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Morphologically Controlled Synthesis of Hydroxyapatite at Mild Conditions

XIAO Xin-Li KONG De-Yan* ZHANG Ju-Sheng
(Department of Chemistry, Harbin Institute of Technology, Harbin 150001, China)

Abstract: Simple methods are introduced to obtain hydroxyapatite(HAP, Ca(PO4)¢(OH),) nanocrystals with differ-
ent structures and morphologies at mild conditions. The precipitation-hydrolysis two-step method can produce
CaHPO, precursor by assistance of polyethylene glycol (PEG) and polyvinylpyrrolidone (PVP) during the precipi-
tation step, and the hydrolysis of CaHPO, at 100 °C under atmospheric pressure leads to the formation of highly
crystalline rod-like HAP nanocrystals. The HAP nanorods prepared with PEG possess uniform morphology with
high aspect ratio while those prepared with PVP have smaller size with broader size distribution. One-step pre-
cipitation method can produce HAP directly, and the nanocrystals prepared with PEG are like wheat ears, while
those prepared with PVP were composed of small nanoparticles and nanorods. The morphology of HAP samples
was influenced by the organic additives, because the surfactants stabilized and confined the formation and growth
of HAP nanocrystals. The morphology and structure of HAP nanoparticles changed greatly via the difference syn-
thetic methods. Therefore, the controlling synthesis of HAP can be achieved by the change of synthetic condi-
tions. The obtained HAP nanoparticles will be applicable for the future biomedical applications.

Keywords: precipitation-hydrolysis method; direct precipitation method; morphology controlling; hydroxyapatite
0 Introduction the bioactive hydroxyapatite (HAP, Ca;(PO,)s(OH),)

has attracted much attention due to its extensive

As the main mineral constituent of natural bone, applications in various fields such as tooth implants,
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bone filling and absorbents!. HAP is used as powders
in most cases, and its usefulness is influenced greatly
by the

composition, crystallite size, and morphology. For their

powder properties such as structure,
applications in many fields including separation
processes, powder carriers for removing heavy metal
ions or drugs, HAP nanoparticles with high surface
area are more desired ®”. Consequently, the HAP
crystals with specific morphological and structural
properties have attracted much attention. It is
observed that the primary HAP particles in bone are
in the form of nanoscopic plate-like crystals, while

highly

Meanwhile, it is well documented

those in tooth enamel are elongated

nanofilaments .
that fibrous and needle-like morphologies with high
specific surface area are advantageous for adsorption
and ion exchange. Moreover, the size and shape of the
HAP crystallite

osseointegration, resorption of orthopedic and other

influence the toxicity to cells,

1. Therefore, significant progress

intended devices !
has been made for example in controlling crystal
morphology.

Wet chemical methods such as hydrothermal ',
homogeneous precipitation ™, and electrochemical
method" have been employed to synthesize nanosacle
HAP with different morphologies, and the obtained
HAP nanocrystals possess various sizes and
morphologies, depending on the reactants used and
reaction conditions "L For example, rod-like HAP
nanoparticles were synthesized through a mild and
biomimetic pathway "*; The nano-sized HAP powders
were obtained using the hydrolysis of dicalcium
(DCP) and CaCO; at the mild conditions,

and the crystallinity of HAP is improved with

phosphate

increasing annealing temperature "L HAP nanorods
were also synthesized using simple hydrothermal
procedure, sol-gel route and  co-precipitation
method P However, it is still a big challenge to
develop simple and reliable synthetic methods at mild
conditions.

In this paper, we developed simple ways to
synthesize different HAP nanorods at 100 C at

atmospheric pressure and the influence of organic

surfactants and synthetic routes on the morphology
and structure of HAP nanoparticles were studied. The
preparation techniques will benefit the science of wel-
chemical materials processing and the obtained HAP
nanoparticles will be applicable for the future bio

medical applications.
1 Experimental

1.1 Materials

Ca(NOs), -4H,0 (AR, Tianjin Bodi Chemical Co.,
Lid.), (NH,),HPO, (AR, Shantou Xilong Chemical
Factory), polyethylene glycol (PEG)
weight 10 000, Sinopharm Chemical Reagent Co.,
Ltd.), polyvinylpyrrolidone K30 (PVP) (AR, Sinopharm
Chemical Reagent Co., Ltd.), ammonia (NH; -H,0)
(AR, Xilong Chemical Industry Incorporated Co., Ltd)

were used as starting materials; Distilled water and

(AR, molecular

ethanol (AR, Tianjin Kemiou Chemical Reagent Co.,
Ltd) were used as the solvent.
1.2  Synthesis of HAP nanorod by the two-step
method
1.2.1 Syntheses of HAP precursor samples
The precursor samples were performed at the first
precipitation step. Typically, 4.725 g PEG or 0.251 g
PVP was dissolved in 20 mL distilled water in a
beaker, then 11.812 g Ca(NO;),-4H,0 was added and
stirred at the moderate speed to form the solution A.
At the same time, 2.642 ¢ (NH,),HPO, was dissolved
in 15 mL distilled water in another beaker to form the
solution B. Then, the solution B was added dropwise
to the solution A to give a white precipitate and the
mixture was kept stirring at the moderate speed for 2
hours.  The solid

centrifugation for 5 minutes at a speed of 3 000 r-

obtained by

sample  was
min ', then the settled particles were dispersed in
ethanol and centrifuged four times. Finally, the solid
sample was dried at 80 °C in air.
1.2.2  Syntheses of HAP nanorods

The HAP samples were obtained at the second
hydrolysis step. 0.3 g of the above precursor was
added into the 250 mL
containing 50 mL of distilled water, and the slurry

round-bottomed  flask

was stirred at the moderate speed at 100 “C for 14 h
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in a temperature-controlled electromantle for the

hydrolysis of the precursor samples. The pH value of

the suspension was adjusted and kept at 10.0 by the

addition of ammonium hydroxide dropwise during the

hydrolysis reaction. The samples were obtained by

centrifugation for 5 minutes at a speed of 3 500 r-
1

min~', and then redispersed in ethanol and repeated

the centrifugation and redispersion three times,
Finally, HAP nanorods were obtained by drying at 80
°C in air.
1.3 Syntheses of HAP nanocrystals by the one-
step method

To compare the influence of preparation routes
on the nanocrystals, HAP samples were prepared by
the one step precipitation technique. Typically, PEG
or PVP was dissolved in Ca(NOs),-4H,0 solution, then
(NH,),HPO, solution was added and stirred. At the
same time, the ammonia was added dropwise to this
suspension to adjust a specific value of pH at 10, then
the suspensions were kept at 100 °C in a temperature-
controlled electromantle for 24 h. HAP nanoparticles
were obtained by the centrifugation, redispersion and
drying procedures as the same as the above part.
1.4 Characterization

X-ray diffraction (XRD) was carried out on a
Rigaku-Dmax rB diffractometer with Cu Ka radiation
(A=0.154 05 nm). The XRD accelerating voltage and
emission current were 40 kV and 50 mA, respectively.
TEM images were obtained using a JEOL H7650
transmission electron microscope operating at 100 kV.
Samples for TEM were prepared by depositing a drop
of ethanol suspension of the powder sample onto a
copper grid and dried in air. Fourier transform
infrared (FTIR) spectra were measured with Nicolet
360 infrared spectrophotometer with the KBr pellet

technique. All the measurements were performed at

room temperature.
2 Results and discussion

2.1 HAP nanocr ystals obtained by the precipi-
tation-hydrolysis two-step method
2.1.1  Structural properties of CaHPO,precursors

The chemical reaction for the formation of

monetite can be simplified as Eq.1:

Ca(NOs),+4H,0+(NH,),HPO, —
CaHPO,+2NH,NO;+8H,0 1)
The structures of the precursors are characterized
by XRD. Fig.1 shows XRD patterns of the precursor
samples prepared with different additives: PEG (a),
PVP (b) and the standard data for bulk materials as
reference. The results of XRD indicate that all the
peaks of the precursor samples are in good agreement
with triclinic crystal structure of bulk monetite phase
CaHPO, (PDF Card No. 71-1759), which is known to be
a stable phase under acidic conditions®. The crystal
cell parameters of the precursors calculated according
to their XRD data are ¢=0.691 0 nm, 6=0.662 5 nm, c=
0.694 7 nm (Fig.1a); and @=0.690 6 nm, =0.660 4 nm,
¢=0.695 3 nm (Fig.1b), respectively. These results are
in agreement with the reported values for bulk monetite
phase CaHPO, (¢=0.691 6 nm, 6=0.661 9 nm, ¢=0.694
6 nm). Meanwhile, the structures of samples prepared
with the different organic addictives are subtle different
from that of bulk CaHPO,. The particularly strong
diffractions of (200) plane in the products indicate that
the as-prepared monetite might be of structure with
(200) preference. The crystallinity of monetite phase is
different from each other, as the crystallinity of monetite
in Fig.1b is higher than that in Fig.la. The relative
intensity of the diffraction peaks of (100), (200), (003)
planes of the monetite samples in Fig.1 (a) is 17:100:
25.5 and that in Fig.1(b) is 21:100:21, which differ

CaHPO PDF 71-1759
4
[ s "'l'.‘" | .|I|||mAH.I-~-L-~--T .
10 20 30 40 50 60 70

Fig.1  XRD patterns of the precursor samples prepared
with different additives PEG (a) and PVP (b), and
the standard data for bulk monetite phase

CaHPO, works as the reference
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from 15:100:15.5 in the bulk crystal. The results
indicated that the structures of monetite samples
prepared with the different surfactants are different,
and the crystal growth of monetite is influenced by the
surfactant additives.
2.1.2
HAP samples

The chemical reaction for the formation of HAP
by the hydrolysis process can be simplified as Eq.2:

10CaHPO,+12NH;-H,0 —

Cay(PO,)s(OH)+4(NH,);PO,+10H,0 (2)

The structures of HAP samples produced by the
hydrolysis of CaHPO, are characterized by XRD, as
shown in Fig.2. It can be observed that the as-
synthesized HAP powders are of a single phase and
all the peaks are in good agreement with hexagonal
crystal structure of bulk HAP phase (PDF Card No.9-
432). The results of XRD indicate that the HAP
samples prepared by the two-step process are all
highly
parameters of the HAP samples according to their
XRD data are a=0.942 6 nm, ¢=0.688 7 nm in Fig.2a;
a=0.942 2 nm, ¢=0.687 8 nm in Fig.2b , respectively.
These results are in good agreement with the reported

values of bulk HAP crystal (¢=0.941 8 nm, ¢=0.688 4

crystalline. The calculated crystal cell

Structural and morphological properties of

Ca,(PO,),(OH), PDF 9-432

| l||l| .| II‘”II I|I|l||l|ll||”||||l!lllllll .\ Al
10 20 30 40 50 60 70 80
26/ (°)

Fig.2  XRD patterns of the HAP samples prepared by
hydrolysis with PEG (a) and PVP (b) as additives,
and the standard data of Ca(PO,)¢(OH), as reference

nm) with space group P6ym!"". The strong diffractions
of (002), (211),

that the HAP samples are of the same structure with

(300) planes further demonstrated

the preference. Compared with the intensity ratios of
the standard data, it can be inferred that the
preferences of nanocrystal growth in the different
samples are all (002) planes. The crystallinity of HAP
is different from each other, as the crystallinity of
HAP in Fig.2b is higher than that in Fig.2a. The
results indicated that the structure and crystallinity of
monetite

HAP samples are influenced by the

precursors.

(002)

®(200)

200 nm

(002)

(200"

300 nm
I

Fig.3 TEM micrographs of HAP samples prepared with different additives by the precipitation-hydrolysis synthetic routes: a bundle

of HAP nanorods with PEG (a), one single nanorod (b), and the SAED (c) corresponding to (b), a bundle of HAP

nanorods with PVP (d), one single nanorod (e), and the SAED (f) corresponding to (e)
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TEM micrographs of the HAP samples prepared
with different additives by the two-step synthetic route
are shown in Fig.3. The HAP sample prepared with
the additive of PEG in Fig.3a consists of the
aggregated nanorods, exhibiting high aspect ratio and
narrow size distribution. These nanorods prepared with
the additive of PVP in Fig.3d are smaller in length
and possess broader size distribution. Significant
change in size and morphology of the particles is
mainly caused by the different organic additives. The
aspect ratio of the HAP nanorods in Fig.3a is higher
than that in Fig.3d which indicates that HAP
nanorods prepared with the additive of PEG have
larger surface area, yielding an increased adsorption
on the surface as the aspect ratio determines the
absorbability of the HAP particles in general. The
result shows that the growth of one-dimensional HAP
nanocrystals was affected by the organic additives,
and this attributes to the different chemical or
physical interaction between the organic additives and
the nanocrystals in the growth process. The SAED
patterns revealed the single-crystal nature of the HAP
nanorods in Fig.3b and 3e, and the diffraction spots
indicated that the nanorods grew preferentially along
the (002) direction,
results. These results indicated that HAP nanorods
and the

in agreement with the XRD

were obtained by the two-step method,
surfactant additives greatly influenced the morphology
of HAP nanorods, but the additives hardly affected the
structure of HAP nanorods.
2.2 HAP nanocrystals obtained with one-step
precipitation method

The chemical reaction for the formation of HAP
samples by the precipitation method can be simplified
as Eq.3:

10Ca(NO3),-4H,0+6(NH,),HPO,+8NH;- H,0—

Cay(PO4)s(OH),+20NH,NO;+46H,0 3)

The structures of HAP nanoparticles produced by
direct precipitation method are characterized by XRD,
as shown in Fig.4. The crystal cell parameters of the
HAP samples calculated according to their XRD data
are ¢=0.943 8 nm, ¢=0.686 7 nm (Fig.4a); and a=
0.940 7 nm, ¢ =0.686 6 nm (Fig.4b), respectively.

PDF 9-432

Ca,(PO,)(OH),

Ly II. ‘II lI llllll‘ll”.ll. MLl

10 60 70 80
29 / (°)

Fig.4 XRD patterns of HAP prepared by direct
precipitation method with PEG (a) and PVP
(b) as surfactants, and the standard data for
bulk Ca,,(PO,){(OH), as a reference

These results are also in agreement with the reported
values of bulk HAP crystal with space group P6y/m!"".
The obvious broadening of diffraction peaks implies
that the size of HAP nanoparticles prepared by the
direct precipitation method is much smaller than those
prepared by the hydrolysis process. The crystallinity
of HAP is
crystallinity of HAP in Fig.4b is higher than that in

different from each other, as the
Fig.4a. The results indicated that the structure and
crystallinity of HAP samples are influenced by the
surfactant additives.

The HAP sample prepared with the additive of
PEG consists of the nanoparticles with the shape of
wheat ears, exhibiting narrow size distribution, as
shown in Fig.5a. The more detailed image of the
nanoparticle is shown in Fig.5h, and it is observed
that the anisotropy crystal with the long axis of 237
nm and the short axis of 49 nm consists of small
nanocrystals. The HAP sample obtained with the
of PVP in Fig5c

nanoparticles and small nanorods. The SAED pattern

additive consists of small
shown in Fig.5d revealed the polycrystalline nature of
the HAP sample in Fig.5¢, and the diffraction rings
indicated that the nanoparticles are different from the
above mentioned nanocrystals in growth. The apparent
changes in size and morphology of HAP nanoparticles
indicate that the crystal growth of HAP samples were
greatly influenced by the preparation methods and

organic additives.
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(201)
(200) .
Fig.5 TEM micrographs of HAP samples prepared by the direct precipitation synthetic route: the sample prepared with PEG (a),

a single particle (b), the sample prepared with PVP (c), and the corresponding SAED (d)

2.3 The effect of the organic additives

For the HAP nanorods prepared by the two-step
method, the CaHPO, precursors formed at the first
precipitation step™". The surfactant additives affected
the structure of monetite precursors, and the different
affected the

different reactions. PEG absorbed on the surfaces of

surfactant the monetite crystals in
monetite nuclei via the hydrogen bonding reaction,
which made the nuclei stable at the initial stage, but
confine the formation of large monetite particles
during the growth process, and the final shape and
size of monetite particles could be well controlled!*".
PVP influenced the structure and crystallinity of
monetite, because of hydrogen bonding with HPO,?~
Overall, the

organic additives used as the surfactants acted as

ions and sterochemical interaction.
active sites for nucleation and then stabilized and
confined the formation of large monetite crystals, and
finally controlled the monetite particles.

the
environment of pH=10, the CaHPO, crystals would be
dissolved, and the HPO,*~ transformed into PO.~. At

such a basic environment with rather high OH-

During hydrolysis process at a Dbasic

concentration, the selective absorption of OH™ ions on

different planes of HAP possibly affected the

movement of Ca®>* and PO, in the formed HAP
nuclei, which would result in the preferred growth in
one particular direction, and then the nanorods with
high aspect ratio are obtained. Some HAP nuclei are
less stable than the nuclei with the organic additives,
and they would be dissolved or absorbed by other
nuclei to form a more stable crystal through Ostwald
ripening. Due to the relatively high temperature, more
and more organic additives were detached from the
HAP crystals with the extension of reaction time, and
then exerted weaker influence on the morphology of
the crystal. Finally the
detached from the HAP crystals™.,

To study the effect of surfactant additives, the
properties of HAP
characterized by FTIR spectra in Fig.6. The broad
absorption band at 3 590 cm™ is due to the stretching

organic additives were

surface nanocrystals ~ were

vibration (v, of the structural hydroxyl anions. The
broad weak peak at 3 460 cm ' is assigned to the
physisorbed water. The characteristic bands of PO,’~
appear at 1 108, 1 034, 950, 610, 570, and 462 cm™.
The absorption peaks at 1 108 and 1 034 cm™ are both
the triply degenerated
stretching mode of P-O bond  (3) of PO,* tetrahedron.

The weak peak at 950 cm -

assigned to asymmetric

corresponds to the
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Fig.6  FTIR spectra of the as-prepared HAP nanocrystals
via the two-step method with PEG(a) or PVP(b),
via the one-step method with PEG(c) or PVP(d)

symmetric stretching mode of the P-O bond (). The
peaks in the low wavenumber region at 610 and 570
em™ are assigned to the triply degenerated bending
mode of the O-P-O bond (v,) and 462 cm™ is attributed
to the bending vibrations mode (v,) of the O-P-O in
PO, group. The peaks observed at 884 ¢cm™ reflect the
carbonate groups (CO;*") into the crystal structure of
HAP (B-type of the carbonate containing HAP). The
presence of COy* ions in HAP lattice may be due to
CO, from atmosphere via the hydrolysis reaction,
which is a common phenomenon in HAP
structures!™", The results in Fig.6a and 6b indicates
that the surfactant additives detached from the HAP
nanocrystals when the HAP nanorods had been
completely developed via a two-step method. The
surface properties of HAP samples prepared by the
one-step precipitation method are different from those
prepared by the two-step method. In Fig.6e, the

' is assigned to the

absorption bands at 1 393 c¢m ™
scissoring vibrations of the CH, groups in PEG. The
broad band around 1 630 ¢cm™ is due to H,O absorbed
in the HAP nanoparticles. The result indicates that a
great number of PEG molecules absorbed on the
surfaces of HAP nanoparticles prepared by the one-
step method, and lots of H,O molecules absorbed on
the surface of PEG additive. Seen from Fig.6d, the
peak at 1 623 cm™ is due to the amide I band of
PVPZ2 which demonstrated that PVP is absorbed

on the surface of HAP nanoparticles prepared by the

one-step method. These results indicate that the
surfactants detached from HAP nanorods prepared by
a two-step precipitation-hydrolysis method, and the
surfactants absorbed on HAP nanoparticles prepared
with a one-step precipitation method. The spectra of
FTIR confirmed the formation mechanisms of HAP

nanorods®?.

2.4 Effect of the addition order of OH" groups

The addition order of ammonia is a key factor in
modifying the morphology of HAP particles. During
the  two-step  precipitation-hydrolysis ~ method,
ammonia was added into the precursor CaHPO,
suspension at the second step, and CaHPO, was
totally dissolved under a high pH value. The organic
additives were detached from the crystals with the
extension of reaction time. Meanwhile, OH™ templates
the nucleation process where free Ca®* and PO, react
with OH™ in uniaxial direction. Accordingly, many tiny
seeds of HAP were formed on the CaHPO, surface,
the seeds grew up into an oriented array of nanorods.
Finally, the randomly arranged nanorods evolved from
the seeds with the dissolution of the organic additives
and CaHPO,/"!,

During the one-step precipitation process at a
high pH value, the HPO,/~ anions become PO~
anions, and then the PO, and OH~ anions reacted
with Ca®* cations to form HAP nuclei. The organic
additives used as the surfactants acted as active sites
for nucleation and stabilized the nuclei and then
confined the growth of large HAP crystals, and finally
controlled the shape of the HAP nanoparticles®.

3 Conclusions

In summary, nanocrystalline HAP particles with

different structures and morphologies have been
successfully obtained by controlling the synthesis
routes under mild conditions. The rod-like HAP
nanocrystals were prepared via the precipitation-
hydrolysis two-step route. The organic additives acted
as active sites for nucleation and then stabilized and
confined the formation of CaHPO, precursors during
the precipitation step. OH™ templates the nucleation

and crystal growth of HAP during the hydrolysis step.
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HAP nanorods prepared with PEG possess uniform
and high

prepared with PVP possess smaller size and broader

morphology aspect ratio, while those

size distribution. One-step precipitation process can
produce HAP directly, and HAP prepared with PEG
are in the shape of wheat ears, while those prepared
with PVP consist of small nanoparticles and small
nanorods. This research has offered a convenient way
to obtain HAP nanocrystals with desired structures
and morphologies, which is of great value for their

applications.
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