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Introduction

Hydroxyapatite (HA) is one of calcium phosphate (Ca–P) 
bio-ceramics which makes up the majority of mineral con-
stituents of human bone and teeth. Because of biocompat-
ibility, bioactivity, osteoconductivity, and compatible struc-
ture, and composition to natural hard tissues, synthetic HA 
has long been recognized as one of the most important 
bone substitute materials that can be used in implant fab-
rication [1–5]. Most synthetic apatites are formed via high 
temperature processes (e.g., sintering), resulting in a well-
crystallized structure with big particle size [6–8], hav-
ing little or no bioresorption activity. This is in contrast to 
nanocrystalline apatites that exhibit a much higher degree of 
bio-activity. The basic driving force for crystallization pro-
cess especially during sintering is a decrease in surface-free 
energy through the reduction in surface area of the powder 
[9]. Therefore, smaller amorphous particles with higher sur-
face energy turn to crystalline ones at lower sintering tem-
peratures. The most significant effect of firing temperature 
is phase transformation leading to changes in lattice param-
eters; i.e., as our previous work the sintering temperature of 
sol–gel-derived anhydrous dicalcium phosphate (DCPA) is 
300 °C that transforms to HA and β-tricalcium phosphate 
(β-TCP) at 600 and 1000 °C, respectively [10]. However, 
other physical and chemical properties like average size, 
electrochemical performance [11], microstructure, dielectric 
constant [12], and porosity [13] could be changed. In order 
to obtain HA with diverse applications [14–18], research-
ers have tried to customize its properties such as bioactivity, 
solubility, and sinterability by controlling its structural com-
position, morphology, and particle size [17–20]. The sol–
gel process, because of its well-known inherent advantages 
such as homogeneous molecular mixing, low processing 
temperature, and high product purity, became an important 
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route for generation of HA and other Ca–Ps [10, 21–27]. 
The low temperature of sol–gel method results in a low 
crystalline HA containing a mixture of nano-to-submicron 
crystals better accepted by the host tissue [3]. However, sec-
ondary phases such as calcium oxide (CaO) and Ca–Ps are 
also formed. High temperature formation techniques like 
post-deposition and thermal-annealing treatments transform 
Ca–P phases to HA, along with the development of crystal-
linity and particle size [10, 21, 28–31]. TEM can be applied 
for direct observation of the particle size determination in 
the nanometer range, or XRD can be used for measure-
ments of the coherence length of the particles, where the 
particle size is related to the diffraction peak broadening. 
The advantage of TEM is clearly the visualization of objects 
that allows counting of the particle size distribution. How-
ever, these statistical data can be unreliable due to the diffi-
culty in counting of small particles [32]. Beside of all avail-
able methods, Scherrer’s method is a well known one that 
uses the width of the diffraction peak derived from X-ray 
patterns. The diffraction peak width depends on the size 
of crystalline particle, inhomogeneous strain, and instru-
mental effects. Therefore, determining the crystallite size 
from powder diffraction data accurately is complicated and 
hence various indirect methods such as the Williamson–Hall 
(W–H method) are often used [33] and this inexpensive 
method provides a very simple possibility for estimating the 
particle size [23, 34].

Herein, nanoparticles of HA have been synthesized 
through a novel low temperature alcohol–based sol–gel 
method using Ca(NO3)2·4H2O and triethylphosphate (TEP) 
as Ca and P precursors. With the aid of this novel technique 
some advantages could be highlighted such as: (a) high 
purity of product due to hydrolysis of TEP before addition 
to the Ca sol, (b) formation of nanocrystalline HA without 
using any grinding process. The particle size of nanocrys-
talline sol–gel-derived HA has been determined by TEM 
and the modified Scherrer equation (see “Nanostructural 
examination” section ). Moreover, the effect of firing tem-
perature on the sample purity, particle size, and micro-
strain has been investigated. Experimental results showed 
that the firing temperature could have an effect on the struc-
tural evolution of the product while the HA phase can be 
crystallized at a relatively low temperature (400 °C). The 
obtained values of crystallite size of HA from W–H and 
TEM analyses have good consistency.

Materials and methods

Sol–gel synthesis and physical measurement

First, as the novel part of the applied method, TEP was 
hydrolyzed for 24 h at room temperature (the molar ratio 

of water to phosphate is fixed at 8) in a parafilm-sealed 
glass container under vigorous stirring. Next, 4 M hydro-
lyzed triethyl phosphate [(C2H5O)3PO, TEP, Fluka] was 
prepared by dilution in anhydrous ethanol. Then, 3 M 
Ca(NO3)2·4H2O (Merck) dissolved in distilled water was 
added slowly to the phosphorus sol at a rate of 6 ml/min 
(Ca/P = 1.67). The resulting sol solution was continuously 
agitated for 60 min at 80 °C. The clear solution that was 
obtained was aged at room temperature for 24 h before dry-
ing. In order to better follow the progress of the sol–gel 
process, the pH values of the sample solutions before and 
during aging were recorded. These aged sols were then 
subjected to thermal treatment at 150 °C until a white-dried 
gel was obtained. The as-prepared gel structure was ana-
lyzed using differential thermal analysis (DTA, Netzsch, 
Germany) and infrared (IR) spectroscopy (Buck 500, KBr) 
in the range of 500–4000 cm−1. The dried gels were ground 
with a mortar and pestle into a fine powder and subjected to 
different calcination temperatures (300, 400, 500, 600, and 
700 °C) for 2 h at a constant heat rate of 2 °C/min. Phase 
identification of the calcined gels (S1–S5 in Fig. 1a, b) was 
performed using an X-ray diffractometer (XRD, Philips, 
X׳pert Pro, Cu Kα) at a scanning speed of 1° in 2θ/min 
from 20° to 45°. The Ca and P contents were measured by 
scanning electron microscopy (SEM, S 360, Oxford-Eng-
land) (see Scheme 1; Table 1).

Particle size determination

Particle size and micro-strain of the synthesized HA pow-
ders with the aid of Scherrer and W–H equations [33, 35] 
were calculated. To determine the instrumental line broad-
ening, XRD pattern of a microcrystalline quartz powder as 
the standard sample was recorded. Also, particle size dis-
tribution was determined by TEM observations. TEM (Leo 
912 AB-Germany) was equipped with a thermionic gun 
and was operated at 120 kV. TEM samples were prepared 
as follows: the HA powder was ultrasonically dispersed for 
2 h in absolute ethanol and afterward deposited on a car-
bonated copper grid.

Results and discussion

Structural evolution

Sol–gel HA samples have been synthesized using precur-
sors of phosphorus alkoxide such as triethyl phosphite 
and triethyl phosphate, frequently [21, 36–38]. However, 
herein, as an advantage over other methods [17, 18, 22, 36, 
39–41] the hydrolysis of TEP (Eq. 1) resulted in a more 
complete polymerization reaction of Ca and P (Eq. 2). 
A continuous pH measurement of the Ca and P mixed 
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solution during 24 h aging show a decreasing pH from ~5.4 
to 4.1. Moreover, increasing the temperature of the solution 
and aging time generally help to more complete the polym-
erization process [21].

(1)OP(OEt)3 + H2O → OP(OEt)3−x
(OH)

x
+ xC2H5OH.

(2)
OP(OEt)3−x

(OH)
x
+ Ca

2+
+ NO

−

3
→ (NO3)

−(OH)

−Ca−O−PO(OEt)3−x
+ H

+
+ C2H5OH + H2O.

However, incomplete polymerizaton between Ca and P 
precursors (Eq. 2) caused the formation of calcium oxide 
(CaO) and calcium carbonate (CaCO3) impurities. Moreo-
ver, herein, the influence of firing temperature on phase 
purity and particle size of the synthesized HA has been 
studied. XRD patterns show intense peaks of CaO and HA 
(Fig. 1). The applied sol–gel approach for all samples are 
similar; therefore, their Ca/P molar ratio and CaO-to-HA 
ratio are same which could be obtained from peak height 

Fig. 1  X-ray diffraction patterns of samples a S1; b S2–S5 calcined at 300, 400, 500, 600, and 700 °C, respectively, shown: (filled square) HA; 
(open square) CaO; (filled triangle) β-TCP; (open diamond) Ca2P2O7; (filled circle) Ca(NO3)2; and (open circle) Ca(NO3)2·2(H2O)
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ratio CaO (200)/HA (211) (see Table 1; Fig. 1). These harm-
ful impurity phases could be reduced through control of the 
aging and heat treatment steps of sol–gel technique. The 
detailed discussion could be seen in the literature [21, 41].

The IR spectrum is indicative of the presence of amor-
phous HA and calcium nitrate in as-prepared gel. The pres-
ence of intense bands attributed to stretching modes of the 
OEt group located at 1232 and 1370 cm−1 in the as-dried 

Scheme 1  Flow sheet of HA 
sol–gel preparation approach

pH value measurement 

DTA and IR analysis 

Ca(NO3)2.4H2O 
dissolved in 

distilled water 

Hydrolysis of Sol 
of diluted TEP in 

anhydrous 
ethanol 

Sol solution 
mixing, vigorous 

stirring, and 
heating in 80 ºC  

Aging 

Drying 

Calcination 

XRD analysis, TEM and SEM imaging,  
and Ca/P molar ratio measurement 

Table 1  Compositions and processing variables of precursors and comparison of XRD peak height ratios, CaO (200) versus HA (211) for 
appropriate calcined samples

All peak heights are measured directly from XRD pattern using a metric ruler, considering the background subtraction. Ca/P molar ratio 
obtained from SEM

Sample Temp. (°C) Aging at R.T. (h) Heat treatment temp. (°C) Peak height ratio CaO(200)/HA(211) Determined Ca/P molar ratio

S1 80 24 300 – 1.98

S2 80 24 400 0.278 1.98

S3 80 24 500 0.275 1.99

S4 80 24 600 0.270 2.00

S5 80 24 700 0.262 1.98
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gel showed that the hydrolysis of TEP is incomplete. The 
bands located at 812, 1041, and 2995 cm−1 are ascribed 
to PO4

3− bending and antisymmetric stretching vibra-
tions, respectively [42], while the hydroxyl bending band 
at 3570 cm−1 supports the presence of HA in the as-dried 
gel (Fig. 2) [16]. The pale-yellow chunks of sample S1 
calcined at 300 °C was very hygroscopic because of the 
existence of unreacted calcium nitrate precursor in the gel 
as indicated by characteristic peaks in their XRD patterns 
and bands at 746, 910, and 1445 cm−1 which are assigned 
to NO3

− in the as-dried gel (see Figs. 1a, 2). However, the 
band at 1680 cm−1 could be ascribed to carbonate.

In the DTA curve of the dried gel (Fig. 3), a weak exo-
thermic peak at ~400 °C and a strong endothermic peak at 
600 °C are seen [21, 22]. However, an intense exothermic 
peak at 310 °C is seen that is related to exiting gases contain-
ing nitrogen. The exothermic peak at ~400 °C is attributed to 
the crystallization of apatite phase. As another evidence for 
this claim, one can refer to XRD patterns (see Fig. 1b for 
S2) which confirm it as lowest crystallization temperature of 
HA. The driving force of apatite formation at 400 °C is lower 
than completion of the crystalization process, which caused 
intense XRD peaks of impurities to appear (see Fig. 1 for S1 
and S2). The endothermic DTA peak at 600 °C is related to 
the suggested reaction as below (Eq. 3):
 

On the other hand HA can crystallize either from amor-
phous apatite at ~400 °C or phase transformation and 
sometimes through combination of both paths where the 
firing temperature reaches about 600 °C or more (see Eq. 3) 
[40]. As it could be followed from XRD patterns (Fig. 1), 
the Ca–P impurity phases of S4 and S5 are reduced in com-
parison to S2 and S3 ones. It is notable that increasing the 

(3)

1/2Ca2P2O7 + Ca3(PO4)2 + Ca(NO3)2 + CaCO3 + 1/2H2O

→ Ca5(PO4)3(OH)+ CaO+ 2NO2 + CO2 + 1/2O2.

calcination temperature up to 700 °C results in the disap-
pearance of pyrophosphate (Ca2P2O7) and tricalcium phos-
phate (TCP) (Fig. 1). As is obvious from Eq. (2), the acidity 
of the mixed solution plays an essential role in the forma-
tion of more acidic Ca–Ps like TCP having lower Ca/P 
molar ratios than HA stoichiometry. The impurity Ca2P2O7 
may be formed from condensation between the particles of 
the phosphorus sol following formation of pyrophosphate 
(see Eq. 4) and XRD patterns verified its production (see 
Fig. 1b for S2 and S3) [21].

(4)
2PO(OC2H5)2OH → (C2H5O)2OP-O-PO(OC2H5)2 + H2O.
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Fig. 2  IR spectrum of as-dried gel of sample S5. Wavenumber range of 500–4000 cm−1
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   400 ºC

Fig. 3  DTA curve of the as-dried gel of samples
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Nanostructural examination

Amorphous materials because of high co-surface energy of 
their particles could start to crystallize through the calcina-
tion process. The particles size of gels prepared by low tem-
perature sol–gel method is small with high surface energy 
that results in performing of crystallization along with dras-
tic agglomeration and porosity. However, SEM images (not 
suitable for particle size determination) indicate remarkable 

particle agglomeration which is unavoidable from sol–gel 
approach (Fig. 4, Just image of S5 is depicted). Herein, two 
instruments TEM and XRD are used for particle size deter-
mination. TEM is certainly the most direct method, provid-
ing real images and impression of homogeneity of the par-
ticles. Although, the elaboration of size distribution curves 
is limited to the consideration of typically several hundreds 
of particles. Figure 5a–d shows typical TEM images of 
S2–S5 HA powder samples. As it can be seen, raising the 
firing temperature from 400 up to 700 °C led to particles 
size growth. Nevertheless an important advantage of X-ray 
diffraction is providing a very simple possibility for esti-
mating the particle size from the broadening of the XRD 
reflections by means of the so-called Scherrer formula (see 
Eq. 5) [23, 34]:  

where K is constant which depends on the particle mor-
phology and varies from 0.89 to 1.39 rad. Here it used con-
sistently at 0.9, which corresponds to an average volume 
of the apparent size, D, independent of a peculiar morphol-
ogy [43]. The λ is the Cu Kα radiation (0.1544 nm), W 
is the full width at half-maximum, and θ is the diffraction 
angle (°). However, this technique requires several cor-
rections and deconvolutions to reach reliable particle size 

(5)D = K� / [WCos (θ)]

Fig. 4  Scanning electron micrograph of sample S5 calcined at 
700 °C shows highly agglomeration. Because of resemblance, images 
of other samples have been omitted

Fig. 5  TEM images of samples S2–S5 calcined at 400, 500, 600, and 700 °C, respectively
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values, i.e., Kα radiation and instrumental line broadening 
have to be taken into account. It can be pointed out, based 
on the Scherrer formula (Eq. 5) and Fig. 1, that increasing 
the firing temperature is increasing the sharpness of XRD 
peaks indicating an increase in the particle size. Because 
the peaks monotonically and asymmetrically broaden, the 
particle size distribution shifts to larger average values 
through raising of firing temperature. According to TEM 
images (see Fig. 5), domain particle size of samples heated 
at 400, 500, 600, and 700 °C range from 18 to 30 nm, 35 
to 50 nm, 40 to 65 nm, and 70 to 120 nm, where their 
mean size are 25, 40, 50, and 90 nm, respectively. These 
results are in good agreement with the calculated results 
from XRD patterns as is discussed below (Table 2). The 
reflection broadening in the XRD pattern is attributed to 
the contributions of crystallite size, micro-strain, and the 
instrument itself [43]. For a detailed analysis and compari-
son of peak broadening and data processing, see the review 
by Balzar [44]. Instrumental broadening arising from slit 
width, penetration in sample, imperfect monochromaticity, 
and imperfect focusing is generally observed. This broad-
ening is equal for all samples which are analyzed with the 
same instrument. To correct for instrumental broadening, 
a standard microcrystalline quartz sample with a large 
enough particle size (10 µm) is used to eliminate particle 
size and micro-strain broadening. Its peak width value (W) 
of ~0.12° (0.0026 radians) is obtained which just relates 
to instrumental broadening. To deconvoluted size and 
instrumental effects, two simplified methods are gener-
ally applied, the Cauchy (Eq. 6) or Gauss approximation 
(Eq. 7) [35, 43]. 

The additional line broadening due to micro-strain ǫs can 
be expressed according to Stokes and Wilson [45].

(6)W = Wsample −Wstandard reference

(7)W =

(

W
2
sample −W

2
standard reference

)0.5

(8)Wǫ = 4ǫs tan θ

Combination of Eqs. (5) and (8) with attention to Eq. (6) 
or (7), results in Eqs. (9) or (10), respectively.

Separation of the two broadening effects is possible by the 
so-called W–H plot of WCos θ versus Sin θ or (WCos θ)2 ver-
sus Sin2 θ [44]. Herein, an excellent correlation is obtained 
with the Gauss approximation (Eq. 10). Therefore, Eq. (10) 
was applied to the (002), (210), (211), (300), and (310) reflec-
tions. Correlated W–H plots are shown in Fig. 6. The results 
are summarized in Table 2. Raising of the firing tempera-
ture results in crystallite size (D) increasing and micro-strain 
decreasing. Permanent increasing of D at 700 °C indicates 
this temperature as a suitable sintering temperature for the 
HA phase. In most references, only one reflection was used 
to calculate crystallite size with the Scherrer equation [33, 45] 
without considering the contribution of micro-strain to the 
widening of reflections and no reasonable explanation for big 
difference of crystallite size calculated from different reflec-
tions with Scherrer equation. The calculated particle size of 
S2–S5 by not modified Scherrer’s formula within (002) and 
(211) reflections is not in the same value range (see Table 2).

Summary and conclusion

In this work, small nanoparticle of HA powders through a 
low temperature sol–gel method including new conditions 
were synthesized and their structural evolution and particle 
size evaluation investigated. Phase evolution from sol-to-gel 
and from gel-to-ceramic was studied using XRD, IR, and 
DTA analyses. Impurity phases such as CaO, CaCO3, and 
Ca–P form if the aging and especially firing temperature not 
properly controlled. The CaO phase was formed from the 
decomposition of undesirable Ca(NO3)2 precipitate during 
the calcinations process. During the aging step, Ca2+ and 
NO3

− ions react with hydrolyzed TEP resulting in formation 
of a complex that is stabilized in the subsequent drying step. 
DTA and XRD patterns of the synthesized HA powders indi-
cated the crystallization of HA has begun at the low tempera-
ture of 400 °C. This is because of more completed reaction 
between Ca and hydrolyzed P precursors through the novel 
sol–gel technique. High surface energy of small gel particles 
is an alternative reason for such low crystallization tempera-
ture. XRD and TEM methods were applied for particle size 
determination of sol–gel-derived nanocrystallite HA in the 
low mean size of 25–100 nm. All techniques within parti-
cle size evaluation have their respective advantages, but can 
also produce specific artifacts. The advantage of TEM is the 
direct observation. Since sol–gel approach results in parti-
cles agglomeration, small particles may be overlooked or can 

(9)WCosθ = K�/D+ 4ǫsSinθ

(10)(WCosθ)2 = (K�/D)2 + 16ǫ2
s
Sin2θ

Table 2  Comparison of XRD results using Gauss correction for 
instrumental broadening

Sample Firing 
temp. (°C)

Williamson–Hall Scherrer

D/nm Micro-
strain (°)

D(002)/nm D(211)/nm

S1 300 ‒ ‒ ‒ ‒
S2 400 24.8 3.25E−3 35.4 21.1

S3 500 39.5 2.90E−3 30.5 27.3

S4 600 49.6 2.61E−3 34.1 36.8

S5 700 93.4 2.24E−3 65.7 50.4
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be difficult to distinguish in agglomerates. Scherrer’s equa-
tion and W–H plot was used in order to separate the effect 
of crystallite size and micro-strain on reflection broadening 
which gave a crystallite size in relatively good agreement 
with TEM. But, the results obtained with Scherrer’s formula 
on a peak are artifact. The mean crystallite size increased and 
micro-strain decreased significantly with raising of the firing 
temperature from 400 to 700 °C. Almost a fourfold increase 
in the mean crystallite size, D at 700 °C in comparison with 
400 °C from about 25 to 100 nm, suggests this temperature 
as suitable sintering temperature.
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