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Abstract The influence of precursor concentration, pres-
sure, temperature and time of hydrothermal synthesis on the
development of calcium hydroxyapatite structure has been
analyzed. The obtained results show that it is possible to ad-
just the conditions of hydrothermal synthesis from solutions
of relatively high concentrations to obtain calcium hydrox-
yapatite nanopowders of well-defined structure. The rela-
tionship between the synthesis and the lattice parameters, as
well as the crystallite size and the microstructure of synthe-
sized hydroxyapatite has been established. The synthesized
powders are preferentially carbonated hydroxyapatite of the
B type in the form of agglomerates that accommodate two-
modal size pores of 1.5-10 and 50-200 nm. The structure
of calcium hydroxyapatite particles consists of crystallites
822 nm in size, bound within prime particles, which size is
between 10 and 63 nm, that in turn form bigger agglomerates
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200 nm in size, which further cluster building up agglomer-
ates 5-20 pum in size.

1. Introduction

Calcium hydroxyapatite (CHA) is a superior biocompatible
material because it contains Ca®*, P03~ and OH™ ions; the
ions that human tissue and bone have in relatively high per-
centage. In the form of very fine crystals, CHA accounts for
approx. 58 per cent of bones in mammals. Together with
biocompatibility and non-toxicity it demonstrates excellent
osteoconductivity [1-10], and is widely used for bone repa-
ration and orthopedic replacements, as well as for dental
replacement and reparation [10-12]. Due to its biocompati-
bility and chemical reactivity to different biomaterials, CHA
is a potential drug transmitter [1].

An interesting research approach is the synthesis of hy-
droxyapatite with higher chemical and biochemical activ-
ity at the interface with living tissues (proteins of living or-
ganisms), providing in that way better ties between them.
Designing of a hydroxyapatite structure with such proper-
ties requires that specific attention is paid to the synthesis
conditions [6, 8—12]. The designing methods for hydroxya-
patite may greatly differ and comprise different synthesis
techniques to produce different densities of particles and dif-
ferent porosities of compacts and coatings.

Electronic properties of hydroxyapatite are strongly re-
lated to its microstructure and bonding types and are sensitive
to various factors such as: the applied method of synthesis,
Ca/P ratio, non-stoichiometry of composition, defects in the
crystal lattice, size of nanocrystals, reaction of the surface
with the surrounding atmosphere, etc [11].

Hydroxyapatite crystallizes in the form of hexagonal crys-
talcell(@a=b =9.432 A, c = 6.881A). The arrangement of
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phosphate ions in the crystal structure is such to provide the
channel structure, in which calcium atoms are located within
two different surroundings, Ca (I) and Ca (II). The Ca (I) one
is parallel to the c-axes bounding nine oxygen atoms, i.e., 3
atoms in each of the positions O (1), O (2) and O (3). The Ca
(IT) surroundings contains one O (1), one O (2), four O (3)
and one OH™ ion. Ca (I) has a larger atomic radius than Ca
(D). The substitution of the carbonate group occurs either in
the PO4>~ position (for the B type of apatite), or in the OH™
position (for the A type of apatite) [13-27].

The presence of different impurities in CHA causes the
formation of different structural defects. These defects can
generate the secondary bonds between hydroxyapatite and
various organic groups inside the living cells, which may
affect the behavior of hydroxyapatite in bone replacements.
Special effects are attributed to H* and PO42~ ions that can,
depending on the environment, be found in the form of OH ™,
HPO,>~ or H,O. They can initiate structural changes in hy-
droxyapatite, and hence its chemical activity [11, 26, 29].

Hydroxyapatite ceramic is used as a protective coating of
dental implants, in the bulk form of low (type B) or high
porosity (type F) for bone replacements, and in the granular
form for the stuffing of bone defects [8—11]. Commonly re-
leased ions from hydroxyapatite ceramic are Ca’>* and PO~
ions that are normally present in tissue fluids and therefore
there is no allergic or immunology reaction of the tissue to it.
In addition, mitigant characteristic of hydroxyapatite enables
proliferation of patron-ageing living - cells at the hydroxya-
patite ceramic/living tissue interface facilitating the creation
of new bones through the process of osteogenesis [8—11].

Kinetics of chemical processes at the hydroxyap-
atite/living tissue interface is greatly affected by hydroxyap-
atite properties, mainly by its defectiveness and consequen-
tial surface activity [1, 21-27].

The investigation has been aimed to find out: (i) the re-
lationship between the structure of hydroxyapatite (lattice
parameters and disposition of constituent ions in the struc-
ture) and the parameters of hydrothermal synthesis, and (ii)
specific characteristics of the hydroxyapatite microstructure.
It is important because all the smallest synthesized — princi-
ple — particles are nanometer in size (the smallest particles
identified by BET method). However, their average size and
distribution may vary depending on the synthesis conditions.

2. Materials and methods
2.1. Processing of calcium hydroxyapatite

2.1.1. Powder synthesis

Shells of chicken eggs calcined at 900°C, till complete carbon
removal and dissociation of CaCOj3 to CaO, and Merk’s pro
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Table 1 Processing parameters of CHA synthesis

Processing parameters

Pressure Time
(barr) (h)

Temperature

Sample Concentration (&)

iii 150
ii 150
i 150
i 150
i 120
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150
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analysis quality (NH4),HPO,4 were the precursors for CHA
synthesis. Precursor solutions were prepared using a two-
solution procedure:

1) 500 ml of 3.02 cmol solution of Ca(OH), (solution 1)
and 500 ml of 2.32 cmol of (NH4),HPO4 (solution 2).
ii) 500 ml of 7.55 cmol solution of Ca(OH), (solution 1)
and 500 ml of 5.7 cmol of (NH4),HPOy, (solution 2),
iii) 500 ml of 1.51 cmol solution of Ca(OH), (solution 1)
and 500 ml of 1.16 cmol of (NH4),HPO, (solution 2),

The (NH4),HPO, solutions were subsequently poured into
Ca(OH), solutions and vigorously mixed. Finally, 0.1 N HCl
or (NH4)OH solution was added into the above given solu-
tions to correct the pH value to 7.4.

The solution mixture content in a glass, covered with glass
pane, was brought into an autoclave where it was autoclaved
under predetermined conditions (temperature, pressure and
time), given in Table 1. Notice that time needed for reaching
the required temperature and pressure of the autoclaved so-
lutions varied from 1 hr, for sample 4, to 1.5 hr, for sample
6. After that, the solutions were kept under these conditions
for some time (2—8 hrs).

After hydrothermal treatment in the autoclave, precipitates
were decanted from glasses, dried at 80°C for 48 hrs, disin-
tegrated, washed with deionized water, and ultracentrifuged
in order to get the purest possible CHA.

2.1.2. Powder characterization

An X-ray diffraction (XRD) method (Philips PW 1050) with
Cu-Ka|_, radiation was used for phase analysis of CHA
and determination of crystallite size and lattice parameters.
Data were analyzed in the range of 20 from 9 to 67° with
a scanning step of 5°, and exposition time of 2 sec per a
step. The lattice parameter values were determined from the
characteristic diffraction patterns using Reitveld’s full
profile method and the Koalarie computer software [30,31].
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This program simultaneously gives data for hydroxyapatite
crystallite sizes, based on Sherer’s equation d = KA/Bcos6,
where d (in nm) is the average diameter of crystallites, K is
the shape factor, B is the width of the (002) diffraction at the
half of its maximum height, X is the wave length of used X
rays, and 6 is the Brag diffraction angle.

A PERKIN ELMER 983G IR spectrometer, with KBr
pastille, was used for CaHAp powder characterization. The
analysis was made in the wave number range from 4000 to
400 cm™!,

A scanning electron microscope (SEM JEOL 5300) was
used to analyze the morphology, size distribution and the
average size of CHA particles at the level of their largest
agglomerates as well as their constituents — the smallest ag-
glomerates of hydroxyapatite were 200 nm in size. Prior
to SEM analysis, the as-prepared samples were suspended
in ethanol and dispersed by ultrasound for 10 min and
then the powder samples for the SEM analysis were coated
with gold by the PVD process. The average particle size
was calculated from the SEM micrographs with more than
100 particles.

An energy dispersive spectrometer (QX 2000 — Oxford In-
struments) combined with SEM and multichannel analyzer
was used to estimate the chemical homogeneity of synthe-
sized CHA. The chemical homogeneity was assessed via
Ca/P intensity ratio by using the ZAF (Link Company) soft-
ware package, which compares the intensity of X-ray fluo-
rescent emission from the surface of synthesized CHA with
the standard sample.

The nitrogen gas absorption BET method (Sorptomatic
1990, Termoquest CE Instruments) was used for determina-
tion of the specific surface areas of CHA powders. The sam-
ples (0.20-0.22 g) for absorption measurement were thor-
oughly degassed at 150°C for 3 hrs.

Knowing absorbed volume of N, (purity 99.99%), specific
surface areas of CHA powders were determined applying the
BET method (based on correlation p/(V,4s (po —p)) vs. plpo,
where py is the saturation pressure, p is the equilibrium pres-
sure, V, 45 is the absorbed volume of nitrogen). In addition,
the Dubinin Radushkevich method (correlation log(V, ;) vs.
log? (p°/p) for determination of the specific surface area was
used, too.

The volume of pores was evaluated using the Gur-
vich correlation V4, vs. p/p°. The average and the max-

imum radius of pores and the cumulative volume of all
pores were determined using the Lecloux & Pirard method
based on Dollimore Heal Pore-sizes standard absorption
isotherm.

The assumption that the synthesized particles are
spheroids enables the calculation of the average radius of
particles (dger = 6/pS,,) where S,, is the specific surface
area, and p = 3.156 g/cm? is the theoretical density of syn-
thesized CHA powders.

3. Results and discussion
3.1. X-ray diffraction

A comparison of the values obtained for the lattice parameters
of all synthesized hydroxyapatite samples with the theoret-
ical ones shows that all values except those for the sample
5 are very close to the value for pure hydroxyapatite given
as the standard. The found values for both lattice parameters
are mostly slightly lower than those given in Table JCPDS
No.9-423) [32].

The values of lattice parameters, evaluated by Reitveld’s
methods [30, 31], for various CHA samples, are only slightly
different. Also, the differences in crystallite size and sharp-
ness of some characteristic diffraction patterns can clearly be
noticed.

Variation in precipitation parameters and amounts of the
solid and the liquid phase, i.e., the quantity of apatite in the
solution from which it precipitates, are given in Table 1. Tem-
perature, pressure and time of the hydrothermal precipitation
were analyzed separately to assess whether any of these pa-
rameters has particularly important influence on the crystal
structure and size of the obtained crystallites, Table 2.

Although the change in crystal lattice parameters with
varied solution concentrations is negligible, a trend of the
change can be observed; the value of the cell parameter a
increases and the value of the parameter ¢ decreases to the
extent not to be overlooked. However, the more apparent
is the change in crystallite size with the change in apatite
concentration, which varies from 12.5 nm, for the precipi-
tate with the highest concentration of apatite (sample ii), to
18 nm for the precipitate with the lowest concentration of
apatite (sample iii). The finest grain structure of CHA is a

Table 2 Crystal lattice

parameters and crystallite size Sample

of CHA powders acoes 1 2 4 5 6 7 8 9
a, nm 0.9427 09430 0.9428 09429 0.9412 09429 09428  0.9428  0.9430
¢, nm 0.6877  0.6874  0.6882  0.6878 0.6843  0.6874  0.6877  0.6878  0.6870
cs,nm 18 12.5 15 8 21 16.5 16 22
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Fig.1 X-ray diffraction of the CHA powders.

result of increased number of crystallization centers during
precipitation process.

The differences between the crystallite sizes are also ob-
served for all other CHA samples obtained from medium and
the highest concentration solutions (samples i and ii, respec-
tively).

The X-ray diffractograms, Fig. 1, show that diffraction
peaks for (002), (211) and (300) crystal facets of CHA are
sharper for the samples precipitated from solutions with the
lowest concentration of the solid phase than for CHA precip-
itated from those with medium or the highest concentration
of the solid phase.

The increase in temperature and pressure of hydrothermal
precipitation for the same time interval has similar effect on
the lattice parameters of synthesized CHA, as the decrease in
the solid phase concentration; i.e., the parameter ¢ decreases
while the parameter a increases with increasing temperature
and pressure. Thus, the temperature and pressure increase
has similar effect on the lattice parameters as the decrease
in concentration of the solid phase at the beginning of hy-
drothermal treatment. Among synthesized samples, the sam-
ple precipitated at the lowest temperature (sample 5) has the
lowest values of the parameter a, and outstandingly small
crystallite size (8 nm). This sample gave a small diffraction
peak at 260 = 18.2°, which was not identified to belong to
any of known phases, and also a distinct peak, assigned to the
CHA facet (003), beneath which another diffraction peak be-
longing to an additional calcium phosphate phase, not iden-
tified in our investigation, might hide. Diffraction patterns
from (002), (211), (112) and (300) facets for all samples
excluding sample 5 (synthesized at the lowest temperature
and pressure) are similar in shape. Also, the differences in
crystallite size between these samples are small correspond-
ing to the similar sharpness of the above given characteristic
peaks.
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Fig. 2 IR spectra of the CHA powders.

It is observed, except for the sample 3, which was hy-
drothermally treated for only 2 hrs, that longer hydrothermal
treatment of the precursor solution in the autoclave yields
higher values of parameters ¢ and a. It has been found that
the sample 3 has the smallest crystallite size (12.5 nm), and
that a prolonged treatment in the autoclave from 5 hrs to 8
hrs increases the crystallite size for 1.5 nm only. The best dif-
ferentiated diffraction patterns originate from (002), (210),
(211), and (300) planes of the samples autoclaved for 8 hrs
(the longest hydrothermal treatment), the shortest time re-
quired for the consolidation of the CHA structure.

3.2. IR spectroscopy

The comparison of vibration energies and band shapes for dif-
ferent samples from IR spectra that correspond to the stretch-
ing mode of OH ™~ vibration at 3540 cm~! shows insignificant
differences between the samples [33, 34]. However, it should
be noted that this vibration for the samples 1, 6, 7 and 9 is
shifted to 3568 cm™'. For samples 2, 3,4 and 8, this vibration
is shifted to 3561 cm™!, while for sample 5 there are doublets
at 3568 and 3647 cm™!, Fig. 2.

Although it is difficult to elucidate the cause of such an
energy shift and shape change, two causes seem likely. It can
be a partial replacement of OH™ ions with the ions of impu-
rities, primarily with CO3%~ ions, which may cause shifting
of the vibration energy (i), or perhaps splitting of the OH™
vibration, depending on the total number of ions replaced
in the positions, otherwise, occupied with OH™ ions (ii).
This is in accordance with the earlier investigation, which
encompassed IR spectroscopy and 'H and 3'P NMR mass
spectroscopy [11].

The cause for such a shifting and perhaps splitting of
this OH™ vibration, as concluded, is the appearance of
H™ ion in its different structural combinations, a possible
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explanation for our cases. Such combinations include H™
ions as the constitutive elements of H, O molecules with their
own characteristic vibrations in the energy span of 3440—
3430 cm™!. These vibrations can be assigned to absorbed
water on the surface of nanosized hydroxyapatite [11]. Be-
side and simultaneously with this vibration, another vibration
may appear, which corresponds to the OH™ ions that build
up the crystal structure of hydroxyapatite for which the vi-
bration at 3565 cm™! is characteristic. And, finally there is
the stretching mode of OH™ at 3744 cm™' (Table 3).

The types of configurations of OH™ ions in the crystal
cell of CHA can, also, play an important role in the shift-
ing of the mentioned vibrations. These configurations can
be sorted into the following several most important types:
(i) normal or stretched chain type, OH:OH:OH; (ii) tail-tail
type, HO:OH:HO:OH; and (iii) the configuration in which
an impurity ion group is in the central position establishing
around itself a symmetrical distribution of OH™ ions of the
OH:X:HO type, where X stands for the impurity ion group,
most probably CO32~ in this study, which replaces two OH™
ions and, as a bigger ion, deforms the bonds in the chain
of OH™ ions [34]. According to the obtained data, all hy-
drothermal precipitates of CHA, most likely, possess a struc-
ture in which OH™ ions are partially replaced with CO3%~
ones. Probably due to dominant participation the hydrogen
ion bonds in the lattice of hydroxyapatite, the obtained struc-
ture is not of the A type but of the B type predominantly,
where a number of PO43~ ions are replaced with the CO32~
ones. It cannot, however, be overlooked that a certain num-
ber of CO3%~ occupies the OH™ instead of PO,>~ positions.
Nonetheless, the PO4>~ ion is the most probably a replace-
ment for CO32~ ions[11, 34].

It is possible that under certain precipitation conditions
such as temperature higher than 150°C, and pressure over 5
bars, the replacement of CO3?~ at the position B is dom-
inant. While for higher concentration, lower temperature,
and shorter time of hydrothermal synthesis, the number
of CO32~ ions substituting the OH~ ones in their posi-
tions is a bit larger, characterizing the A type of carbonated
hydroxyapatite.

The bending mode of the OH™ vibration, which appears
at 1635 cm™', does not shift with the change in precipitation
parameters. This band is observed in the 1628-1636 cm™!
range (at 1628 cm~! for samples 6,7 and 8, and at 1636
cm~! for other samples) [33, 34]. The bands, which char-
acterize the stretching mode of the CO3;2~ vibrations that
appear as doublets, with more or less obvious peaks for all
samples were registered within the interval of 1400-1450
cm~!, implying that carbonated hydroxyapatite was syn-
thesized under all precipitation conditions. The asymmetric
PO43~ stretching mode v3 detected for different precipita-
tion conditions in slightly shifted bands appears at 1101—
1022 cm™! (samples 1 and 5), 1115-1008 cm™! (sample 2),

1108-1022 cm™' (sample 3), 1108—1015 cm™' (sample 4),
1101-1008 cm™! (sample 6), 1101-1015 cm™! (samples 7
and 8), and at 1049—-1022 cm™! (sample 9).

These small differences in vibration bands, manifested
in almost plated-out minimums, correspond to the asym-
metric stretching mode of the PO43~ vibration. The nar-
rowed plateaus can be ascribed to higher temperatures and
pressures of precipitation, but this explanation should be
taken with caution. However, it is likely that the most in-
fluential effect on such a negligible shifting of vibrations
and changes in plateau widths originate from CO3>~ ions
that partially substituted PO,4>~ ions. Due to smaller size of
the CO32~ ion compared with the PO4”~ one, carbonated
hydroxyapatite allows shifting of their vibrations towards
higher wave numbers, broadening, in that way, the vibra-
tion bands for carbonated hydroxyapatite more than those
for pure hydroxyapatite. The vibration at 872 cm~! is one
of the stretching modes and belongs to CO3>~ ions. The
band at 958 cm~! identified as the v; symmetric stretching
mode of the PO,3~ vibration is very weak for some sam-
ples and a bit stronger for others like sample 5. The band
at 558-565 cm™! and another at 473-485 cm~! belong to
the v, symmetric starching mode of the PO,*~ vibration
[34].

The band registered at 630 cm~! belongs to the libera-
tion mode of the OH™ vibration. For all synthesized sam-
ples of CaHAp this band appears at the same wave num-
ber — there is no shifting — which would be expected if the
replacement of OH~ with CO32~ ions, or any other impu-
rity, had happened!!. It is obvious that the B type of car-
bonated hydroxyapatite was obtained under all conditions
of hydrothermal synthesis, and that the replacements at the
positions of OH™ ions, revealed by changes in shape and po-
sition of the band at 3658 cm™!, indicate that these changes
are not caused predominantly by the substitution of OH™
by CO52.

3.3. Microstructure characteristics of powder

Analysis of the SEM micrographs presented in Fig. 3 shows
great similarities between the shapes and sizes of particles of
all precipitated powders.

All powder samples, Fig. 3a—d, consist of agglomerates,
which shapes are almost the same. And, always, the size
of agglomerates is between 5 and 20 pum, and they were
built up from fine particles 200 nm in size. The forms of
agglomerates are irregular with oval edges due to spherical
shapes of individual particles. The agglomerates as big as
40 pum can be found, the dominant ones, however, are those
10-20 pm in size. The fraction of agglomerates 5—10 um in
size is important, too.
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Fig. 3 Characteristic microstructures of precipitated hydroxyapatite; a (sample 5); b (sample 9); ¢ and d (sample 7).

The size and shape of agglomerates and particles that form
them are similar for all samples. Taking the value for crys-
tallite size obtained by X-ray diffraction analysis to be a
more precise one, it is evident that the microstructure of
hydrothermally synthesized hydroxyapatite was developed
through several stages, starting from crystallite structure of
particles of 8-22 nm to fine sub-agglomerate particles up to
200 nm, which further cluster to give agglomerates 5-20 um
in size.

3.4. Specific surface area

The smallest particle size calculated from the value of the
specific surface area, measured by BET absorption method,
is about 30 nm. This value was obtained for sample 7 syn-
thesized for 8 hrs at a temperature of 150°C and pressure
of 5 bars. The particle sizes obtained from specific surface
areas values are always larger than the crystallite sizes ob-
tained by X-ray diffraction. By comparing these two values
(particle size and crystallite size given in Tables 2 and 4), it
seems plausible that the crystallites are the finest substructure
elements of hydroxyapatite particles.

The difference between the crystallite size obtained by
X-ray diffraction and the average particle size obtained
by evaluation of the powder specific surface areas can
be explained in two different ways. Firstly, this differ-
ence can be a result of the high extent of amorphous-
ness of hydroxyapatite samples that consist of islands of

@ Springer

nanocrystallites. The amorphous part of hydroxyapatite
could be either on the surface or in the core of a parti-
cle, depending on the preferred crystallization mechanism of
hydroxyapatite.

Otherwise, it is more probable that the primary parti-
cles were built up from a structured block mosaic, with
well-defined small angle boundaries that make detection of
these small crystallites as prime units of the hydroxyapatite

Table 3 Vibration frequencies of the nano-precipitated CHA

Assignation Wave number (cm™')
PO43~ band v, 471
PO,3~ band vy4 566
PO,3~ band vy4 574
PO,3~ band vy4 604
Structural OH 635
CO;2~ group 873
PO43~ band v, 961
PO43~ band v; 1031
PO,3~ band v3 1096
CO3%~ group v3 1420

CO3% grupa v3 1480

H,O adsorbed v, 1645
Soluble CO, v3 2331
Soluble CO; v3 2360

H,0 adsorbed 3430-3440
Structural OH 3565-3568
OH stretching 3744
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Table4 Characteristic geometric parameters of hydroxyapatite powders obtained by analysis of nitrogen absorption

isotherms

Number sample 1 2 3 4 5 6 7 8 9
Specific surface, m*/g 48 110 75 77 180 32 62 65 30
Dggr), nm 40 17 23 24 10 59 31 29 63

D pore, nm 17 7 10 10 4 25 13 12 27

V pore, cm’/g 0.232  0.099 0.132 0.139 0.058 0.342 0.180 0.168 0.365

microstructure impossible. In that case, both the size of these
crystallites and the size of primary particles depend upon the
conditions of the hydrothermal precipitation, as it can be seen
in Tables 2 and 4.

Exceptionally high value of the specific surface area for
sample 5 confirms that the true size of the primary hydrox-
yapatite crystallite unit, constituting an agglomerate parti-
cle, is approximately 10 nm, which is a bit higher than the
value obtained by X-ray diffraction analysis. Therefore, it
can be concluded that the primary constitutive units of sam-
ple 5 particles are crystallites. Based on sizes of primary
particles obtained by X-ray diffraction, specific surface ar-
eas (BET method), and their comparison with the results of
SEM microstructure analysis, it is clear that the CHA parti-
cles are clusters of small agglomerated particles approx 200
nm in size, filled up with considerably smaller primary par-
ticles ranging from 10 to 63 nm, which were built up from
crystallites 8 to 22 nm in size. In addition, it is evident that
the average pore size of CHA particles is 4-27 nm in di-
ameter lining up well with the size of primary particles —
agglomerate particles. The similar compliance was found
for the pore volume per unit mass. The larger the particles
the greater the average pore diameter and the total volume
of pores.

The pore distribution is multimodal and follows up not
only the size of primary particles — the smallest ones — but
also the size of other particles packed into clustered powder
particles. The pores are distributed from the smallest ones,
in the range of 1.5-10 nm, up to the largest in the range
of 50-200 nm. The largest pores correspond to the largest
particles approximately 200 nm in size, clustered mostly into
agglomerated particles 20 um big, which can be seen in SEM
micrographs of synthesized CHA.

4. Conclusion

The influences of precursor concentration, pressure, temper-
ature and time of hydrothermal synthesis on the composition
and microstructure of carbonated type of calcium hydroxya-
patite have been investigated in this paper.

The results of X-ray diffraction analysis indicate the re-
lationship between the synthesis conditions and the lattice
parameters and crystallite size of CHA.

The IR spectroscopy results have shown that synthesized
hydroxyapatite is preferentially of the B type and that the
splitting of the vibration at 3568 cm™! is primarily related to
the changes in structure caused by H* ion.

Microstructure and specific surface area obtained by SEM
and BET, respectively, clarify that all synthesized powders
consist of agglomerated particles of 5-20 pm, built up
from particles of approx 200 nm, and they are clusters of
much smaller particles 10-63 nm in size. These smallest—
primary—particles are built up from crystallites as big
as 822 nm.
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