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Abstract

This research summary the trend in synthesis of
Hydroxyapatite (HA) using different route such
as dry method and wet method (co-precipitation
method; emulsion method, hydrolysis method,
sol-gel method, hydrothermal method). In addi-
tion, the research group also report the tech-
nique to synthesis nano-structure HA by
hydrothermal reaction using Ca(OH), and
H;PO, with the Ca/P molar ratio of 1.67. The
mixture after homogenized for 2 h, follow by
hydrothermal reaction at different hydrothermal
temperature time (100 °C, 150 °C, and 180 °C)
and different hydrothermal reaction time (O h,
12 h and 24 h). The 180 °C-hydrothermal
treated-HA has needle-like shape with the diam-
eter of 10 ~ 20 nm and length of below 100 nm,
which is similar with human bone. For the
hydrothermal reaction, temperature is the key to
form nanostructure HA.
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18.1 Introduction

Biomaterials are the emerging fields that are
growing rapidly to fulfill the demand in medicine
and dentistry. Over the past few decades, new
biomaterials for bone replacement, total hip pros-
thesis and dental implants have been synthesized
and commercialized for various needs. Currently,
thousands of these materials can be found easily
in the market. The industry market for orthopedic
biomaterials over the world is worth over US$25
billion in 2006 and with a growth rate of more
than 5% a year (refer Table 18.1). The market for
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Table 18.1 Market share of orthopedic biomaterials over
the world in 5 years from 2007 to 2011 [1]

Worldwide sales (US$ | Growth

Year Billions) (%)
2006 25.764

2007 27.122 53
2008 28.562 53
2009 30.989 8.5
2010 31.708 2.5
2011 33.425 54
Average growth 54
rate (%)

orthopedic biomaterials is expected to increase
each year due to the need for better solution for
injuries, diseases and ageing population all over
the world.

The bone substitute biomaterials market con-
sists primarily of bone graft substitutes, bone
growth factors, degradable tissue fixation and tis-
sue technologies for cartilage regeneration.
Generally, orthopedic prostheses should offer a
functional life of at least 20 years to match the life
span of most patients. Among these bone graft
substitute, Hydroxyapatite or HA
[Ca,,(PO,)¢(OH),] is the most attractive bone
graft materials due to its excellent bone bonding
to host surrounding implantation. Synthetic HA is
a very important bone graft materials with the
applicable in wide shape such as: bulk ceramic, a
ceramic coating, or as one of the component of
bone cement. HA is also used as a catalyst for the
dehydration and dehydrogenation of primary
alcohol due to its strong absorbent in water.
Indeed, HA is a material of varying properties
depend on its mode of preparation. The special
structure of calcium and phosphate group in HA
enables the possibility to use HA in divert appli-
cation. For example, due to HA’s similarity in
chemical composition to the mineral phase of
bone tissue, it is known for its applications in
medicine as synthetic bone substitute [2]. In addi-
tion to its biological important, HA is researched
for various applications such as fluorescent lamps
[3], materials for fuel cell [4], or an absorption of
waste and harmful materials [5]. For these appli-
cations, it has been noticed that a non-stoichio-

metric material is more efficient either in
promoting the precipitation of biological apatite
on its surface [6, 7] or increasing the reaction rate
of water absorbent [8, 9]. The extend of the non-
stoichiometry can be evaluated through various
technique and expressed by value of x in the for-
mula Ca,,_,(HPO,),(PO4);_,(OH).

Many methods have been used to synthesis
HA such as dry methods [10, 11] by heat treat-
ment of finely ground mixed precursor. For
example, the mixture of Tricalcium phosphate
[TCP: Ca;3(POy), or 3Ca0.P,0s) and Tetracalcium
phosphate [TTCP: Ca,(PO,),0 or 4Ca0O.P,0s]
follow by proper calcination can be used to form
HA as shown in Egs. (18.1) and (18.2)

2Ca, (PO, ), +Ca,P,0, +H,0 — Ca,, (PO, ), (OH),
(18.1)

3Ca, (PO, ), +Ca0 — Ca,, (PO, ), (OH),
(18.2)

In general, the solid state reaction result in
yield well-crystallized product. However, the dis-
advantage of this method is the employee of high
temperature to produce HA.

Another method use to synthesis HA is wet
method. This method comprising co-precipita-
tion method [12-14], emulsion method [15-17],
hydrolysis method [18-23], sol-gel method
[24-30], hydrothermal method [31-39] due to
its advantage in simplicity of the procedure.
These methods allow to control the structure,
crystallinity, morphology of HA. The wet
method can be done in water or in organic sol-
vent. These methods can be performed at room
temperature or elevated temperature, under the
normal pressure or high pressure using hydro-
thermal technique. The major disadvantage of
wet method is that they sometimes give impu-
rity to the structure of HA or other phase of
phosphate present together with HA. In addi-
tion, various ions can be incorporated into the
structure of HA, leading to the trace impurity.
The classification and over view of wet method
to synthesis HA are listed as below:
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18.1.1 Co-precipitation Method

This method is the common method for the prep-
aration of HA. The chemical process consists of
a chemical reaction source of Ca, and P in the
present of other additives with the acidic or base
environment.  The  conditions of the
co-precipitation method are variable, but in
general, this process is usually carried out at pH
value vary from 3 to 12 and at temperature vary
from ambient to the elevated temperature of
water. In somehow way, this method is sometimes
performed in the present of templates.

18.1.2 Emulsion Method

The emulsion method is used to synthesis HA
which more efficient, simple and suitable for
producing nanostructure HA powder. The
advantage of emulsion method is the precise
control of the morphology and distribution of
HA'’s grain size. This technique was originally
used to create porous materials as well as to
overcome the issue of particle agglomeration.
Several sources of Ca and P have been used, but
the most popular used are calcium nitrate and
phosphoric acid due to its economic and easy to
found on the market. Among the surfactant used
to prepare the emulsion, some chemical include:
dioctyl sodium sulfosuccinate salt, dodecyl
phosphate, polyoxyethylene, nonpolyphenol
ether, polyoxyethylene ether, cetyltrimethyl
ammonium bromide and sodium dodecyl sulfate.
The key factor to study is type of surfactant, ratio
of aqueous and organic phase, pH, temperature
condition, concentration of Ca and P source etc.

18.1.3 Sol-Gel Method

The sol-gel process is a method of mineralization
from precursor in a solution, preferably
organometallic compounds or other suitable
precursors. This useful method can be used for
the synthesis of porous, dense, bulk, xerogel film
coating ceramic as well as aerogel HA. The
procedure sol-gel method is given in Fig. 18.1.

During the gelation, sol are harden and form
the gel network as shown in Fig. 18.2. The sol-gel
process has limitation that hinder its scale up to
industry scale production. The main disadvantage
are: (a) the high cost and scarcity of often used
alkoxide-based precursors and (b) the delicate
process control culminating in usually time
consume process. This process involves
hydrolysis of the precursors and the formation of
micelles around templates in either an aqueous or
an organic phase followed by the gelation of
these sol. The key factor to control the gelation
depends on: (a) the nature and what kind of
solvent used; (b) the temperature and pH used
and (c) the chemical nature of the reagent used.
In addition, lack of control of certain parameters
during the growth of HA may cause the
appearance of secondary phases such as CaO,
Ca,P,0,, Ca;(PO,), and/or CaCOs;.

18.1.4 Hydrolysis Method

The aqueous hydrolysis of calcium phosphate to
form HA usually follows 2 stages: (a) dissolution
and precipitation depending on the source of Ca
and P. In the aqueous solution, the Ca and P
source are dissolved with respect to the
surrounding environment then its concentration
become supersaturated with respect to HA,
leading to the precipitate of HA. The hydrolysis
process applicable to these precursors depends
strongly on pH and temperature of environment.
The addition of other calcium and phosphate
sources are sometimes required to control the
stoichiometry HA.

18.1.5 Hydrothermal Method

The hydrothermal process is a technique for the
growth of crystalline HA with nanoscale. This
process is the generic term used to describe a
reaction between the calcium source and phos-
phate precursors in the present of the following
conditions: (a) water or organic solvent; (b) a
mixture of water/organic solvent. In case of the
water used, it is called the term hydrothermal
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Fig. 18.1 Principle procedure of sol-gel method. (Courtesy: https://commons.wikimedia.org/wiki/File:Sol-Gel _

Technology_Scheme.png)

Fig. 18.2 The
transformation of sol to
gel. (Source: http://
www.uk-finishing.org.
uk/N-COAT70/s0l_gel.
htm)

while organic solvent used is called the term sol-
vothermal; and in case of water/organic solvent
system, it is called solvo-hydrothermal. The pro-
cess happen in the close environment with a high
temperature and pressure greater than autoge-
nously ambient pressure, for example inside an
autoclave or a pressure vessel. The illustration of
autoclave is shown in Fig. 18.3. During the hydro-
thermal reaction, the medium could be subcritical
or supercritical, depending on the pressure and

temperature. Through the effect of medium evap-
oration and condensation, the pressure increase of
reactivity and support for the chemical reaction
between chemical reactant. It should be noted that
the high pressure permits the formatting of HA in
the form of micro or nano crystal size HA, with
controlled morphology and porosity through the
control of temperature and pressure.

The hydrothermal method can be used to
control the interaction between solid/solvent,
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Fig. 18.3 The autoclave
system used to synthesis
HA. (Courtesy at
Department of Ceramic
Materials, Faculty of
Materials Technology,
Ho Chi Minh City
University of
Technology)

Fig. 18.4 The ball
milling system use for
grinding starting
materials. (Courtesy at
Department of Ceramic
Materials, Faculty of
Materials Technology,
HCMUT)

especially in terms of solubility and also function
as a mean to control the nucleation and growth
processes. In addition, this technique is often
combined with conventional method such as co-
precipitation or sol-gel routes.

18.1.6 Grinding-Assisted Method

In order to increase the chemical reactivity of Ca
and P starting materials, the grinding method is

used is the first step. This method is also termed
as mechano-chemical process, which often used
the ball milling equipment as shown in Fig. 18.4.
The advantage of this method is simplicity, repro-
ducibility and large-scale production of HA. The
control of growth HA by this technique focus on
the types of chemical agent used, the grinding
medium, the diameter and milling medium, the
ratio of milling medium, the duration of milling
steps and interval pauses, the powder-to-ball
mass ratio and the rotation speed.
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18.1.7 The Microwave (MW)-Assisted
Method

In order to active the chemical reaction of Ca and
P starting materials, the output energy supplied
equipment used common is microwave oven. The
MW-assisted preparation of HA produces an
increase yield of perfectly crystalline powder. In
addition, the obtained HA by MW-assisted
method gains particularly homogenous in term of
size, porosity and morphology. The activation
results from two key factors: (a) purely thermal
origin, resulting in molecular agitation that is
caused by the inversion of dipole with the
extremely rapid heating by the alternation of
electric moment field and (b) an electrostatic
origin, involving interactions like dipole-dipole
between polar molecules and the electric field.
The MW-assisted method cause direct effect on
the kinetics of activation energy.

18.1.8 Ultrasonic-Energy-Assisted
Method

The ultrasonic-energy-assisted method or sono-
chemical approach can be used to synthesis nano-
structure of HA. This method results in nanosized
products and perfect to control the morphology,
porosity and size of HA. In addition, this ultra-
sonic-assisted method enhance stimulation of the
reaction between the calcium and phosphate pre-
cursors to accelerate the rate of reaction in a
remarkable manner.

Based on consideration of these references to
synthesis HA above, my research group at
Department of Ceramic Materials aim to
synthesize nanoprecipitated HA by hydrothermal
reaction method. The research group succeeded
to fabricate HA and Tricalcium phosphate (TCP)
[40-47], with the aim to be used as bone
substitute. In order to focus on the side effect of
nanostructured HA, we aim to use hydrothermal
reaction between Ca(OH), and H;PO, used as
precursor. This research report the technique to
prepare nanostructure HA by coprecipitation
method follow by hydrothermal reaction.

P.T.Kien et al.

18.2 Materials and Method
18.2.1 Experimental Preparation

All the chemical was purchased from company
without purification. The Ca(OH), and H;PO,
were supplied by Guangdong Chemical
Co (China). In brief, 0.3 mol H;PO, was dropped
into 0.5 mol Ca(OH), suspension, so that the
Ca/P molar ratio of the mixture was 1.67,
according to the stoichiometric of HA. The CaP
mixture was homogeneous by stirring at 400 rpm
(IKA stirring) for 2 h at room temperature, follow
by  hydrothermal reaction at different
hydrothermal reaction (100 °C, 150 °C and
180 °C) for different duration time (0 h, 12 h and
24 h). The samples after hydrothermal reaction
were filtered and washed with double distilled
water (DDW) for at least 3 times then follow by
the characterization. In comparison with
synthesis HA, the human teeth were used for
characterization. In brief, the human teeth was
supplied by Ho Chi Minh University of Pharmacy
by collecting from dental clinic, follow by
immersion in phosphate buffer solution (PBS).

18.2.2 Material Characterizations

18.2.2.1 X-Ray Diffraction Analysis

The composition of sample before and after
hydrothermal reaction were determined using
X-Ray diffraction (XRD; D2 Bruker), operated at
40 kV and 40 mA.

18.2.2.2 Scanning Electron
Microscopic Observation

The morphology changes of sample before and
after hydrothermal reaction were observed using
a scanning electron microscope (SEM, S-3400N,
JEOL) with an acceleration voltage of 15 kV,
after the deposition of gold-palladium coating
(Magnetron Sputtering Machine, MSP-15S).

18.2.2.3 Transmission Electron
Microscopic Observation

The morphology of sample before and after

hydrothermal reaction was observed at nano-scale
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using transmission electron microscope (TEM,
Hitachi-7000) with an acceleration voltage of
10 kV. The samples were dispersed into ethanol
with ultrasonic cleaning, then drop into copper
grid for TEM observation.

18.2.2.4 Fourier Transform Infrared
Spectroscopy

The chemical bonding of samples was identified

by Fourier transform infrared spectroscopy

(FTIR, Bruker 400D) in the range of 400-

4000 cm! using KBr pellet technique.

18.2.3 Statistical Analysis

For statistical analysis, a one-way factorial
ANOVA and Fisher’s LSD method, as a post-hoc
test, were performed using KaleidaGraph 4.0.
Values are expressed as mean = SD. A p-Value of

18.3 Results and Discussion

Figure 18.5 shows the typical XRD pattern of
samples before and after hydrothermal treatment
at different hydrothermal temperature (100 °C,
150 °C and 180 °C) and different hydrothermal
time (O h, 12 h and 24 h). The XRD of Ca(OH),
starting materials and HA standard are shown as
reference. Basically, at 100 and 150 °C, the
Ca(OH), is still remained up to 24 h reaction
(Fig. 18.5a—f). However, when elevate the
hydrothermal temperature up to 180 °C, HA
single crystal phase can be obtain after 12 and
24 h, respectively (Fig. 18.5h—i). The synthesis
condition of hydrothermal reaction at 180 °C for
24 h is selected to synthesis HA for the next
experiment.

Figure 18.6 shows the typical XRD image of
human tooth; synthesize HA by hydrothermal
condition at 180 °C for 24 h and sintering HA at

<0.05 was considered to be statistically 900 °C. Basically, the synthesize HA by
significant. hydrothermal condition has the crystal structure
100°C 150°C 180°C
HA ref M HA ref M HA ref M
2
«
> h) 12h
5 Lo CL I, BRI
c
2
£
a)0h| | l l d)0h| | I A g)OhI | ‘ l
Ca(OH), material I Ca(OH), material I Ca(OH), material I
10 15 20 25 30 35 40 10 15 20 25 30 35 40 10 15 20 25 30 35 40
2theta / degree 2theta / degree 2theta / degree

Fig. 18.5 XRD pattern of samples before and after hydrothermal treatment at different hydrothermal temperature

(100 °C, 150 °C and 180 °C) and different hydrothermal time (O h, 12 h and 24 h)
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Fig. 18.6 XRD pattern
of (a) human tooth, (b)
synthesize HA by
hydrothermal condition
at 180 °C for 24 h and ¢) sintering HA
(c) sintering HA at
900 °C = =
5 5
g S
] . ©
— | b) Synthesize HA -
2 >
g 5
£ <
a) Human tooth ﬁ w//\w\m
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Fig. 18.7 FTIR patterns of samples before and after hydrothermal treatment at different hydrothermal temperature
(100 °C, 150 °C and 180 °C) and different hydrothermal time (O h, 12 h and 24 h)

similar with that of human teeth. However, the Figure 18.7 shows the FTIR patterns of
peak shifting at 31.8° can be observed at synthe- samples before and after hydrothermal treat-
sis HA and sintering HA. It can be explain thatin ment at different hydrothermal temperature
human tooth, there is the minor trace of another (100 °C, 150 °C and 180 °C) and different
element like Zn, Mg, Si co-exist, and substitute to  hydrothermal time (0 h, 12 h and 24 h). The
the network of human tooth. FTIR of Ca(OH), starting materials and HA
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b) 12h

100°C

150°C

h) 12h

180°C

5 pm

Fig. 18.8 Typical morphology of samples at magnification of 10,000X before and after hydrothermal treatment at dif-
ferent hydrothermal temperature (100 °C, 150 °C and 180 °C) and different hydrothermal time (O h, 12 h and 24 h)

standard are shown as reference. Basically, the
chemical bonding of PO,* can be observed at
1100 cm~" while the present of HPO,>~ can be
found at 560 and 605 cm~'. In addition, we can
observe the CO bonding at 1458 cm~!. These
CO bonding might be derived from CO, in
atmosphere, due to the highly absorption of
CO, from Ca(OH), starting materials. There is
no different in chemical bonding at 150 °C and
180 °C. these data are support for XRD data
shown in Figs. 18.5 and 18.6.

Figure 18.8 shows typical morphology of
samples at magnification of 10,000X before and
after hydrothermal treatment at different
hydrothermal temperature (100 °C, 150 °C and
180 °C) and different hydrothermal time (O h,
12 h and 24 h). After hydrothermal reaction, the
sample contain many needle-like shape crystal
and interlock together. The size of needle-like
shape crystal increase with the increasing of
hydrothermal temperature.

Figure 18.9 shows typical morphology of
sample before and after hydrothermal reaction at
180 °C for 12 and 24 h. In addition, the morphol-
ogy of human tooth also show as reference. The
morphology of 180 °C-hydrothermal treated-HA
is similar with that of human tooth, indicate that
180 °C-hydrothermal treated-HA can be used as
excellent candidate for bone substitute.

Figure 18.10 shows the typical TEM images
of human tooth, synthesize HA by hydrothermal
condition at 180 °C for 24 h and sintering HA at
900 °C at 100,000X. The upper-left photo show
the same condition with the magnification of
30,000X. The 180 °C-hydrothermal treated-HA
has needle-like shape structure with the average
diameter of 10 ~ 20 nm and length of below
1000 nm. These nano  structure  of
180 °C-hydrothermal treated-HA is very similar
with that of human tooth, indicate that
180 °C-hydrothermal treated-HA can be used as
bone substitute materials.
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b) 180°C/12h

¢) 180°C/24h © d) Human tooth

Fig. 18.9 Typical morphology of (a) sample before hydrothermal reaction; (b) hydrothermal reaction at 180 °C for
12 h; (¢) hydrothermal reaction at 180 °C for 24 h and (d) human tooth

a) Human tooth b) Sintering HA ¢) HA (Hydrothermal)

Fig. 18.10 Typical TEM images of (a) human tooth; (b) sintering HA at 900 °C and (c) synthesize HA by hydrother-
mal condition at 180 °C for 24 h at 100,000X. The upper-left images show the TEM at 30,000X

18.4 Conclusions method of Ca(OH), and H;PO, follow by hydro-

thermal reaction method. The hydrothermal
In this report, the author reviewed the trend of treated-HA has needle-like shape with the diam-
HA synthesis as well as report the process to eter of 10 ~ 20 nm and length of below 100 nm,
fabricate nanostructure HA by co-precipitation which is similar with human bone. For the hydro-
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thermal reaction, temperature is the key to form
nanostructure HA. These data will be useful for
researcher who are looking for different forms of

nanostructure

HA to suit their intended

application.

Acknowledgement This research is funded by Vietnam
National University Ho Chi Minh City (VNU-HCM)
under grant number B2015-20a-01. Some of the material
characterization facility is supported by National key lab
for Polymer and Composite Materials-HCMUT, VAST
and HUFIL.

References

10.

. Driscoll P (2006) Advanced medical technology

[Online]. [Accessed 2 Mar 2012]. Available from
World Wide Web: http://mediligence.com/blog/?cat=5

. Zhao B, Hu H, Mandal SK, Haddon RC (2005) A

bone mimic based on the self-assembly of hydroxy-
apatite on chemically functionalized single-walled
carbon nanotubes. Chem Mater 17:3235-3241. http://
sci-hub.tw/10.1021/cm0500399

. Wagner DE, Eisenmann KM, Nestor-Kalinoski AL,

Bhaduri SB (2013) A microwave-assisted solution
combustion synthesis to produce europium-doped
calcium phosphate nanowhiskers for bioimaging
applications. Acta Biomaterialia 9:8422-8432. http://
sci-hub.tw/10.1016/j.actbio.2013.05.033

. Wei X, Yates MZ (2012) Yttrium-doped hydroxyapa-

tite membranes with high proton conductivity. Chem
Mater  24:1738-1743.  http://sci-hub.tw/10.1021/
c¢m203355h

. Watanabe Y, Ikoma T, Suetsugu Y, Yamada H, Tamura

K, Komatsu Y, Tanaka J, Moriyoshi Y (2006) The
densification of zeolite/apatite composites using a
pulse electric current sintering method: a long-term
assurance material for the disposal of radioactive
waste. J Eur Ceram Soc 26:481-486 http://sci-hub.
tw/10.1016/j.jeurceramsoc.2005.07.032

. Power AS (1969) Crystal chemistry of bone miner-

als. Phys Rev 49:760-792. http://sci-hub.tw/10.1152/
physrev.1969.49.4.760

. Radin SR, Ducheyne P (1993) The effect of calcium

phosphate ceramic composition and structure on in-
vitro behavior. J Biomed Mater Res 27:35. http:/sci-
hub.tw/10.1002/jbm.820270105

. Bett JAS, Christener LG, Hall WK (1967) Hydrogen

held by solids XII. Hydroxyapatite catalysts.
J Am Chem 89:5535. http://sci-hub.tw/10.1021/
ja00998a003

. Joris SJ, Amberg CH et al (1971) J Phys Chem

75:3167. http://sci-hub.tw/10.1021/j1006892024
Korber F, Tromel GZ (1932) The formation of HA
through a solid-state reaction between tri-and tetra-
calcium phosphates. Electrochem Soc 38:578-580

11.

12.

13.

14.

16.

17.

19.

20.

21.

22.

23.

24.

Tromel GZ (1932) Untersuchungen iiber die
Bildung eines halogenfreien Apatits aus basischen
Calciumphosphaten. Physik Chem 158:422-432.
http://sci-hub.tw/10.1515/zpch-1932-15832

Ikoma T, Yamazaki A, Nakamura S, Akao M (1999)
Preparation and structure refinement of monoclinic
hydroxyapatite. J Solid State Chem 144:272-276.
http://sci-hub.tw/10.1006/jssc.1998.8120

Tao J, Jiang W, Pan H, Xu X, Tang R (2007)
Preparation of large-sized hydroxyapatite single
crystals using homogeneous releasing controls.
J  Cryst Growth 308:151-158. http://sci-hub.
tw/10.1016/j.jcrysgro.2007.08.009

Zhang Y, Lu J (2008) A mild and efficient biomimetic
synthesis of rodlike hydroxyapatite particles with a
high aspect ratio using polyvinylpyrrolidone as cap-
ping agent. Cryst Growth Des 8:2101-2107. http://
sci-hub.tw/10.1021/cg060880e

. Shum HC, Bandyopadhyay A, Bose S, Weitz DA

(2009) Double emulsion droplets as microreactors for
synthesis of mesoporous hydroxyapatite. Chem Mater
21:5548-5555. http://sci-hub.tw/10.1021/cm9028935
Zhou W, Wang M, Cheung W, Guo B, Jia D (2008)
Synthesis of carbonated hydroxyapatite nano-
spheres through nanoemulsion. J Mater Sci Mater
Med 19:103-110. http://sci-hub.tw/10.1007/
$10856-007-3156-9

Ethirajan A, Ziener U, Chuvilin A, Kaiser U, Colfen H,
Landfester K (2008) Biomimetic hydroxyapatite crys-
tallization in gelatin nanoparticles synthesized using
a miniemulsion process. Adv Funct Mater 18:2221—
2227. http://sci-hub.tw/10.1002/adfm.200800048

. Sturgeon JL, Brown PW (2009) Effects of carbon-

ate on hydroxyapatite formed from CaHPO4 and
Ca4(P0O4)20. J Mater Sci Mater Med 20:1787-1794.
http://sci-hub.tw/10.1007/s10856-009-3752-y

Park H, Baek D, Park Y, Yoon S, Stevens R (2004)
Thermal stability of hydroxyapatite whiskers
derived from the hydrolysis of o-TCP. J] Mater Sci
39:2531-2534

Sakamoto K, Yamaguchi S, Nakahira A, Kaneno M,
Okazaki M, Ichihara J, Tsunawaki Y, Elliott JC (2002)
Shape-controlled synthesis of hydroxyapatite from
a-tricalcium bis(orthophosphate) in organic-aqueous
binary systems. J Mater Sci 37:1033-1041

Durucan C, Brown PA (2000) a-Tricalcium phosphate
hydrolysis to hydroxyapatite at and near physiological
temperature. ] Mater Sci Mater Med 11:365-371
Graham S, Brown PW (1996) Reactions of
octacalcium phosphate to form hydroxyapatite.
J Cryst Growth 165:106-115. http://sci-hub.
tw/10.1016/0022-0248(95)00994-9

De Maeyer EAP, Verbeeck RMH, Pieters 1Y (1996)
Effect of K+ on the stoichiometry of carbonated
hydroxyapatite obtained by the jydrolysis of monetite.
Inorg Chem 35:857-863. http://sci-hub.tw/10.1021/
ic950916k

Kim I, Kumta PN (2004) Sol-gel synthesis and
characterization of nanostructured hydroxyapatite


http://mediligence.com/blog/?cat=5
http://sci-hub.tw/10.1021/cm0500399
http://sci-hub.tw/10.1021/cm0500399
http://sci-hub.tw/10.1016/j.actbio.2013.05.033
http://sci-hub.tw/10.1016/j.actbio.2013.05.033
http://sci-hub.tw/10.1021/cm203355h
http://sci-hub.tw/10.1021/cm203355h
http://sci-hub.tw/10.1016/j.jeurceramsoc.2005.07.032
http://sci-hub.tw/10.1016/j.jeurceramsoc.2005.07.032
http://sci-hub.tw/10.1152/physrev.1969.49.4.760
http://sci-hub.tw/10.1152/physrev.1969.49.4.760
http://sci-hub.tw/10.1002/jbm.820270105
http://sci-hub.tw/10.1002/jbm.820270105
http://sci-hub.tw/10.1021/ja00998a003
http://sci-hub.tw/10.1021/ja00998a003
http://sci-hub.tw/10.1021/j100689a024
http://sci-hub.tw/10.1515/zpch-1932-15832
http://sci-hub.tw/10.1006/jssc.1998.8120
http://sci-hub.tw/10.1016/j.jcrysgro.2007.08.009
http://sci-hub.tw/10.1016/j.jcrysgro.2007.08.009
http://sci-hub.tw/10.1021/cg060880e
http://sci-hub.tw/10.1021/cg060880e
http://sci-hub.tw/10.1021/cm9028935
http://sci-hub.tw/10.1007/s10856-007-3156-9
http://sci-hub.tw/10.1007/s10856-007-3156-9
http://sci-hub.tw/10.1002/adfm.200800048
http://sci-hub.tw/10.1007/s10856-009-3752-y
http://sci-hub.tw/10.1016/0022-0248(95)00994-9
http://sci-hub.tw/10.1016/0022-0248(95)00994-9
http://sci-hub.tw/10.1021/ic950916k
http://sci-hub.tw/10.1021/ic950916k

354

P.T.Kien et al.

25

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

powder. Mater Sci Eng B 111:232-236. http://sci-hub.
tw/10.1016/j.mseb.2004.04.011

. Feng W, Mu-Sen L, Yu-Peng L, Yong-Xin Q (2005) A

simple sol-gel technique for preparing hydroxyapa-
tite nanopowders. Mater Lett 59:916-919. http:/sci-
hub.tw/10.1016/j.matlet.2004.08.041

Rajabi-Zamani AH, Behnamghader A, Kazemzadeh
A (2008) Synthesis of nanocrystalline carbonated
hydroxyapatite powder via nonalkoxide sol-gel
method. Mater Sci Eng C 28:1326-1329. http://sci-
hub.tw/10.1016/j.msec.2008.02.001

Hsieh MF, Perng LH, Chin TS, Perng HG (2001)
Phase purity of sol-gel-derived hydroxyapatite
ceramic. Biomaterials 22:2601-2607. http://sci-hub.
tw/10.1016/S0142-9612(00)00448-8
Eshtiagh-Hosseini H, Housaindokht MR, Chahkandi
M (2007) Effects of parameters of sol-gel process on
the phase evolution of sol-gel-derived hydroxyapa-
tite. Mater Chem Phys 106:310-316. http://sci-hub.
tw/10.1016/j.matchemphys.2007.06.002

Chen J, Wang Y, Chen X, Ren L, Lai C, He W, Zhang
Q (2011) A simple sol-gel technique for synthesis of
nanostructured hydroxyapatite, tricalcium phosphate
and biphasic powders. Mater Lett 65:1923-1926.
http://sci-hub.tw/10.1016/j.matlet.2011.03.076

Velu G, Gopal B (2009) Preparation of nanohydroxy-
apatite by a sol-gel method using alginic acid as a
complexing agent. ] Am Ceram Soc 92:2207-2211.
http://sci-hub.tw/10.1111/j.1551-2916.2009.03221.x
Zhang H, Zhang M (2011) Phase and thermal stability
of hydroxyapatite whiskers precipitated using amine
additives. Ceram Int 37:279-286. http://sci-hub.
tw/10.1016/j.ceramint.2010.08.038

Guo X, Xiao P, Liu J, Shen Z (2005) Fabrication
of nanostructured hydroxyapatite via hydro-
thermal synthesis and spark plasma sintering.
J Am Ceram Soc 88:1026-1029. http://sci-hub.
tw/10.1111/j.1551-2916.2005.00198.x

Tsiourvas D, Tsetsekou A, Kammenou MI,
Boukos N (2011) Controlling the formation
of hydroxyapatite nanorods with dendrimers.
J Am Ceram Soc 94:2023-2029. http://sci-hub.
tw/10.1111/j.1551-2916.2010.04342.x

Zhang H, Darvell BW (2011) Biomaterials
7:2960-2968

Lin K, Liu X, Chang J, Zhu'Y (2011) Facile synthe-
sis of hydroxyapatite nanoparticles, nanowires and
hollow nano-structured microspheres using similar
structured hard-precursors. Nanoscale 3:3052-3055.
http://sci-hub.tw/10.1039/c1nr10334b

Lee DK, Park JY, Kim MR, Jang DJ (2011) Facile
hydrothermal fabrication of hollow hexagonal
hydroxyapatite prisms. CrystEngComm 13:5455—
5459. http://sci-hub.tw/10.1039/C1CE05511A

Zhu K, Yanagisawa K, Onda A, Kajiyoshi K,
Qiu J (2009) Morphology variation of cadmium

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

hydroxyapatite synthesized by high temperature mix-
ing method under hydrothermal conditions. Mater
Chem Phys 113:239-243. http://sci-hub.tw/10.1016/j.
matchemphys.2008.07.049

Cao H, Zhang L, Zheng H, Wang Z (2010)
Hydroxyapatite nanocrystals for biomedical applica-
tions. J Phys Chem C 114:18352-18357. http://sci-
hub.tw/10.1021/jp106078b

Zhang G, Chen J, Yang S, Yu Q, Wang Z, Zhang
Q (2011) Preparation of amino-acid-regulated
hydroxyapatite particles by hydrothermal method.
Mater Lett 65:572-574. http://sci-hub.tw/10.1016/].
matlet.2010.10.078

Pham Trung Kien, Tsuru Kanji, Kunio Ishikawa
(2015) Development and characterization of porous
calcium phosphate cement using a-tricalcium phos-
phate bead. In: Vo Van Toi, Tran Ha Lien Phuong (eds)
Sth international conference on biomedical engineer-
ing in Vietnam. IFMBE proceedings, pp 507-510.
http://sci-hub.tw/10.1007/978-3-319-11776-8_125
Nguyen Viet Long, Masayuki Nogami, Yong Yang,
Michitaka Ohtaki, Pham TrungKien, Cao Minh Thi
(2014) Magnetic metal and oxide based nanoparticles
and biomaterials for bioimaging probes for magnetic
resonance imaging, Chapter 6. In: Govil JN (ed)
Nanotechnology, Volume 12: bioimaging. Studium
Press LLC, pp 205-221

Pham Trung Kien, Vang Nguyen Hoang Van, Tran
Pham Quang Nguyen, Pham Thi Lan Thanh (2018)
Evaluation effect of stirring mode on synthesize
Hydroxyapatite crystallite used as bone substitute.
In: The 6th international conference on biomedical
engineering in Vietnam, Ho Chi Minh City, Vietnam,
pp 331-334

Pham Trung Kien, Tsuru Kanji, Kunio Ishikawa
(2015) Setting reaction of o-TCP spheres and an
acidic calcium phosphate solution for the fabrication
of fully interconnected macroporous calcium phos-
phate. Ceram Int 41:13525-13531. http://sci-hub.
tw/10.1016/j.ceramint.2015.07.146

Kien Pham Trung, Minh Do Quang, Thanh Pham
ThiLan (2014) Iron-free hydroxyapatite powder from
synthetic Ca(OH)2 and commercialized Ca(OH)2.
Adv Mater Res 858:103-110

Kunio Ishikawa, Kanji Tsuru, Trung Kien Pham,
Michito Maruta, Shigeki Matsuya (2012) Fully-
interconnected pore forming calcium phosphate
cement. Key Eng Mater 493-494:832-835

Pham Trung Kien, Michito Maruta, Kanji Tsuru,
Shigeki Matsuya, Kunio Ishikawa (2010) Effect of
phosphate solution on setting reaction of o-TCP
spheres. J Aust Ceram Soc 46(2):63-67

Radzali Othman, Ahmad Fauzi, Pham Trung Kien,
Kunio Ishikawa, Do Quang Minh (2007) Preparation
and characterization of p-tricalcium phosphate.
Malaysia J Microsc 3:193-198


http://sci-hub.tw/10.1016/j.mseb.2004.04.011
http://sci-hub.tw/10.1016/j.mseb.2004.04.011
http://sci-hub.tw/10.1016/j.matlet.2004.08.041
http://sci-hub.tw/10.1016/j.matlet.2004.08.041
http://sci-hub.tw/10.1016/j.msec.2008.02.001
http://sci-hub.tw/10.1016/j.msec.2008.02.001
http://sci-hub.tw/10.1016/S0142-9612(00)00448-8
http://sci-hub.tw/10.1016/S0142-9612(00)00448-8
http://sci-hub.tw/10.1016/j.matchemphys.2007.06.002
http://sci-hub.tw/10.1016/j.matchemphys.2007.06.002
http://sci-hub.tw/10.1016/j.matlet.2011.03.076
http://sci-hub.tw/10.1111/j.1551-2916.2009.03221.x
http://sci-hub.tw/10.1016/j.ceramint.2010.08.038
http://sci-hub.tw/10.1016/j.ceramint.2010.08.038
http://sci-hub.tw/10.1111/j.1551-2916.2005.00198.x
http://sci-hub.tw/10.1111/j.1551-2916.2005.00198.x
http://sci-hub.tw/10.1111/j.1551-2916.2010.04342.x
http://sci-hub.tw/10.1111/j.1551-2916.2010.04342.x
http://sci-hub.tw/10.1039/c1nr10334b
http://sci-hub.tw/10.1039/C1CE05511A
http://sci-hub.tw/10.1016/j.matchemphys.2008.07.049
http://sci-hub.tw/10.1016/j.matchemphys.2008.07.049
http://sci-hub.tw/10.1021/jp106078b
http://sci-hub.tw/10.1021/jp106078b
http://sci-hub.tw/10.1016/j.matlet.2010.10.078
http://sci-hub.tw/10.1016/j.matlet.2010.10.078
http://sci-hub.tw/10.1007/978-3-319-11776-8_125
http://sci-hub.tw/10.1016/j.ceramint.2015.07.146
http://sci-hub.tw/10.1016/j.ceramint.2015.07.146

	18: Recent Trends in Hydroxyapatite (HA) Synthesis and the Synthesis Report of Nanostructure HA by Hydrothermal Reaction
	18.1	 Introduction
	18.1.1	 Co-precipitation Method
	18.1.2	 Emulsion Method
	18.1.3	 Sol-Gel Method
	18.1.4	 Hydrolysis Method
	18.1.5	 Hydrothermal Method
	18.1.6	 Grinding-Assisted Method
	18.1.7	 The Microwave (MW)-Assisted Method
	18.1.8	 Ultrasonic-Energy-Assisted Method

	18.2	 Materials and Method
	18.2.1	 Experimental Preparation
	18.2.2	 Material Characterizations
	18.2.2.1	 X-Ray Diffraction Analysis
	18.2.2.2	 Scanning Electron Microscopic Observation
	18.2.2.3	 Transmission Electron Microscopic Observation
	18.2.2.4	 Fourier Transform Infrared Spectroscopy

	18.2.3	 Statistical Analysis

	18.3	 Results and Discussion
	18.4	 Conclusions
	References




