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Abstract: Three kinds of hydroxyapatite (HA) microspheres were prepared using a flame-drying method. The morphologies and
selected area diffraction of HA slurries were determined by TEM. The phase composition, and morphologies were studied by TEM,
X-ray diffractometer (XRD), scanning electron microscope (microstructure, SEM), respectively. The TEM result shows that the
slurries are composed of nano-particle HA. With the aging time of HA slurry prolonging, the morphology of HA particle changes
from spherical ACP (amorphous calcium phosphate) to rod-like acicular nano-crystal morphology. Low temperature can also cause
the crystallinity degree of HA slurry decrease obviously. The XRD result shows that the crystallinity of HA microspheres prepared
from three kinds of HA slurry is consistent with its corresponding slurry. The SEM result shows that the sphericity of the
microspheres prepared by pure HA slurry without ammonia water is the best among three kinds of microspheres, then the HA slurry
containing ammonia solution forms the hollow microspheres with open pore, and ice-water mixture flurry.
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1 Introduction
Hydroxyapatite (HA, Ca;o(PO4)s(OH),), with
similar chemical composition and crystal structure as
mineral composition present in a biological hard tissue
[1-3], has important
biocompatible material. However, the use of HA with

been widely used as an

irregular morphology is limited due to its fragile nature
of crystalline form. HA spheres have recently been
developed because of the advantages, such as high
specific surface area, good flow ability, excellent
chemical and physical properties. In present, several
fabricating microsphere methods, such as spray drying
[4,5], high temperature melting [6], solid-in-water-
in-solid emulsion and microemulsion [1,7] have been
widely used, and these development have led to a
renewed interest of HA powders in the high technology
field [8,9]. However, the main attempt paid in the past
years is to control the shape of HA powders, the crystal
size, particle size distribution, porosity and crystallinity,

because both the mechanical performance and bioactivity
of HA depend strongly on them.

In fact, the major component of the bone mineral is
amorphous calcium phosphate (ACP) (65% (mass
fraction) in young bone and 35% in adult bone), which is
a precursor to crystalline HA. ACP was first synthesized
in solution by POSNER et al [10,11] and it plays an
important role in the biomineralization of bone because it
is a precursor to crystalline bone apatite. The poor
hydroxapatite and ACP can be used in various
applications, such as coated implant, filler and bone
cements, due to its good bioactivity and excellent
biodegradability [12,13]. The formation methods of poor
crystalline HA and ACP have been reported recently,
such as chemical synthesis in aqueous solution with
stabilizer [14], organic-water synthesis [15], organic-
mediated sol-gel synthesis [16], quenching of melted
calcium phosphate and physical deposited techniques.
But the fabricating method of poor crystalline HA
microsphere is rarely reported and the processes of
these methods are complicated. In this work, a novel
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flame-drying method was used to fabricate the poor
crystalline HA microsphere. And the influence factors
and the
microspheres were also researched.

formation mechanism of porous HA

2 Experimental

2.1 HA slurry synthesis

The precursor of HA microsphere phase was HA
slurry prepared by wet method with diammonium
hydrogen phosphate [(NH4),HPO,] and calcium nitrate
tetrahydrate [Ca (NOs),4H,O] with a Ca/P ratio of 1.67
in the presence of aqueous ammonia. During stirring, the
white HA floccules could be observed in the mixed
solution. Three kinds of HA slurry were fabricated and
the parameters are listed in Table 1. One kind of HA
slurry was heated for vaporizing the ammonia in it,
which was defined as HA slurry without ammonia
(NAHAs). After heating, NAHA was rinsed for
eliminating the NH;NO; and was aging for 48 h. HA
slurry containing ammonia (CAHAs) was preserving the
ammonia and NH4;NO; in slurry. CAHA was also aging
for 72 h for using to next process. HA slurry under
ice-water condition (IWHAs) was only stirring for 5 min
for using to prepare the HA microsphere. The process of
formation of HA phase can be described as the following
reactions [17]:

(NH,),HPO,+NH,OH—(NH,);PO,+H,0 (1)

3(NH,);PO+NH,OH—(NH,)14(PO,);(OH) )

2(NH4)10(PO4)3 (OH)+ 1 0C3(NO3)2—>
Calo(PO4)6(OH)2+2ONH4NO3 (3)

Table 1 Parameters of preparation of HA slurries

Stirring o Temperature of
Samples time/min Aging time/h preparation/°C
NAHAs 120 48 Room temperature
CAHAs 120 72 Room temperature
IWHAs 5 - Zero

NAHAs—HA slurry without ammonia; CAHAs—HA slurry containing
ammonia; IWHAs—HA slurry under ice-water condition

2.2 Fabrication of HA microspheres

Flame-drying method was used to fabricate the HA
microspheres. The flame denoted the fire of liquefied
petroleum gas and oxygen. The HA slurries were directly
sprayed into the flame via compressed air by a nozzle.
The parameters of flame-drying are listed in Table 2.

2.3 Characterization
The microstructure morphologies and relevant

selected area diffraction (SAD) of the HA slurries were
analyzed by H-800 transmission electron microscopy
(TEM) operated at 200 kV. Phase composition of HA
microspheres was determined by a D/max-yB X-ray
diffractometer (XRD) operated at 40 kV, 100 mA and a
scan speed of 4 (°)/min. JSM-6380 scanning electron
microscope (SEM) with an acceleration voltage of 20 kV
after Au film was deposited onto the samples was used to
obtain the particle shape and surface morphologies of
HA microspheres.

Table 2 Parameters of flame-drying method

Input slurry Nozzle Atomizing air Flame Flame
velocity/ diameter/  pressure/  pressure/ temperature/

(mL'min) mm MPa MPa °C
120-150 2.5 0.6-0.8 0.2-0.4  About 500

3 Results and discussion

3.1 Microstructure of HA slurries

Figure 1 demonstrates the microstructures and
relevant SAD patterns of different kinds of HA slurries.
The microstructure of IWHAS, as shown in Fig. 1(c), is
mainly the spherical particles with size of less 50 nm.
The relevant SAD pattern shows that spherical particles
are ACP [18]. While, the microstructures of HA slurry
aged for a period of time (NAHAs and CAHAs) are
rod-like acicular nano-particles. The relevant SAD
patterns indicate that those nano-particles are low
crystalline HA. And the bright rings of Figs. 1(a) and (b)
can be indexed to (211) and (213), respectively. The
results show that the aging time is the main parameter
that affect the microstructures and crystallinity of HA
slurry, which is consistent with some reports. For
instance, several literatures proved that the crystallinity
of HA increased with the aging time of HA slurry
prolonging, and the morphology of HA particle was
changed from spherical ACP to rod-like acicular
nano-crystal morphology [18—20]. On the other hand, the
preparation temperature maybe also affect the
crystallinity of HA. It is concluded by Ref. [21] that the
crystallinity of HA synthesized at 5 °C was lower than
that of HA fabricated at 60 °C. These results illustrate
that the low temperature can result in the slow diffusion
of atoms and impede the HA crystal growth, which
prevents the formation of crystalline HA or make it be
minimum. Figure 1 also shows that the crsystallinty of
NAHAs and CAHASs has no obviously difference, but the
length of acicular particles of CAHAs is increasing
compared with that of NAHAs. It demonstrates that
aging time of HA slurries can promote the HA crystal
growth.
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Fig. 1 TEM images and relevant SAD patterns of NAHAs (a),
CAHAs (b) and IWHAs (c)

3.2 Phase composition of HA microspheres

shows the XRD patterns of HA
microspheres fabricated by the flame-drying method.
The diffraction of NAHAs (Fig. 2(a)) has narrower peak
and higher intensity, indicating that the crystallinity of
HA microsphere prepared by NAHAs (defined as
NAHAM) is the lowest compared with that of the other
two kinds of samples (defined them as CAHAM and
IWHAM, respectively). The IWHAM has the lowest
crystallinity, as shown in Fig. 2. These results show that

Figure 2

the crystallinity of HA microspheres prepared from three
kinds of HA
corresponding slurries, as shown in Figs. 1 and 2. The

slurries is consistent with their
reasons of these results can be explained by the
formation mechanism of HA microspheres during the
drying process. The formation of a solid HA microsphere
involves three processes: 1) precipitation from solution
(formation of solid phase); 2) crystallization (building up
long-range order) within the solid, the two processes can
be shown in reactions (4) and (5); 3) formation of
agglomerates of HA microspheres by atomizing HA
slurry into a flame zone. This process can cause
instantaneously two phenomena: (a) Evaporation of the
solvent contained in the slurry in the form of
microdroplets by drying, (b) The formation of spherical
agglomerates of HA microspheres by solidification.
During the third process, the crystallization will
simultaneously occur [22].

Ca’'(aq)+POy" (aq)—

CaP(amorphous, solid) [precipitation] @)
CaP(amorphous, solid)—

CaP(crystalline, solid) [crystallization] (5)
(c)
(b) W
(a)

10 2|0 3IO 4|0 SIO 60

20/(°)

Fig. 2 XRD patterns of HA microspheres fabricated by
flame-drying method from NAHAs (a), CAHAs (b) and
IWHAs (c)

For IWHAM, the process of crystallization (reaction
(5)) is very short because the slurry is only stirred about
5 min and no aging time and then immediately used to
atomize into the flame. On the other hand, the low
temperature also can prevent crystallization of HA. In the
third process, the ACP particles instantaneously formed
the microsphere and the crsystallinity of HA had a little
increase because of the high temperature of flame. The
ammonia and NH4;NOj; containing in the CAHAs will be
changed into gases due to high temperature. These
decomposed gases maybe affect the crystallization of HA
microspheres during formation of agglomerates. For
NAHAM, its

crystallinity is markedly increasing
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compared with relevant slurry.

3.3 Morphologies of HA microsphers

The SEM images of HA microspheres prepared by
different HA slurries are shown in Fig. 3. It shows that
the particles are mainly spherical in shape, but the
sphericity of the NAHAM (Fig. 3(a)) is the best
compared with those of the CAHAM and TWHAM.
Some hollow microspheres with open pore exist in the
sample of CAHAM (arrows), as shown in Fig. 3(c). Its
corresponding high magnificent image indicates that the
sphere is an agglomerate of HA particles. The reason of
formation of these microspheres with pore can be
explained from the decomposed gases
flame-drying process. NH4;NO; and ammonia were
decomposed due to high temperature, which can be

during

X588 SHkm

described as the following reactions:
NH4NO3—>NH3+N02+H20 (6)
NH,OH—NH;+H,0 (7

At the beginning, for the CAHAM, the decomposed
gases were distributed inside the dropwise liquid particle
and the gases began to aggregate inside the liquid drop
with the evaporation of the water content. When the
aggregation reached a certain degree, the aggregated
gases released suddenly and thus opening air holes were
formed. The application of this microsphere with open
pore will be further studied in the future. Besides, the
sphericity of IWHAM is not very well, but some spheres
in it are also very compacted like others, as shown in
Fig. 3(f). It may be because the water containing in the
HA slurry bead was evaporated quickly as the regional

Fig. 3 SEM images of HA microspheres prepared by flame-drying method using different HA slurries: (a,b) NAHAM,; (c,d) CAHAM;

(e,f) IWHAM
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higher temperature. However, most microspheres

prepared by the IWHAs was the loose structure.

4 Conclusions

1) The HA microspheres with poor crystallinity can
be fabricated by a novel flame-drying method. The
reaction time of HA slurry will affect its properties, such
as crystallinity and morphology. In addition, low
temperature (0 °C) can result in the slow diffusion of
atoms and impedes the HA crystal growth in the slurry.
IWHAs

comparing with other two kinds of slurries.

Hence, contain more amorphous phase

2) The crystallinity of HA microspheres prepared
from three kinds of HA slurry is consistent with its
corresponding slurry. The crystallinity of NAHAM is the
highest among the three HA microspheres, and that of
IWHAM is the lowest.

3) During the flame-drying process, the gases
decomposed by the impurity containing in the HA
slurries can restraint crystallinity of HA microspheres,
and form the hollow microspheres with open pore
because of the decomposition gases evolution. The
IWHAM has the loose structure because more gases are
come out of from its dried slurry.

References

[1] DOROZHKIN S V, EPPLE M. Biological and medical significance
of calcium phosphates [J]. Angewandte Chemie International Edition,
2002, 41(17): 3130-3146.

[2] HENCH L L, WILSON J. Surface-active biomaterials [J]. Science,
1984, 226(11): 630-636.

[3] CHENJD, YUQF, ZHANG G D, YANG S, WUJ L, ZHANG Q Q.
Preparation and biocompatibility of nanohybrid scaffolds by in situ
homogeneous formation of nano hydroxyapatite from biopolymer
polyelectrolyte complex for bone repair applications [J]. Colloids and
Surfaces B: Biointerfaces, 2012, 93(5): 100—107.

[4] BERTRANDA G ROYA P, FILIATREB C, CODDETA C.
Spray-dried ceramic powders: A quantitative correlation between
slurry characteristics and shapes of the granules [J]. Chemical
Engineering Science, 2005, 60(1): 95-102.

[5] SUNR X, LVYP, LIM S, LI ST, ZHU R F. Characterization of
hydroxyapatite particles plasma-sprayed into water [J]. Surface
Coating and Technology, 2005, 190(2—3): 281-286.

[6] DYSHLOVENKO S, PAWLOWSKIL, ROUSSEL P, MURANOB D,
MAGUER A L. Relationship between plasma spray operational
parameters and microstructure of hydroxyapatite coatings and
powder particles sprayed into water [J]. Surface Coating and

Technology, 2006, 200(12—13): 3845-3855.

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

s173

VLADIMIR S K, SERGUEI M B, ELENA V K. A method to
fabricate porous spherical hydroxyapatite granules intended for
time-controlled drug release [J]. Biomaterials 2002, 23(16):
3449-3454.

SHUIJI S, KIMINORI A, KEUIRO F. Antimicrobial hydroxyapatite
powders and methods for preparing them. United States, 5009898 [P].
1991-04-23.

STARLING LB, STEPHAN J E. Calcium phosphate microcarriers
and microspheres. United States Patent, 6358532 [P]. 2002—03—19.
POSNER A S, BETTS F. Synthetic amorphous calcium phosphate
and its relation to bone mineral structure [J]. Account of Chemistry
Research, 1975, 8(8): 273-281.

EANES E D, GILLESSE I H, POSNER A S. Intermediate states in
the precipitation of hydroxylapatite [J]. Nature, 1965, 208: 365-367.
SERGEY V D. Amorphous calcium (ortho)phosphates [J]. Acta
Biomaterialia, 2010, 6(12): 4457—-4475.

DEKKER R J, VAN BLITTERSWIK C A, DE BRUIIN J D,
STIGTER M, BARRERE F, LAYROLLE P. Bone tissue engineering
on amorphous carbonated apatite and crystalline octacalcium
phosphate-coated titanium discs [J]. Biomaterials, 2005, 26(25)
5231-5239.

LEGEROS R Z, LIN S, ROHANIZADEH R, MIJARES D,
LEGEROS J P. Biphasic calcium phosphate bioceramics: preparation,
properties and applications [J]. Journal of Materials Science:
Materials in Medicine, 2003, 14(3): 201-209.

SADASIVAN S, KHUSHALANI D, MANN S. Synthesis of calcium
phosphate nanofilaments in reverse micelles [J]. Chemistry of
Materials, 2005, 17(10): 2765-2770.

LAYROLLE P, ITO A, TATEISHI T. Sol-Gel synthesis of
amorphous calcium phosphate and sintering into microporous
hydroxyapatite bioceramics [J]. Journal of the American Ceramic
Society, 1998, 81(6): 1421-1428.

CHEN S Q, ZHU Z Q, ZHU J Z. Hydroxyapatite coating on porous
silicon substrate obtained by precipitation process [J]. Applied
Surface and Science, 2004, 230(1/2/3/4): 418—424.

KIM S J,RYU H S, SHIN H H. In situ observation of hydroxyapatite
nanocrystal formation from amorphous calcium phosphate in
calcium-rich solutions [J]. Materials Chemistry and Physics, 2005,
91(2/3): 500-506.

LI Y B, WILIANA T, TAM K C. Synthesis of amorphous calcium
phosphate using various types of cyclodextrins [J]. Materials
Research Bulletin, 2007, 42(5): 820—827.

XIAO Gui-yong, LV Yu-peng, ZHU Rui-fu, JIAO Yan, XU Wen-hua.
Effect of calcium phosphate slurry on property of hydroxyapatite
microspheres fabricated by flame-drying method [J]. Chinese Journal
of Inorganic Chemistry, 2011, 27(7): 1255-1260. (in Chinese)

TADIC D, PETERS F, EPPLE M. Continuous synthesis of
amorphous carbonated apatites [J]. Biomaterials, 2002, 23(12):
2553-2559.

INOUE S, ONO A, OTAKI N. Process for the preparation of
microspherical sintered bodies of hydroxyapatite and a
chromatographic packing material comprising the microspherical

sintered bodies of hydroxyapatite. US, 5205928 [P]. 1993—-04—27.



s174

XIAO Gui-yong, et al/Trans. Nonferrous Met. Soc. China 22(2012) s169—s174

KA TFIREHI F AR LS E R E I A Tk

BARD L BEm RME L L A RN

L. AR MBI 45 M4 5 N C20E S A sz =, YR 250061;
2. WHRKS MRR2ES TR, 5FFE 250061

B F: NI THRILRE 3 MASFIPE B R RS A0 (HAYREE I3 5 I AN R S5 Rk o 38 105 3 F BE(TEM)
X ZATIHA(XRD) M HLFE(SEM) 73 BT TUAN [FIRE AR 0K (KROS5 . TS HA TAERIKI AR e b SR
B, BT HrREENE TR T4 T ZZH00 i HA TREREEHII 52 M. TEM 8953801, BEA BRI BN Bk
PRI TRIFRIE R, FErR A g RO St BRI A A PRI A K 2 AR T HA BRI 25 B R L W]
B FEG. XRD 45 KRN KIE TR 3 P HA TUER IS5 G RE EE OGN RER 1045 i 3. SEM S5 3LER .
LRKIAIEE HA B2 JIE TR R IR RE SR, & AT ZUK K HARER T A SR B AT R T 1 1250 &5
s KA YRR T A5 HA TUERER IR 55 22 o
KRR PN, RGN ZALBER; KIETR

(Edited by DENG Lii-xiang)



