d shows the SEM images of the as-dried sol-gel HAp powder obtained after heat-
treatment at 750°C for 4h in stagnant air. The sol-gel powder appears to be highly agglomerated due to
the many steps during formation and drying of the gel. In sol-gel synthesis, dispersing all reactants is
critical and difficult, even with the use of vigorous stirring for hours. The surface-dominated properties
associated with nanocrystalline particles that led these particles to cluster together, could contribute to
agglomeration. The recrystallization of the dissolved calcium nitrate during gel formation and drying
may result in small particles being embedded in each other and agglomerating into clusters [48]. Higher
magnification indicates agglomeration of smaller sized grains in the HAp powder. The average particle
size by FESEM is in the range of ~0.65um to 1.27um diameter length.

In the aqueous system, involving distilled water and ethanol, the hydrothermal synthesized HAp
powders agglomerate in a jagged, flake-like morphology, attached to each other as shown in Fig.4.4. e.
The strong electrostatic interaction between cationic surfactant CTAB Ca®" and the PO4> solution lead to
HAp clusters preferentially condensed on the plate-like, rod-like surface of the micelle [49]. Fig.4.4. ¢
shows the morphology of sintered platelets and large particle clusters, similar in many ways to the
particle morphologies previously seen in the as-dried sol-gel HAp powder. The average particle size by

FESEM was found to be in the range of ~5.2 um to 7.5 pm diameter length.
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For the commercial HAp sample, (Fig.4.4. f,g), it appears that very fine particles have been
sintered slightly during heat-treatment based on the observed surfaces of the particles seen in the
FESEM image. The sample appears to have well-defined grains of spherical particles and a uniform
microstructure with different particle sizes. The average particle size by FESEM is in the range of ~2.9

pm to 17.4 pm diameter length.

Fig.4.4. a,b Microstructure of Sol-gel HAp under high resolution FESEM

D'
1 pm EHT = 500 kV Signal A = InLens EHT = 500 kv Signal A = InLens
WD = 92mm File Name = SolGel Hydroxyapatite18.tif Mag = 37.92| I WD= 92mm File Name = SolGel Hydraxyapatite17 tif Mag = 92.73

Fig4.4.a Fig4.4.b
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WD= 92mm File Name = HydroThermal Hydroxyapatite24tif Mag= 1.90 KX |—‘ WD= 94mm File Name = HydroThermal Hydroxyapatite21.if  Mag= 14.72 KX
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Fig.4.4. e, Microstructure of Hydrothermal HAp under high resolution FESEM
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Signal A = InLens 10pum EHT = 500KV Signal A = InLens

10 pm EHT = 5.00 kv
| WD= 93mm File Name = Commercial Hydroxyapatite15.tif Mag= 220K X WD= 92mm File Name = Commercial Hydroxyapatite12.tif Mag= 366 KX
Fig4.4.f Fig4.4. g

Fig.4.4. f,g Microstructure of Commercial HAp under high resolution FESEM

4.3 Fourier Transform Infrared Spectroscopy (FTIR)

Molecular vibrational spectroscopy is a way to identify molecular species in the powders.
Depending on absorbance, transmittance or reflectance of infrared light, the most intense IR peaks in all
three samples are at 565, 605, and 1032 cm™. The peaks are attributed to the PO4>" group. In addition,
OH- ions are present in HAp, and the peaks are seen at 630 and 3570 cm™! in both hydrothermal and

commercial HAp samples.

In the sol-gel sample (Fig. 4.5, a) the highest PO4>~ peak appeared at 1046 cm! (triply degenerate
asymmetric stretching mode, v3p) in addition to other phosphate group bands that were found at 963 (P-
O stretching vibration peak), 875 (hydrogen phosphate group, unidentified peak, 633 and 472 cm’!

(double degenerate bending mode, v2a) [50]. Peaks between 1150-1270 cm™! are attributable to
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phosphate esters (P-O-P) as well as —OR bonds associated with alcohol groups [51]. Although the
absorption peak was not significant, an OH stretching vibration band appeared at 3470 cm™ [53, 54].

In the hydrothermal sample, (Fig. 4.5, b), intense PO4>" peaks appeared at 1038 and 565 cm™ as
v3 and (triply degenerate bending mode, v4a) bending vibration modes. Additional phosphate peaks were
found at 1110, 975, 602 cm™! (triply degenerate bending mode, vs,) and 472 cm™ (double degenerate
bending mode) [50]. Also, a NOs band at 1383 cm™! has been noticed [51]. Due to adding CTAB as a
surfactant, contribution of CO3> groups were seen in the region 1470-1440 cm™ [52,54]. The absorption
peak at 1631 cm™! was attributed to the bending mode of H>O [55, 56]. The hydroxyl bending band of
the —~OH vibration was overlapped with the sharp peak of the adsorbed water at 3585 cm™'[51].

The commercial sample, (Fig. 4.5, ¢), showed PO4> peaks at 1038 and 565 cm™ as v; and (triply
degenerate bending mode, v4a) bending vibration modes. As far as this commercial sample synthesis
method and precursors are unknown, the group peak at 1470 cm™! might be related to either a CO3*
group or phosphate esters (P-O-P). A bending mode of H>O is represented in the absorption peak at
1631 cm™! [55]. The relative intensity at 3540 cm™! is low because of calcination of the sample at higher
temperatures (>800°C) for some hours. There is no evidence of P-O-P esters. However, the broad peak
ranging from 3300-3600 cm™! likely is due to an O-H group stretch vibration [54]. Table 4.3. shows the

infrared bands assigned for the synthesized hydroxyapatites.
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HAp Sample Peak position cm™! | Assignment
Sol-gel 565, 605, 1032, 1046 | PO4 stretching mode
963 P-O stretching vibration peak
633, 875 hydrogen phosphate
472 double degenerate bending mode
1150-1270 phosphate esters (P-O-P)
—OR bonds associated with alcohol groups
3470 -OH stretching vibration band
Hydrothermal 630, 3570, 3585 -OH stretching vibration band
565, 605, 1032, 1038, | PO4 bending vibration modes
1110, 975, 602
470-1440 CO;? from CTAB
1631 bending mode of H2O
Commercial 630, 3570 -OH stretching vibration band
565, 605, 1038, PO4>
1470 COs% group or phosphate esters (P-O-P).
1631 bending mode of H.O
3300-3600 -OH stretching vibration band
Table 4.3. Infrared bands assigned for the synthesized hydroxyapatites
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Fig. 4.5 a, Sol-Gel HAp
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Fig. 4.5 C, Commercial HAp
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Fig. 4.5, a-c FTIR graphs for as synthesized HAp powders.

4.4 Thermogravimetric (TGA) Analysis and Differential Scanning Calorimetry (DSC)

Thermal analysis is the main method for predicting the changes (glass transition temperature,
energy liberated, reaction types exothermic or endothermic and weight loss) or thermal stability taking
place in the as prepared HAp powders when subjected to heat treatment. Thermal analysis in terms of
TGA and DSC were carried out for the prepared powders in both air and nitrogen N». Samples weights

and heat flows were recorded.

4.4.1 TGA and DSC in Nitrogen gas

The thermal analysis plots for the three samples (sol-gel, hydrothermal, and commercial
powders) in nitrogen are shown in Figure 4.6. a-d. Thermogravimetric analysis (TGA) was conducted on
the as-synthesized powders in N> with a heating rate 20°C per minute from room temperature up to
1200°C. This method was used to determine the phase stability and reaction temperatures of the HAp

powders.


https://www.netzsch-thermal-analysis.com/us/products-solutions/thermogravimetric-analysis/
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The as-synthesized sol-gel sample (fig.4.6, a) shows about 5.5% total weight loss up to 1200°C
with a constant stable weight above 800°C. The first weight loss accompanied by an endothermic peak
is observed at 200°C and is associated with the evaporation of adsorbed water, followed by removal of
structural water in the precursor Ca(NO3)2:4H20. At that temperature, the sample showed 4% weight
loss. This removal of water was also observed in the DSC curve, with an endothermic peak and a small
shift in the baseline. The second weight loss in the range ~255-400°C corresponds to the removal of —
NOs groups, associated with the alkoxy-nitrate species in the precursors along with the removal of —-OH
[57]. The second exothermic peak in the DSC scan supports the removal of these species in this
temperature range. In addition, there is a slight weight loss of 0.5% in the range of ~420-800°C in the
sol-gel sample, which corresponds to crystallization of HAp above 400°C [57]. The crystallization peak
in the DSC curve begins at ~310°C.

In the TGA plot for the hydrothermal powder, (fig.4.6, b), the total weight loss was ~4%, as
compared to 5.5% for the sol-gel sample. Adsorbed water evaporated at ~ 280°C and the weight loss of
evaporation at that point was 2%. The DTA curve shows an endotherm at 850°C assigned to the
decomposition of entrapped nitrate groups in the lamellar structure of HAp, which is supported by the
FTIR results of having an NOs” band at 1383 cm™ [51]. Exothermic peaks below the decomposition
temperature indicate crystallization. Crystallization to HAp occurs around 900°C, which is higher than
the crystallization temperature in the sol-gel powder.

The commercial HAp, (fig.4.6, c), showed the largest weight loss, over 13.5% of the original
starting weight. This weight loss is due to the commercial powder having more water adsorbed on the
particles surfaces than the sol-gel or hydrothermal powders. This powder had the highest specific
surface area according to nitrogen sorption measurements. HAp is a hygroscopic material, and hence

the primary component adsorbed on the surface is water [59]. Adsorbed water evaporates from the
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particles between ~110 and 200°C causing a 3.6% weight loss and the first endothermic peak. The TGA
curve above 900°C shows a steady weight loss. However, the DSC curve shows an exothermic peak
indicating crystallization.

For all three HAp samples, dehydration did not completely happen even after firing up to
1200°C as seen in the O-H bands found in FT-IR spectra of the calcined samples. All DSC curves show
smaller endothermic peaks in the range of 650-750°C, which indicate the expenditure of heat for a phase

change. XRD results showed two crystal HAp phases for each sample.
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Fig.4.6. a, TGA of sol-gel HAp in Air and N»
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Fig.4.6.c, TGA of commercial HAp in Air and N>
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Fig.4.6. d, Comparison of TGA graphs of sol-gel, hydrothermal, and commercial HAp in N>
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4.4.2 TGA and DSC in Air

Results of running TGA and DSC analysis for the sol-gel, hydrothermal, and commercial
samples in air are shown in fig.4.7. a-c. Thermogravimetric analysis (TG) was conducted on the three
HAp powders in air with 20°C per minute heating rate from room temperature up to 1200°C.

The as-synthesized sol-gel sample, (fig.4.7, a), shows about 6.6% total weight loss up to 1200°C
with a constant weight loss after 1100°C. The first weight loss of an endothermic peak is observed at
~180°C associated with the evaporation of adsorbed water, followed by removal of structural water in
the precursor Ca(NO3)2-4H>O. At that temperature, the sample showed 1.5% weight loss. This removal
of water was also observed in the DSC curve, with an endothermic peak. The second weight loss in the
range 200-400°C corresponds to the removal of -NOj groups, associated with the alkoxy-nitrate species
in the precursors along with the removal of OH™ [57]. The second exothermic peak in the DSC scan
supports the removal of these species in this temperature range. In addition, there is a slight weight loss
0f 0.7% in the range of 400-1200°C in the sol-gel sample, which corresponds to crystallization of HAp
above 400°C [57]. The crystallization peak in the DSC curve begins at ~250°C.

In the TGA plot for the hydrothermal powder, (fig.4.7, b), the total weight loss was 5.7% as
sintering temperatures reached 1200°C with a constant weight loss after 750°C. Adsorbed water
evaporated above 250°C as the first endotherm was detected at that temperature. The sample lost nearly
2% of weight by water evaporation. Exothermic peaks below the decomposition temperature indicate
crystallization. Crystallization in the hydrothermal HAp sample started around 550-600°C, which is
lower than the crystallization temperature in the sol-gel powder.

Same as in nitrogen, the commercial HAp, (fig.4.7, c), showed the largest weight loss, over
19.5% of the original starting weight. This weight loss is due to the commercial powder having more

water adsorbed to the particles surfaces than the sol-gel or hydrothermal powders. Recall that this
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powder had the highest specific surface area according to nitrogen sorption measurements and is
hygroscopic [59]. Adsorbed water started to evaporate from the sample at ~95°C causing a 4% weight
loss and the first endothermic peak. The TGA curve above 950°C shows a steady small weight loss.
However, the DSC curve shows an exothermic peak indicating crystallization. The DSC curve shows a
broad endothermic peak in the range of 400-550°C, which indicates the expenditure of heat for a phase

change of HAp confirmed by the XRD results of the sintered powder.
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Table 4.4.1. Sol-gel HAp TGA and DSC graph

Assignment In Air In Nitrogen

Total weight loss 6.6% 5.5%

Adsorbed water 180°C 200°C (first endothermic peak)

evaporation (4% w.loss) (1.5% w.loss)

Crystallization temp. 250°C (DSC) 310-400°C

Constant weight loss 200-400°C 255-400°C (-NOs , -OH) removal,
(second exothermic peak)

Table 4.4.2. Hydrothermal TGA and DSC graph

Assignment In Air In Nitrogen

Total weight loss 5.7% 4%

Adsorbed water 200°C 280°C (first endothermic peak)

evaporation (2% w.loss) (2% w.loss)

Crystallization temp. 600°C 900°C (exothermic)

Constant weight loss 750°C 1000°C (—-NOs, -OH) removal,
(second exothermic peak)

Table 4.4.3. Commercial TGA and DSC graph

Assignment In Air In Nitrogen
Total weight loss 19.5% 13.5%
Adsorbed water 95-110°C 110-200°C (first endothermic
evaporation (4% w.loss) peak)

(3.7% w.loss)
Crystallization temp. 350°C 900°C (exothermic)
Constant weight loss 950-1000°C 880°C, (second exothermic peak)

4.5 Brunauer-Emmett-Teller (BET) Surface Area

The Brunauer-Emmett-Teller (BET) surface area measurements of the HAp powders were
carried out using nitrogen gas to obtain the surface area measurement. The results are presented in table

4.2, using the ISO 9277 standard for calculating the specific surface area of solids [61].
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Property Sol-Gel Hydrothermal Commercial
HAp HAp HAp
BET Surface Area 6.126 £ 0.065 35.928 £0.402 52.386 £0.151
m?/g
BET at P/Po = 0.291
m?/g 5.847 34.538 49.566
Adsorption
cumulative volume of 0.0768 0.4467 0217
pores cm?/g
Particle size range 0.58-30.59 2.09 - 61.68 2.49-161.39
(wm)
Dominating particle 24.10 35.335 35.335
size (um)

Table 4.5: BET Surface area, Particle size distribution, Crystallite sizes and indices of the as-

synthesized HAp powders.

4.6 Average Particle Size Distribution

The average particle size and particle size distribution for each powder is listed in table 4.2.
Figure 4.8, a-c shows the average particle size distributions.

The order of mean particle size from largest to smallest is as follows: Commercial HAp >
Hydrothermal HAp > Sol-Gel HAp. The particle size distribution of the sol-gel HAp possesses a
bimodal distribution. The bimodal graph is due to the slow dripping rate of the calcium precursor into
the phosphate solution, which caused gradual gelation and possible aggregation of HAp. However, most
of the Sol-Gel HAp particles are in 11.2 — 42.6 um range. An increase in the reaction temperature can
significantly increase the resulting particle size in a Sol-Gel HAp preparation, while stirring speed for

the same method had shown some effect on tailoring the desired particle size [40].
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The wide range of distribution in the Commercial powder sample, 0.41-586. um crosses the 100
um limit which is required in a powder for successful nozzle injection [121]. Therefore, this powder
will need further steps of separation/sieving to be useful in 3D printing. Most of the hydrothermal HAp
particles are in 18.7 — 66.9 um range, with a small fraction of particles showing a maximum size of 98.1

pum, which is suitable for better 3D printing procedure.

Volume % Fig. 4.8 a, Sol-Gel HAp distribution
8.00
6.00
4.00
2.00
0.00
SOt
O“’\—"—imﬂ‘_'mﬂmm
SoanIEaYnN RN RR e m
ooﬁdai&@g:;‘:ﬂkq Particle Size pm S
Volume % Fig.4.8 b, Hydrothermal HAp distribution
6.00
4.00
2.00
0.00
QW <
o< — — —n —Am I.
AN A9 AR M
Socds el RN B8 mw —
CrdnssgISTeay
— Ty Vo)
Yoo Particle Size um




66

Fig.4.8 C, Commercial HAp distribution
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Figure 4.8, a-c Average particle size distributions of the hydroxyapatite powders
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Chapter Five

Conclusions and Suggestions for Future Work

5.1 Conclusion

This dissertation is a comparison study of three different hydroxyapatite powders
synthesized through three different methods: sol-gel, hydrothermal, and a commercial sample.
The aim is to determine which of these methods produces HAp that achieves most requirements
for a desirable 3D printed biomaterial scaffold for in vivo applications. The study focused on the
differences of preparation methodology on the microstructural properties, phase composition,
particle size and crystallinity.

The sol-gel method provided a homogeneous molecular mixing at a low processing
temperature (<95°C). The resulting apatite structure mainly depended on the chemical nature of
the precursors in terms of chemical activity and the heat treatment temperature. Such apatite has
crystal sizes in the range of enamel [42]. It is recommended in a sol-gel synthesis to have a
longer aging period of the gel before drying in addition to specific sintering protocols to avoid
cracking in 3D structures [35].

The hydrothermal technique produced crystalline HAp in one step without requiring post
heat treatment by crystallizing HAp directly from the aqueous solution. However, the scalability
of this technique is limited to the size of the reaction vessel [51]. XRD analysis and FESEM
characterization showed that hydrothermal powder had a single phase of needle-like HAp
particles similar to what was found in the literature review [52]. These HAp particles could be
tailored through the control of the process temperature, the reaction time, concentration of

CTAB, and the pH value of the solution [57].
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The single phase purity and more uniform crystallites were shown by XRD after
exposure to higher sintering temperatures. These characteristics of the hydrothermal HAp
resulted in better thermal stability. This makes it a good bioceramic powder for further
incorporation into polymer composites for biomedical applications.

As particle shape and size affect the densification, sinterability, as well as solubility of
HAp for implant applications, the three powders were examined for BET and particle size. With
a small difference in values, both hydrothermal and commercial HAp had a higher BET than the
sol-gel powder. Higher surface area and surface roughness result in better cell adhesion and
bone regeneration [7, 114]. Researchers related stronger 3D printed HAp parts to large pre-
coated particles because of the better densification of intra-particles than inter-particles during
the sintering process [89]. Hydrothermal HAp, similar to the commercial HAp, appears to
follow this trend with a larger dominating particle size.

The adsorption isotherm showed a larger pore volume in the hydrothermal sample, while
sol-gel powder showed less pore volume due to agglomeration. Micro-porosity is vital for fluid
exchange and cellular influx during bone healing. The size and shape of pores of granular HAp
used in 3D printing can affect vascularization, cell migration, and angiogenesis in vivo [86]
because it is essential for any successful transplantation to have interaction with endogamous
tissues.

Following the 3D printing process, heat treatment and firing are required to manage
binder content and stabilize pores in the structure. Sintering of HAp is difficult due to the
presence of the OH content, and poor sinterability does not degrade the hardness of HAp [58].
Regarding that, weight losses in DSC-TGA plots of the three HAp powders were studied and

indicated major differences when the powders were heated in air vs nitrogen. All HAp samples,
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regardless of synthesis method, experienced higher total weight losses in air than nitrogen.
Sintering and heat treatment in air made the evaporation of crystalline and adsorbed water in the
precursor faster at lower temperatures. This was observed in the first endotherm peak in each
graph. The second weight loss endotherm in the graphs was attributed to the removal and
decomposition of entrapped nitrate substances. In air, all samples showed an endotherm at lower
temperatures (~ 600°C) as compared to heating in nitrogen. The third weight loss corresponds to
the high temperature exotherm which indicates the crystallization of the HAp phase.
Crystallization in air occurred at lower temperatures compared to nitrogen.

In conclusion, hydrothermal HAp powder has most of the preferred qualifications for 3D
printing and bio applications, as compared to sol-gel and commercial HAp samples.
Hydrothermal HAp showed high crystallinity at different elevated sintering temperatures. The
active surface area, the needlelike morphology, and higher pore volume are important
considerations in a scaffold, where they promote higher cell adhesion and growth. In addition,

hydrothermal HAp has reasonable crystal sizes in the range of human bone and enamel

5.2 Suggestions for Future work

1- Further studies under different atmospheres, thermal conditions, and chemical solutions, and
more compression to other HAp synthesize methods will be needed to fully understand the
properties of the material and the behavior when applied in 3D printing.

2- Studying the influence of higher calcium excess in HAp to see the limitations that could
affect nozzle injection when the ink becomes very sticky due to the inter-particles attractive

force that hardens the cement.
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Thermal studies such as dilatometric studies (TMA) to reveal the shrinkage behavior of HAp
bulks regarding different synthesis routes.

Optimizing pore size becomes essential for molecular signaling, nutrition supply, waste
removal, vascularization, and tissue studies in vitro and in vivo. In that case, further research
should be done on sol-gel HAp to result into higher properties that meets 3D bio applications.
Evaluating the ease of incorporation into different bio compatible 3D inks and based on the
rheology of the paste and the characteristics of the powder, studying the viscosity of the ink
in terms of shear dependence and temperature dependence.

Further research on 3D scaffolds made of two or more different HAp powders from different
synthesis routes. Such study will show which HAp will dominate and be responsible for

higher mechanical strength or bioactivity.
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