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In this work, the synthetic hydroxyapatite (HAP) was studied using different preparation
routes to decrease the crystal size and to study the temperature effect on the HAP nano-sized
hydroxyapatite crystallization. X-ray diffraction (XRD) analysis indicated that all samples were
composed by crystalline and amorphous phases . The sample with greater quantity of amorphous phase
(40% of total mass) was studied. The nano-sized hydroxyapatite powder was heated and studied at
300, 500, 700, 900 and 1150 °C. All samples were characterized by XRD and their XRD patterns refined
using the Rietveld method. The crystallites presented an anisotropic form, being larger in the [001]
direction. It was observed that the crystallite size increased continuously with the heating temperature
and the eccentricity of the ellipsoidal shape changed from 2.75 at 300 °C to 1.94, 1.43, 1.04 and 1.00
respectively at 500, 700, 900 and 1150 °C. In order to better characterize the morphology of the HAP
the samples were also examined using atomic force microscopy (AFM), infrared spectrometry (IR)
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and thermogravimetric analysis (TGA).
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1. Introduction

The hydroxyapatite (HAP), Ca, (PO,) ,(OH),, is one of
most important bioceramics for hard tissue reconstruction.
This application is due to the similarity of the composition
of this material with that of the mineral part of bone and
tooth'2. The natural bone model presents a combination of
organic and inorganic phases with nanometer size (an average
length of 50 nm and 25 nm in width)*. The small size of the
apatite crystalite is a very important factor related with the
biological and structural properties such as surface activity,
dissolution rate, molding and sintering behavior*”. In order
to obtain nanoapatites out of the biological environment
and similar to the one in bone, is very important to study
how their properties change with the dimensions. In the
last years great efforts have been made to produce HAP
with low crystal dimensions*¢. In some of these studies
composites containing HAP and organic molecules have
been precipitated in experimental conditions in which the
HAP crystals achieved dimensions close to those of bone
apatite®. Despite many years of experimental synthesis,
characterization, and increasing use in applications, many
doubts still remain concerning the structure and formation of
these nano-crystals. In this work, the synthetic hydroxyapatite
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(HAP) was prepared using several drying routes to decrease
the crystal size and the temperature effect on the HAP
nano-sized hydroxyapatite crystallization was studied. X-ray
diffraction (XRD) and atomic force microscopy (AFM) were
used in order to characterize the nano-sized powder and the
powder after thermal treatments. The combination of results
obtained from Rietveld refinements of XRD patterns, AFM
analysis, infrared spectrometry (IR) and thermogravimetric
analysis (TGA) permit a detailed description of changes on
particle morphology and particle size with the increase of
temperature.

2. Experimental

2.1. Materials preparation

The hydroxyapatite powder were prepared by dropwise
addition of calcium nitrate to the ammonium phosphate
solution under controlled conditions of temperature, pH,
stirring velocity, reagent concentration, addition rate and
aging time. The precipitate was separated by filtration,
repeatedly washed with deionized water and dried at 37 °C
(sample 37c) or lyophilized for 8 or 69 hours (samples
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ly8h and 1y69h respectively). The synthesis procedure
was adjusted in order to produce materials with very
small particle size. To study the effect of temperature on
crystallization the 69 hours lyophilized sample was heated
at 300, 500, 700, 900 and 1150 °C (samples 300c, 500c,
700c, 900c and 1150c, respectively)

2.2. X-ray diffraction and rietveld refinement

The X-ray powder diffraction patterns were collected
with a Rigaku Rota-flex, using a flat-plate Bragg-Brentano
geometry, and graphite monochromated CuKo radiation.
The powder diffraction patterns were recorded in the
range of 20 — 90°, with a step of 0.02° at 5 second/step.
Structural refinement was performed using the Rietveld
method as implemented in the computer program package
FullProf-Suite®. The HAP parameters given by Kay et al.!®
were employed as an initial model for crystal structure
refinement. The lanthanum hexaboride (LaB6) standard
material was used to model the instrumental resolution. The
extraction of the crystallite size and microstrain components
of the intrinsic diffraction profile was carried out with
the Rietveld method of whole-pattern-fitting structure-
refinement. The microstructural effects are treated using the
TCH pseudo-Voigt profile function''. The intrinsic profile
of a particular reflection due to size effect has an integral
breadth 3, from the Scherrer formula <D> = A / (B,cos 6)
provides the volume averaged apparent size of the
crystallites in the direction normal to the scattering planes.
If the instrumental resolution function is provided after
refinement, the program Fullprof calculates the apparent
size (in angstrom) along each reciprocal lattice vectors. To
obtained the anisotropic size, the spherical harmonics model
was using. The intrinsic profile of a particular reflection due
to a strain effect has an integral breadth B, the apparent
strain is defined as | =B, cot(6)". To conclude if the model
is consistent with our data, or to select the best refinement,
for each model the R, (weighted profile agreement factor )
was calculated to obtain the probability of correcteness of
each model, as suggested by Hamilton'?. In all cases, except
for 1150c, the atomic positions were refined. In the samples
ly8h, ly69h, and 37c the best model was obtained refining
the water occupation in the structure. The Table 1 shows the
agreement factor between observed and calculated profiles
obtained from Rielveld refinement for each sample.

3. Atomic force microscopy (AFM)

In order to compare with the XRD results, particle
size and morphology were analyzed using atomic force
microscopy (AFM). All measurements were carried out on a
Topometrix TMX 2010 Discoverer AFM, operating in contact
mode. The cantilevers have a spring constant k = 0.03 Nm™
and tip curvature radius R = 235 nm (MicroleversTM
-Veeco Metrology Group). The values of length, width and

Table 1. The agreement factor (R
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thickness of the cantilever and the tip radius were measured
with a Philips model XL30-FEG SEM. The cantilever
elastic constant was calculated using the equation used
by Leite et al.'*. The AFM images were analyzed using
WSXM (Nanotec Electronica S.L.) software'®. The samples
were prepared using the layer-by-layer technique'®!7,
where HAP particles are deposited onto mica muscovite
substrates. The solution of HAP was prepared in deionized
water at a concentration of 1 gL' under continuous stirring
for 6 hours. The films were produced by immersion of the
substrate into solution for 3 minutes for each layer and
after to deposition the plates were dried in a desiccator for
24 hours. The presence of aggregates on the surface was a
common characteristic irrespective of the type of substrate
and deposition. The size of the particles were determined
from the AFM images, after correcting for the effect due to
the similar sizes of the tip and particles using the geometric
relation described in the literature's".

3.1. Fourier transform Infrared spectrometry
(FTIR) and Thermogravimetric analysis (TGA)

FTIR spectra of the materials were obtained as pressed
KBr pellets, with 4 cm™ of resolution, on a Shimadzu IR
Prestige 21 spectrophotometer. Thermogravimetric analyses
were carried out on an Instruments Thermoanalyzer, model
SDTQ600. The measurements were performed under
a flowing nitrogen atmosphere, with a heating rate of
10 °C/min in the range from 30 to 1200 °C.

4. Results and Discussion

The Rietveld refinements of XRD patterns showed that
lyophilized samples are formed with greater amounts of
amorphous phase (~20% and 40% for 8 and 69 hours of
lyophilization, respectively) as compared with ones dried
at 37 °C (10% in the sample 37c) (see Figure 1). From
Figure 1 and 2 one infers that crystalline phase of sample
lyophilized for 8 hours had smaller average apparent
crystallite sizes (68 A), larger strain (39.49[0.044]) the
number in brakets is measure the degree of anisotropy)
and larger unit cell volume (529.37(4) A% than sample
lyophilized for 69 hours or dried at 37 °C (see Figure 2). It
seems that crystallization water was removed from the HAP
structure upon drying, thus decreasing the unit cell volume
and the strain while the crystallite mean size increased (see
Figures 1 and 2). Since the sample lyophilized for 69 hours
exhibited larger amounts of amorphous phase, it was selected
to study the effect from the temperature on the crystallization.
The drying procedure also affected the structural water
present in the sample; in sample lyophilized for 8 hours
(ly8h) the water occupies 81% of the site (Wyckof site: 4e),
the lyophilized for 69 hours (ly69h), 71% and in the dried
at 37 °C (37c¢), 100%.

and pr) between observed and calculated profiles obtained from Rietveld refinement.

Sample ly8h ly69h 37c 300c 500c 700c 900c 1150¢
Ry e (%) 1.59 3.39 2.07 2.90 2.27 3.53 3.30 3.82
R (%) 4.19 4.59 4.36 5.74 4.89 5.58 5.74 11.2
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Figure 3 shows that crystallites presented an anisotropic
form, being longer in the [001] direction. With the rise of
annealing temperature, the crystallites size increased and the
strain decreased to zero at 1150 °C as shown in Figure 1. The
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Figure 1. Visualization of the average apparent size (A), average
maximum strain (%), and % of amorphous phase obtained from
Rietveld refinement for a) ly8h, b) ly69h, ¢ 37c, d) 300c, e) 500c,
f) 700c, g) 900c and h) 1150c. The left hand axes correspond to
average apparent size (isotropy) and the right hand axis correspond to
average maximum strain whith the corresponding standard deviation
(anisotropy) and the % of amorphous phase obtained for each sample.
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sample lyophilized for 69 hours (ly69h), which had large
amount of amorphous phase, exhibited greater deformation
in the tetrahedron where the distance among the atoms
P — O2 is greater that P — O1 and P — O3 and the distance
among P — Cal is also greatest (see Table 2). The sample
ly69h presents the greatest amount of amorphous phase and
deformation of the phosphate tetrahedra in the crystalline
phase. Nevertheless, its crystalline phase remained more
isotropic compared with the samples and 37c¢ and ly8h. At
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Figure 2. The lattice dimensions and volume of HAP samples
determined by the Rietveld refinement with the corresponding error.
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Figure 3. Visualization of the average crystallite shape and size obtained from Rietveld refinement for a) IySh, b) Iy69h, c) 37c, d) 300c,
e) 500c, f) 700c, g) 900c and h) 1150c. The cristalites are greater in the direction of the axis ¢, presenting an isotropic behavior in a and b axis.
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300 °C (sample 300c) where great part of the water in the
sample leaves and the volume decreases considerably, the
phosphate tetrahedron deformations are smaller and the
distances between P — Cal are also smaller.

The AFM images of the surface topography of HAP
particles deposited on a mica substrate in figure 4 point to an
increased particle size for increasing temperatures (300, 500,
700, 900 and 1150 °C). Aggregates on the surface appeared

(e)
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for all samples. The size of the particles was determined
from the AFM images. The nanoparticles were anisotropic
with ellipsoidal geometry (Figure 3 and 4) with size varying
between 220 and 23000 A for the sample lyophilized for
69 hours and the one sintered at 1150 °C, respectively, in
agreement with the values obtained by XRD (see Table 3).

The FTIR spectrum of HAP samples 37c, 300c and 500c
presents a broader phosphate band in the 1000 cm™ region

(b)

()

()

Figure 4. AFM topography of HAP particles deposited on mica by self-assembly by 3 minutes. a) 37c, b) 300c, c) 500c, d) 700c,

e) 900c and f) 1150c.
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and the absence of OH bands at 3570 cm™ and 631 cm™
(see Figure 5). These results are typical of nanocrystalline
HAP. For samples 700c, 900c and 1150c the band for PO 43*
vibrational modes become better defined and the OH-bands
are observed, as consequence of the increase in particle
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size. The incorporation of impurities into the HAP structure
probably perturbs the OH and PO,* vibrational modes. As
reported®, the small crystal size on the nanocrystalline HAP
presents a more effective incorporation of CO,* and H,0
groups into PO, sites. The FTIR for HAP samples 700c,

Table 2. Interatomic distances of the most nearby neighbors for the crystallographic site and standard deviations obtained from the

refinement (in A).

Distance Samples

(neighbors) ly8h ly69h 37c 300c 500c 700c 900c 1150ct
P-01 1.5316(63)  1.5391(80)  1.5437(53)  1.5696(65)  1.5592(51) 1.5611(48)  1.5602(38) 1.5359
P-02 1.5605(69)  1.6035(88)  1.5579(55)  1.5680(70)  1.5625(54)  1.5614(50)  1.5429(41) 1.5456
(P-03)x2 1.5182(31)  1.5407(42)  1.5358(27) 1.5599(33)  1.5358(26)  1.5488(25) 1.5571(21) 1.5287
(P-Cal) 3.1889(32)  3.2120(43)  3.1994(28)  3.1884(35)  3.1985(27)  3.1958(25)  3.2110(19) 3.2144
(P-Ca2) 3.1521(34)  3.1097(46)  3.1176(29)  3.1362(36)  3.1183(28)  3.0982(26)  3.0851(20) 3.0794
(Cal-01)x3#  2.4025(42) 2.3884(55) 2.3948(36) 2.3827(44) 2.3817(35) 2.3972(33)  3.3932(25) 2.4067
(Cal-02)x3#  2.4211(40) 2.4054(64) 2.4416(41) 2.4148(51) 2.4322(40) 2.4326(37) 2.4611(30) 2.4534
(Cal-03)x3#  2.7531(37) 2.7724(47) 2.7849(31)  2.7550(37) 2.7665(29)  2.7763(27)  2.8071(23) 2.8049
Ca2-01 2.7340(54)  2.7342(70)  2.7271(46)  2.6862(57)  2.7106(44)  2.6895(42)  2.6902(32) 2.7051
Ca2-02 2.3797(67)  2.3722(85)  2.3599(54)  2.3597(68)  2.3580(52)  2.3479(49)  2.3435(40) 2.3558
(Ca2-03)x2 #*  2.5941(40)  2.5139(52) 2.5484(34) 2.5657(41)  2.5531(32)  2.5423(30) 2.5197(25) 2.5117
(Ca2-03)x2 ¥  2.3472(28)  2.3583(37) 2.3368(24)  2.3206(29)  2.3411(23)  2.3245(23)  2.3183(20) 2.3463
(Ca2-OH)x2# 2.4063(35) 2.3690(49) 2.3967(25) 2.4207(32) 2.4030(25) 2.3999(23)  2.3975(19) 2.3809

iCorrespond to atomic positions calculated in the paper employed as an initial model°. In this sample (1150c) the atomic positions were not refined. * Lengths
repeated by symmetry. “O:x, y, Z + 1/2; P0: 5, 1 + X +y), z+ 1/2; 1 + X +y), 1 + (X), 2, °O: y, x =y, — 1L+, x—y, 1 +x z-1/2; 1 + (%), 1 + (), 2 - 1/2;
O0:x =y, 1+,5,x=y,2+ 1/2; 1+ (), 1+ (), 20 x =y, 1+x, 2+ U2, x =9, 1 +5,2/0: x, L +y, 2 x, 1 +y, 2+ 1/2;5OH: x, 1 +y, 23y, 1 + X+ ¥), 2.

Table 3. The corrected length (RP: radius of particle) calculated from the AFM topographic images for two different magnification and

the average apparent crystallite sizes obtained by XRD.

AFM XRD
Temperature (°C) > - .
Rp(A) (aggregates) (10 x 10 pum) Rp(A) (single) (2 x 2 um) Average apparent size (A)
37 220< Rp <4500 220+£70 81 x 190
300 200< Rp <3400 240 + 40 87 x 96
500 200< Rp <300 253+ 100 101 x 190
700 300< Rp <500 450 £220 164 x 235
900 350< Rp <6000 600+ 210 453 x 470
1150 8000< Rp <23000 1500 £ 5000 22622 x 22622
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Figure 5. FTIR spectrum of HAP samples. 37¢ sample corresponds
with nano-crystal size.

Temperature (°C)

Figure 6. The data of differential thermal analysis (DTA) obtained
for the HAP samples. 37c: corresponding to the nano size HAP
without heat treatment.
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900c and 1150c show a decrease in the bands of these species
indicating a higher particle size. The results obtained are
consistent with the X-ray and atomic force microscopy
data. The data of differential thermal analysis (DTA) for the
HAP samples obtained in several temperatures are shown in
Figure 6. Here we can see that the HAP decomposition is
affected due to the sample presenting smaller crystal sizes.
The samples 300c and 500c show a similar behavior to the
37c sample. On the other hand, in the other samples with
larger crystal sizes the peak appears after 1000 °C.

5. Conclusion

It was shown that the drying procedure influences the
quantity of amorphous phase and crystal size. The samples
lyophilized for 69 hours presented the larger amount of
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