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Abstract
The EPR response of hydroxyapatite (HAP) samples was studied from a dosimetric standpoint in this
paper. The HAP samples were prepared from several ways for this aim. Under the 60Co-source radiation,
the synthesized samples were irradiated at various absorbed doses ranging from 0.1 to 45 kGy. HAP
samples' EPR response in air was tested at room temperature. The peak-to-peak signal amplitude was
then obtained from the difference in EPR signal intensities. The �ndings show the role of making
procedure and subsequently particle size, carbon impurity and morphology in EPR response.

1. Introduction
Hydroxyapatite, is considered as critical substances contained in bone and enamel for Electron
Paramagnetic Resonance (EPR) retrospective dosimetry and archaeological dating (Rink, 1997; Grün et
al., 1991; Huang et al., 1993). Doses are measured in the mineral component of calci�ed tissues by
detecting concentrations of paramagnetic species caused by radiation. Using EPR spectra of irradiated
biological and synthetic apatite, several paramagnetic entities, including, , , , and of varied symmetries,
have been found (Doi et al., 1997; Moens et al., 1991). CO3

3− groups by occupying PO4
2− or OH− sites in

the hydroxyapatite (HAP) structure, produce almost all of them. Some authors have been already noticed
that the EPR spectra of carbonated apatite depends on conditions under which the samples were
prepared (Callens et al. 1991; Oliveira et al. 2000).

In this research synthesized HAP samples were made through some different procedures. Therefore, they
have various carbon impurity, morphology, grain size, and crystallinity, because of the different
preparation conditions and initial raw materials. Following pre-treatment, the samples were irradiated at
various gamma high doses before being measured for EPR. From a dosimetric standpoint, the signal
intensity variations were compared to each other and the bone sample.

2. Procedure For The Experiment

2.1. HAP making procedures
The required HAP samples were synthesised using eight distinct processes that have previously been
published by various scientists. This section explains these methods in detail. Also, the standard identical
hydroxyapatite (MK), achieved from Merck Company was utilized to ensure that the �nal product was
hydroxyapatite. Merck Company also provided all of the raw materials needed in this project.

2.1.1. Planetary Mill
This sample was prepared by grinding MK as a starting material for 12 hours in acetone in a Fritsch 6
series planetary ball mill machine. The �nal sample was named AS.

2.1.2 Sol-Gel (1)
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A 0.5 mol/l solution was achieved by dissolving Phosphoric pent oxide (P2O5) in 100% ethanol. In
addition, a predetermined amount of (Ca (NO3)2.4H2O) was dissolved in 100% ethanol to generate a
1.67mol/l solution. The Ca/P molar ratio was 1.67 for the initial mixed precursor solution. Continuous
mixing at room temperature for 24 hours resulted in the formation of a white transparent gel. For 24
hours at 80°C, the gel was dried in an electric air oven. Individually heated at 600°C at a rate of 5°C/min in
a mu�e furnace, the dried gel was then placed in air to cool to ambient temperature (Fathi et al., 2007).
The obtained sample was designated as SG1.

2.1.3. Sol-Gel (2)
At a steady temperature of 85°C and vigorous stirring, 0.5M of (Ca (NO3)2.4H2O) in ethanol with a pH of
10.5 was added to 0.5M of (NH4)2PO4 with the rate of 5ml/min. For 4 hours, the resulting sol–gel was
constantly stirred at pH = 10 (pH was maintained constant by adding Ca (OH)2 solution) at 85°C, which
was constant. After cooling, the product was kept at 40°C overnight in the oven. Then for two hours, the
product was sintering at 600°C (Anee Kuriakose et al., 2004). The obtained sample was designated as
SG2.

2.1.4. Fluid body simulation (FBS)
Nano-crystalline apatite was made using a biomimetic technique. In order to make TTCP, a 1:1 molar ratio
of calcium carbonate and declaim phosphate anhydrous was heated at 1500°C for 6 hours, after that
quickly cooled to room temperature. Then the �nal TTCP product milled for six hours. Phosphate solution
(DHP) was mixed with 3g/ml acidic calcium phosphate, brushite, and an alkali-basic tetra-calcium
chloride (TTCP) to form a settable calcium phosphate paste. The paste has to be maintained in �uid
body simulated solution (FBS), which has an ionic composition similar to human plasma, for seven days.
At the end of the immersion period, the material was taken from the FBS, rinsed with distilled water, dried
at 70°C, and ground into a �ne powder using a planetary mill (Hesaraki et al., 2009). The acquired sample
was referred to as FBS.

2.1.5. Hydrolysis
CaHPO4.2H2, DCPD (calcium hydrogen phosphate dihydrate) and CaCO3 were combined with Ca/P ratios
(1.67) (HAP ratio). The admixture was then added into 500 ml of 2.5 M (pH = 13) and stirred for 1 hour in
75°C high-speed agitator. The reaction was stopped after hydrolysis through cooling in icy water.
Deionized water was used to wash the aggregates �ve times. Drying at 60°C and grinding were performed
on the synthetic materials before they could be put to use. Hy2 is the name given to this substance. The
powder was annealed in air at 600°C for 4 hours at a heating rate of 1C/min (Jen Shih et al., 2004). The
�nal material was coded as Hy1.

2.1.6. Microwave
A well-ground mixture of CaCl2 and Na3PO4 with a molar ratio of 1.67:1 was reacted in a home-made
microwave oven (800W) for 30 min to produce hydroxyapatite powder. The particles were washed with
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water to eliminate sodium chloride, as a by-product of the process, and dried at 80°C (Parhi et al., 2006).
Mic was the name given to the collected sample.

2.2. Characterization
X-ray diffraction (XRD) analysis was carried out using a Philips Analytical X-Ray B.V and Ni-�ltered CuK
radiation in the 2 θ range of 20°- 60°. As illustrated in Eq. 1, Scherer's equation was used to determine the
grain size of powders that had been manufactured.

Where t is the size of grain, λ is X-ray tube wavelength, B is the width at half maximum of peak of X-ray,
and θ is the angle Bragg.

The HAP particle size was investigated using a Phillips Company XL-30 series scanning electron
microscope (SEM). Using the LaB6 �lament, the system's magni�cation can range from 25x to 400000x.
Prior to the SEM examinations, a thin layer of gold was applied to the sample surfaces.

Transmission electron microscopy (TEM) instruments from the EM208S series were used to examine the
particles' size and shape.

Fourier transmission infrared spectroscopy (FTIR) spectra were taken on samples in the wave number
range using an ATI Mattson Genesis series, made in the United States. An Eltra CS-2000 Carbon/Sulfur
instrument was used for carbon analysing of the materials.

2.3. Sample irradiation
The samples were weighted and packaged in a plastic cover to irradiate with a Russian-made 60Co-ray
source facility (PX-30 series) with a dose rate of 15.6 Gy/min. The samples were irradiated with gamma
doses ranging from 0.1 to 45 kGy.

2.4. EPR measurement
The samples were placed in quartz thin-wall EPR tubes (4 mm diameter) and analyzed in the X-band with
a Bruker EMS-104 spectrometer. Peak to peak height (First Derivative Absorption Spectrum) per sample
mass was used to compute EPR Signal Intensities. The samples were analyzed at the same instrument
settings to guarantee the reproducibility of EPR signal strength. The standard deviation of each sample's
mean EPR measurement was estimated, and it was found to be less than 3% for all readings. There were
four scans performed with an EPR spectrometer set to the following parameters: 0.285-mT modulation
amplitude, 100-kHz modulation frequency, 3.0-mT scan width, 1024-point �eld resolution, 164-msec time
constant, 21-sec sweep duration, 50-dB receiver gain, and a total of four scans.

3. Results And Discussion
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The XRD patterns of the standard HAP and generated SG1 samples are shown in Figs. 1a and 1b. In
compared to the standard sample, all identi�ed peaks on this sample are associated to the
hydroxyapatite phase (JCPDS Card, 1994). The lines seen at 865cm-1 and 1400–1500 cm− 1 in the FTIR
spectrum of the SG1 sample (Fig. 2) are attributed to 2−CO3 (low C–O area) and 3−CO3 (high C–O region),
respectively, indicating carbonate substitution for PO4 in the apatite lattice (Kweh et al., 2002). HPO4 is
the band that can be seen around 890 cm (Ishikawa et al., 1999). The XRD pattern and FTIR spectra of
the other samples are also very comparable to this one. Calculations according to the Eq. 1 and using the
sample XRD patterns were made to obtain the particle size. These results along with the percentage of
carbon impurity of the samples are depicted in Table 1.

The structural features of the HAP crystals are visible in SEM images of the samples (Fig. 3). Figure 4
shows the TEM images of the HAP powders prepared via different methods, as well. The crystallinity and
morphology of each sample can be seen from these images. The particle size predicted using Scherer's
equation is con�rmed by SEM and TEM images. The EPR signal strength as a function of absorbed dose
for all samples is shown in Fig. 5 for a dose range of 0.1 kGy to 45 kGy.

The particle size and amount of carbon impurity have a crucial impact in EPR dosimetry employing the
HA powder, as shown in Table 1 and Fig. 5. According to the Fig. 5 the SG1 with about 30 nm particle size
and 0.47% carbon impurity, has the highest EPR response. As a matter of fact, comparing the pairs of
SG1, SG2 and MK, As, having the same carbon impurities but a different grain size, as could be predicted,
it concluded from Fig. 5 that the sample with larger grain size have a lower EPR response. On the other
hand, the samples Mic and SG1 with almost the same grain size and a different carbon impurities (Mic is
lower) con�rm the aforementioned word about the importance of carbon content in HA samples.

In addition Hy1 and Hy2 synthesized from the same method but they have some different characteristics
such as particle size, carbon impurity and crystallinity, then Hy2 with ~ 10 nm particle size and 1.03%
carbon impurity has EPR response several times higher than Hy1 with ~ 46 nm particle size and 0.72%
carbon.

As mentioned, the samples of Hy1 and Hy2 are both synthesized by the same method and the only
difference is in the annealing process, which causes the two samples to have different crystallinity,
shape, crystal dimensions and carbon impurity. As can be seen in the SEM images of these two samples
(Figs. <link rid="�g3">3</link>-d and 3-h), Hy2 does not have a speci�c crystalline shape and its
crystallinity is very low, while Hy1 has a high crystallinity and its crystalline shape is spherical.

By comparing SG1 (~ 30 nm, 0.47%) and Hy2 (~ 10, 1.03%), from Fig. 5 SG1 has higher EPR response
than Hy2 with smaller particle size and higher carbon impurity, this phenomenon shows the morphology
and crystallinity effect.

As a result, the size of the crystals, the quantity of carbon in them, as well as their form and crystallinity
percentage, all have a role in the EPR response of HAp samples. The dimensions of the samples and the
amount of carbon will be essential when the crystallinity and crystal shape of the samples are not
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considerably different from one another. As the dimensions of the crystals decrease and their carbon
content increases, the signal intensity increases.

Overall, samples with smaller particle size and higher carbon impurity have better response. Optimum
carbon impurity and morphology effect could be discussed separately.

 
Table 1

Particle size and carbon content of synthesized HAP samples.
Sample Code SG1 Mk BFS AS SG2 Hy1 Hy2 Mic

particle Size from Scherer's
equation

32 - 22 29 27.8 46 10 95

particle Size from TEM 25–
30

100–
300

25–
50

20–
300

50–
175

46 10 150–
700

Carbon Impurity (%) 0.47 0.3 0.34 0.3 0.47 0.72 1.03 0.26

4. Conclusions
The synthesis parameters play a major effect in dosimetry with hydroxyapatite powder, according to this
study.  

The maximum dose response was achieved with the "SG1" sample with a grain size of ~30 nm and a
carbon impurity of 0.47 percent. Samples with similar grain sizes and lower carbon percent that were
synthesized using the same procedure had far lower EPR signal strength. Among samples with the same
carbon percentage and different average grain size (MK and AS), sample with lower grain size has higher
EPR signal intensity. 

These results reinforce previous investigations which indicate carbon importance in dosimetry with HAp
and have been illustrate grain size role. 

In addition, it is considerable that among a sample with ~30 nm particle size and 0.47% carbon impurity
(SG1) and another with ~10 particle size and 1.03% carbon impurity (Hy2), the �rst one has higher EPR
response that con�rm morphology effect of sample. 
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Figure 1

XRD pattern of the a) standard sample (Merck) and b) synthesized SG1 sample.
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Figure 2

FTIR pattern of the SG1 sample.
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Figure 3

SEM micrograph of, a) SG1; b) MK; c) FBS; d) Hy2; e) SG2; f) Mic; g) AS and h) Hy1 samples.
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Figure 4

TEM micrograph of, a) SG,1; b) MK; c) FBS; d) Hy2; e) SG2; f) Mic; g) AS and h) Hy1 samples.
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Figure 5

EPR signal intensity changes as a function of absorbed dose for synthetic HAp samples.


