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Abstract

Nanoporous hydroxyapatite (Ca;o(PO4)s(OH),) powders in the form of agglomerates with micrometer dimension were synthesized through
hydrothermal wet chemical route. The fine agglomerates were characterized by X-ray diffraction, infrared spectroscopy, scanning electron
microscopy and transmission electron microscopy (TEM). Here we use positron annihilation lifetime spectroscopy (PALS) to indicate signifi-
cant nanoporosity of agglomerates. The longest lifetime component t4, which is ascribed to the annihilation of ortho-positronium (o-Ps) localized
at mesopores, provides information about the pore size. 7, varied at 300 K between 93 and 111 ns. The mean size of mesopores D is determined
to vary between 6.8 and 11.6 nm. The spectra were also analyzed allowing a size distribution.
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1. Introduction

Hydroxyapatite (HAp) Cajo(PO4)s(OH); is attracting inter-
est as one of the most active phosphate bioceramics.! One of the
methods for producing HAp powder is using hydrothermal wet
chemical techniques.? The precipitation of HAp from solutions
is a nucleation-agglomeration growth process.> Agglomera-
tion of nanoparticle systems during wet chemical techniques
is a nature phenomenon due to adhesion of nanoparticles to
each other under attraction of weak van der Waals and cap-
illary adhesive.*> Agglomeration of particles in the smallest
size interval makes them visible where it is not possible to dis-
tinguish in crystallization process between nuclei of different
sizes due to insufficient resolutions of measuring devices in this
range of small particle sizes.® Agglomeration of nanoparticles
is the main problems encountered in preparation of powders
by wet chemical methods where agglomeration strongly affects
material performance by changing the high surface energy and
chemical activity of nanoparticles.”® The parameters governing
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the macroscopic behavior of the agglomerates are poorly under-
stood at present and their relationships with the properties of the
primary particles, the nature of the inter-particle bond and the
structure of the agglomerates are not well established.” Pore size
and pore size distribution of porous ceramic in nanometer range
are determined by conventional intrusive techniques such as Hg
intrusion porosimetry, adsorption porosimetry (N, or COy)!°
and electron microscopic investigations. However, commonly
they have one problem: their sensibility is limited to at a pore
size smaller than 10 nm.!! Nowadays, it is important to charac-
teristic the pore structure of HAp agglomerates with accuracy
and precision technique such as positron annihilation lifetime
spectroscopy (PALS).'? PALS is known to be a very powerful
experimental method for studying on a sub-nanometer scale the
size of local free volumes.!>!4 It has been used to probe the
pore characteristics (size and distribution) in mesoporous sys-
tems and in polymers. The technique is sensitive to all pores
(both interconnected and closed) in the size range from 0.3 to
300 nm, even in films buried under a diffusion barrier.!> PALS
may be particularly useful in deducing the pore size distribution
in closed-pore systems where gas absorption methods are not
available. It allows a non-destructive measurement. In dielec-
tric amorphous material a part of the positrons is often formed
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to a bound state of a positron and an electron which is called
positronium (Ps). 16 The electron density in matter must be suf-
ficiently low in order to allow the formation of positronium.
Para-positronium has a very short self-annihilation lifetime of
7=0.125ns and is not suitable to deliver information about the
pore size. It annihilates intrinsically (i.e. annihilation between
the particles forming the Ps) mainly into two y-rays of 511 keV.
However, ortho-positronium annihilates in vacuum into three
vy-rays in order to conserve spin. In matter, the positron wave
function overlaps with electrons outside the positronium. The
long vacuum lifetime of the o-Ps of t=142ns is, however, an
adequate sensor for measuring the pore size. The vacuum life-
time of o-Ps can be reduced markedly by pick-off annihilation
(interaction with electrons of the host material). The reduced Ps
lifetime 1is, therefore, correlated with pore size and is the key
feature in transforming a Ps lifetime distribution into a pore size
distribution. So information about the pore size can be obtained
from the annihilation lifetime which can be extracted by utiliz-
ing approved models like the Tao—Eldrup model'”-'® for pore
sizes smaller than 1 nm and the Tokyo model'® or RTE model!
for larger pore sizes. To obtain proper results when measuring
porous systems one must take into consideration the activity
of the used positron source because of the comparatively weak
intensity of the long lifetime component. When using too strong
positron sources the long lifetime component is completely over-
lapped with the background and a correct analysis of the spectra
is not possible.?’

In this work, we demonstrated that PALS can be used as
a unique invasive technique combined with X-ray diffraction
(XRD), scanning electron microscope (SEM) techniques to
obtain a consistent picture of porous structures in fine HAp
agglomerates.

2. Experimental method

Agglomerates of calcium hydroxyapatite were synthesized
by co-precipitation using Ca(OH), and H3PO4 (Adwic, El-nasr
Chemical Co., Cairo, Egypt) as starting materials. Three hun-
dred millilitres of a suspension containing 0.5 mole of calcium
hydroxide was prepared by adding the powders to distilled water
using a stirrer. Three hundred millilitres of a solution contains
0.3 mole of phosphoric acid (85.0-87.0%) H3PO4. The H3PO4
aqueous was slowly added to the Ca(OH), suspension at a
rate of 4-5 mImin~! until the Ca/P molar ratio reached 1.667.
The reaction mixtures were stirred during the precipitation pro-
cess, which proceeded at 70 °C. The resulting HAp slurry was
allowed to boil for 1h. The product was transfer to a stain-
less steel autoclave and the temperature was raised to 130 °C,
whereupon a pressure of 1.5 bar was established. The mixture
was heated under these conditions for a variable time from 0 to
5h drying the slurry mixture was carried out by a spray drier.
The slurry was extracted from a tank and passed through the
spray nozzle. The automized liquid drops were dried rapidly by
falling out on hot plate of Teflon that was preheated at 250 °C.
Before and after the hydrothermal treatment in the autoclave
at 130 °C for 1-5h, HAp agglomerates were characterized by
XRD and scanning electron microscopy. The crystalline struc-
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Fig. 1. X-ray diffraction patterns of HAp agglomerates at various reaction times
compared with the JCPDF file 9-432 of standard HAp.

ture and particle size of all HAp samples were characterized
by X-ray powder diffraction (XRD) using a Philips PW 1840
diffractometer (Eindhoven, Netherlands) with CuK,, radiation.
The microstructures of the HAp agglomerates were examined by
scanning electron microscopy (SEM) using a JEOL 6400 elec-
tron microscope (JEOL Ltd., Tokyo, Japan) and transmission
electron microscopy (TEM) images were recorded on a JEM
100SX (JEOL, Co., Japan) operating at an acceleration volt-
age of 80kV. The PALS measurements were performed using
a fast-fast coincidence system with a time resolution of 260 ps
(FWHM).2! Na,COs is covered by a 3 pm thick aluminum foil
on each side of the source. Spectra with a total count number of
5 x 106 were recorded. The activity of the used positron source
was 0.18 MBq (~5.0 wCi). Such a weak source is required
to obtain the long lifetime component 74 in a sufficient way.
The measurements were done under ultra high vacuum. Each
measurement lasted 6-7 days leading to a lifetime spectrum
of 5.3 x 106 coincidence counts. This high statistics is neces-
sary when analyzing the lifetime spectra with the routine LT9.0
in its distribution mode.2! The source correction of 13% (Al
foil) and the time resolution were determined by measuring
a n-type silicon reference sample, showing no positron traps.
The final resolution function used in the spectrum analysis was
determined as the sum of two Gaussians.

3. Results and discussions

XRD patterns of HAp samples have been compared with
JCPDS standard HAp card which has been used for X-ray phase
identification.?? Fig. 1 shows XRD patterns of standard HAp
and our prepared HAp before and after hydrothermal treatment
in the autoclave for 1-5h. All peaks of HAp samples corre-
spond to the standard pure HAp reflections and indicate single
phase structure, with a strong (21 1) peak at 26—31.7°. XRD
patterns characteristics of HAp samples do not show changes
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Fig. 2. SEM micrographs of HAp agglomerates at reaction times 1 and 4 h.

with increasing time from 1 to 5h, HAp peaks have the same
sharpness and width.

In order to study the effect of reaction time on the crystallite
size of the HAp samples, the Scherrer equation was used [20],
Eq. (1):

0.9 A

t=BCOSGB M

where 7 is the mean crystallite size, B is the peak line-width at
half maximum (in radian), fp is the Bragg diffraction angle and A
is the X-ray wavelength. The (0 0 2) peak reflection at 26—25.9°
was chosen for analysis of the broadening of the Bragg line. The
results indicate that the crystallite size of all HAp agglomerates
has a value at about 7 nm indicating that the crystallite size of the
HAp agglomerates is not responding to the extent with reaction
time.

The SEM images of all resulting HAp agglomerates for
various reaction times are given in Fig. 2. It is clear that the
agglomerates of HAp particles have three-dimensional struc-
tures with irregular shapes and non-uniform sizes. The initial fine
HAp agglomerates consists of primary particles of size less than
20 wm. At first glance, SEM images of a magnification at 12,000
or more show that the HAp agglomerates reveal appearance of
snowflakes rather than obvious ordered crystalline structure.”3
It is difficult to observe the particles size or void spaces between
the joined HAp particles by SEM due to insufficient resolutions
of measuring devices in this range of small particle sizes.

The TEM image of all resulting HAp agglomerates is given
in Fig. 3. TEM image of HAp agglomerates at high magnifi-
cation shows that the HAp particles reveal high agglomeration
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Fig. 3. TEM micrographs of HAp agglomerates.
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Table 1

Lifetimes and intensities of positron annihilation of investigated HAp samples. The o-Ps lifetime 74 corresponds to the size of the mesopores.

Samples 77 (ns) 73 (ns) 74 (n8) I (%) I (%) 1y (%)

1 0.390 £ 4.6E—4 3.0 £ 0.02 97.6 £ 0.8 82.7 £ 0.1 4.1 £0.03 6.1 £+ 0.03
2 0.401 + 7.7E—4 3.7 £0.03 93.1 £0.7 829 £ 0.2 44 4+ 0.03 5.8 +£0.03
3 0.380 &+ 5.3E—4 2.3 +£0.02 103.3 £ 0.7 84.8 £ 0.1 4.0 £0.04 5.7 £0.02
4 0.375 + 7.9E—-4 2.6 £ 0.01 106.4 £+ 0.7 79.8 £ 0.2 3.8 £0.03 49 £+ 0.03
5 0.375 £ 6.0E—4 2.8 £ 0.01 102.5 £ 0.6 785 £ 0.2 3.6 + 0.02 4.7 £0.02
6 0.360 + 6.1E—4 2.1 £0.01 111.0 £ 0.5 81.9 £ 0.1 3.7 £0.02 4.7 £ 0.01

with void spaces between the joined HAp particles rather than
obvious individual particles.

HAp samples (1-6) were investigated by positron lifetime
spectroscopy. All the samples are boiled at 100 °C for 1 h. The
samples (2—-6) are treated by an autoclave at 130 °C for 1, 2, 3,
4 and 5 h respectively. Only sample 1 is not treated at 130 °C.

All lifetime spectra of the samples consist of four different
lifetime components which have its origin in the annihilation
of the p-Ps (71 =0.125ns), the annihilation of free positrons
(12), the annihilation of o-Ps in the amorphous region due to
the structural disorder (73) and the annihilation of o-Ps in the
larger mesopores (t4). For analysis of the spectra, the routine
LT version 9.0 was used. In the fitting routine the background
was a free parameter.

LT9.0 assumes that the distribution function of the annihi-
lation rate & (A=1/7) of each decay channel i, ai(}), follow
a logarithmic Gaussian function. In the final fits we assumed
that the (very short) p-Ps lifetime and (very large) o-Ps life-
time appear discrete (standard deviation of lifetime distribution
o1, 04=0), while the positron and lower o-Ps lifetimes were
allowed to show a distribution (o7, 03 >0). Moreover, to reduce
the scatter of fitted parameters, we fixed the p-Ps lifetime to its
average from unconstrained fits, 71 = 0.125 ns. A typical positron
lifetime spectrum of one of the samples is shown in Fig. 4, as
example. As shown, the spectrum consists of four different expo-
nential lifetime components. The longest lifetime component t4
(inset picture) refers to the pore size.
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Fig. 4. Positron lifetime spectrum of sample 4. The spectrum consists of four
lifetime components. The longest lifetime component 74 (inset picture) refers
to the pore size.

Table 1 represents the positron and o-Ps lifetimes (72, 73 and
74) and intensities (I2, I3 and 1) for the investigated samples. Itis
found that with increasing the sample preparation time at 130 °C
the lifetime t4 slightly increases to reach 111 ns for sample 6
and the intensity /4 decreases to 4.7%. Whereas t4 is 93 ns for
sample 2 with I4 =5.8%. 1, and t3 decrease to reach 0.360 and
2.1 ns respectively for sample 6 while for sample 2 are 0.401 and
3.65ns. All samples showed o> and o3 of 0.100 and 0.144 ns
respectively.

A model for estimation the hole size is used. It assumes
pores with cylindrical diameter D and infinite length. A cal-
ibration curve represents the o-Ps lifetime as function of the
pore size. It was calculated with this model. For the genera-
tion of the calibration curve “o-Ps lifetime vs. pore size D” we
employed the routine EELViS?* which is based on the extended
Tao-Eldrup (ETE) model as published in Refs.!>>>. For calcu-
lation we assumed that the pores form infinitely long cylinders
with a diameter d, which corresponds then to the mean free
path D in the pores, D =d. From measuring porous glasses with
known pore sizes, the overlap parameter § of the ETE model was
determined to § =0.193 nm?® in agreement with the literature.?’
The calibration curve established on this way was used to calcu-
late the pore diameter D from the corresponding o-Ps lifetime.
The lower 0-Ps1 corresponds to small (0.2—1.0 nm) holes which
can be found in any amorphous material due to the structural
disorder. The higher o0-Ps2 comes from larger mesopores. The
observed lifetime of 93—111ns corresponds to a hole size of
D=6.8-11.5nm (D — diameter or mean free path in cylindrical
holes of infinite length).

4. Conclusion

In this work, we demonstrated that the complex structure of
fine HAp agglomerates can be analyzed using PALS combined
with XRD and SEM techniques to obtain a consistent picture
of porous structures in fine-grained HAp. The SEM images do
not show formation of well-crystallized particles of HAp, how-
ever XRD patterns show that HAp particles are crystalline with
crystal size of about 7nm evaluated from Scherrer equation.
In the investigated HAp samples, open mesopores were found
using positron annihilation lifetime spectroscopy (PALS). At
low concentration of reactants, the pore size varies between 6.8
and 11.56 nm, dependent on the treatment time at 130 °C. PALS
results suggested that agglomerates have a homogeneous dis-
tribution of nanopores where the distribution of nanopores is
relatively narrow. Homogeneous and relatively narrow distribu-
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tion of nanopores reveal that the dominant force in formation of
pure HAp agglomerates is weak van der Waals. In conclusion,
fine HAp grains obtained by hydrothermal method and spray
drying can be considered as an agglomerates of nanoparticles in
the sense that they have a highly nanoporous structure having a
pore size distribution that shows relatively few fines as compared
to agglomerates of nanoparticles.
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