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Abstract

In this work calcium phosphates were synthesized by modified wet chemical precipitation route. Contrary to 
the conventional chemical precipitation route calcium hydroxide was homogenized with planetary mill. Milling 

calcium oxide and water in planetary ball mill as a first step of synthesis provides a highly dispersed calcium 
hydroxide suspension. The aim of this work was to study the influence of main processing parameters of wet 
chemical precipitation synthesis product and to control the morphology, phase and functional group composi-
tion and, consequently, thermal stability and microstructure of calcium phosphate bioceramics after thermal 
treatment. The results showed that it is possible to obtain calcium phosphates with different and reproducible 
phase compositions after thermal processing (hydroxyapatite [HAp], β-tricalcium phosphate [β-TCP] and 
HAp/β-TCP) by modified wet-chemical precipitation route. The β-TCP phase content in sintered bioceramics 
samples is found to be highly dependent on the changes in technological parameters and it can be controlled 
with ending pH, synthesis temperature and thermal treatment. Pure, crystalline and highly thermally stable (up 
to 1300°C) HAp bioceramics with homogenous grainy microstructure, grain size up to 200–250 nm and high 
open porosity can be successfully obtained by powder synthesized at elevated synthesis temperature of 70°C 
and stabilizing ending pH at 9.

Keywords: calcium phosphates, hydroxyapatite, β-tricalcium phosphate, wet chemical precipitation synthesis

I. Introduction

Calcium phosphates are chemical compounds of 

special interest in many interdisciplinary fields of sci-
ence, including geology, chemistry, biology and med-

icine [1]. Calcium phosphate with an apatitic structure 

occurs naturally in the human body and can be described 

as a calcium deficient carbonate-hydroxylapatite. The 
chemical similarity of hydroxylapatite to the bone min-

eral suggests an intrinsic biocompatibility [2]. Due to 

excellent biocompatibility with living body and bio-

activity, calcium phosphate (CaP) ceramics are widely 

used as biomedical implant materials. Biomaterials and 

bioceramics made of calcium phosphates are produced 

in different forms: granules, blocks (dense or porous), 

injectable compositions, self-hardening cements, coat-

ings on metallic implants, composites from polymers, 

and so forth [3]. Bioceramics made of dense hydroxyla-

patite [HAp, Ca
10

(PO
4
)

6
(OH)

2
)] would be a good exam-

ple of a bioactive material, while porous scaffolds made 

of biphasic calcium phosphates [BCP, β-TCP + HAp] 
or bone grafts made of β-tricalcium phosphate [β-TCP, 
Ca

3
(PO

4
)] appear to be the examples of bioresorbable 

materials [2]. Various synthesis routes, including wet 

chemical synthesis (such as precipitation, hydrother-

mal, hydrolysis and sol-gel techniques) have been de-

veloped for the preparation of calcium phosphate pow-

ders, which have to present desirable characteristics, 

such as, crystallinity, stoichiometry, morphology, sur-

face area and particle size for specific applications [4]. 
All these properties are dependent on synthesis meth-

od and its conditions. Physico-chemical characteristics 

of synthesized calcium phosphates have significant ef-
fect on the final material quality (phase composition, 
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density, thermal stability, microstructure, mechanical 

properties, dissolution behaviour and cellular response 

in living body) after thermal treatment. Methods based 

on precipitation from aqueous solution are most suita-

ble for preparation of large amounts of hydroxyapatite. 
The difficulty with most of the conventional precipita-

tion methods used is the synthesis of well-defined and 
reproducible calcium orthophosphates [5]. Problems 

can arise due to lack of  precise control on the factors 

governing the precipitation, pH, temperature, Ca/P ratio 

of reagents, which can lead to products with differenc-

es in stoichiometry, crystallinity, morphology, that con-

tribute to the different in vivo/in vitro behaviours [5]. 

Wet chemical precipitation from solution is the most 

common synthesis route to prepare calcium phosphates, 

generally hydroxyapatite and involves chemical reac-

tion of inorganic oxide solutions [6,7]. The two most 
popular ways of precipitating CaP were based on the 

methods developed by Rathje in 1939 and Hayek and 

Newesely in 1963 [7]. Rathje’s method consisted of 
dropwise addition of phosphoric acid to a stirring sus-

pension of calcium hydroxide according to the reaction 
given bellow:

10Ca(OH)
2
 + 6H

3
PO

4
 → Ca

10
(PO

4
)

6
(OH)

2
 +18H

2
O

Hayek and Newesely’s method consisted of reaction 
between calcium nitrate and ammonium phosphate with 

added ammonium hydroxide according to the reaction 
given bellow:

10Ca(NO
3
)

2
 + 6(NH

4
)

2
HPO

4
 + 8NH

4
OH → 

Ca
10

(PO
4
)

6
(OH)

2 
+ 20NH

4
NO

3
 + 6H

2
O

Other synthesis reactions include solid-state reac-

tions, hydrothermal techniques, hydrolysis of other 

calcium phosphates and sol-gel methods [8]. In this 

work calcium phosphates were synthesized by mod-

ified wet chemical precipitation route using nonstoi-
chiometric concentrations of starting reagents such as 

Ca(OH)
2 

and H
3
PO

4
 (usually 0.3 M for H

3
PO

4
 solu-

tion and 0.5 M for Ca(OH)
2
 solution) [9–11]. Contrary 

to the conventional chemical precipitation route calci-

um hydroxide was homogenized with planetary mill. 
Milling calcium oxide and water in planetary ball mill 
as a first step of synthesis provides a highly dispersed 
calcium hydroxide suspension. This method has ad-

vantages, such as: simple processing route, large yield 

(87%), it is suitable for an industrial production, it re-

quires inexpensive reagents and CaP products with 
variable phase composition can be obtained. The main 
disadvantage of this method is that multiple process 

parameters that can significantly change properties of 
synthesis product must be controlled. That is the rea-

son for which the correlation between the precipitation 

conditions and properties of the powder has been in-

vestigated by several researchers [12]. The aim of this 
work was to study the influence of main processing 
parameters in used wet chemical precipitation. This 
parameters included temperature of synthesis (20°C, 

45°C and 70°C) and ending pH value of synthesis (6, 
7, 9 and 11). Besides various sintering temperature 
were used to study thermal stability. In this regards mi-
crostructure and morphology of CaP bioceramics were 

examined after heating at 1000 to 1300°C.

II. Experimental procedure

Calcium phosphates were prepared by a precipita-

tion reaction between calcium hydroxide suspension 
(CaO, Riedel-de Haën®, Germany) and orthophosphor-

ic acid solution (H
3
PO

4
, 85%, Sigma-Aldrich, Germa-

ny). Nature, purity and concentration of reagents are 

Figure 1. Modified wet chemical precipitation route for CaP synthesis
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important factors for production of homogeneous ma-

terial. The detailed procedure of modified wet chemical 
precipitation route of CaP powder is given in Fig. 1. 

Calcium oxide was suspended in distilled water 
and milled at rotation speed of 300 rpm with a Pul-

versette 5 planetary mill (Fritsch, Idar-Oberstein Ger-
many) to obtain homogenous calcium hydroxide sus-

pension. The precipitation reaction took place in a 2 l 
reactor, equipped with stirrer, electrical heater with 

thermostat, combined pH electrode and Titronic® sys-

tem for acid solution addition. Acid solution was add-

ed to the calcium hydroxide suspension with slow ad-

dition rate ~0.75 ml/min under vigorous stirring. The 
temperature of suspension during synthesis (T

S
) was 

20°C, 45°C or 70°C. The ending pH value of the sus-

pension was stabilized in the range of 6–11 for 1 h. 

The suspension was aged for 20 hours at room temper-
ature. After aging the suspension was filtrated in a Bu-

chner funnel, dried at 105°C and ground in a mortar. 

Synthesized powders were uniaxially pressed (5 kN) 
in cylindrical tablets (ø10 mm) and sintered at temper-

atures ranging from 1000 to 1300°C for 1 h.

Fourier-transform infrared spectroscopy (FT-IR, 
Scimitar Series model Varian 800) was used to deter-
mine the various functional groups in the synthesized 

and sintered calcium phosphate samples in the 4000–

400 cm-1 range. All IR measurements were carried out 
at room temperature using the KBr pellet technique. X-

ray diffractometry (XRD, X’Pert PRO PAN Analitical 
diffractometer) was used to analyse phase composition, 

thermal stability, crystallinity of synthesized and bioce-

ramics samples using CuKα radiation in the 2θ range be-

tween 20° and 90° at room temperature. The morphol-
ogy of the synthesized powders and microstructure of 

sintered bioceramics samples were studied with field 
emission scanning electron microscopy (FE-SEM, Tes-

can Mira/LMU). Sintering was investigated with heat-

ing microscope (Hesse Instruments). 

III. Results and discussion

The effect of synthesis temperature and ending pH 
of synthesis was examined and X-ray diffraction pat-
terns of as-synthesized calcium phosphates are shown 

in Fig. 2. All as-synthesized powders are fine-crystal-
line with apatite structure [13]. It can be seen that the 
diffraction peaks become narrower and sharper with 

increasing the synthesis temperature. This indicates 
that the crystallinity and crystallite size of the of pre-

cipitated apatites increase when synthesis temperature 

Figure 2. X-ray diffraction patterns of as-synthesized 

calcium phosphate powders (T
S
=20°, 45°, 70°C, 

pH=6, 7, 9, 11) dried at 105°C for 24 h

Figure 3. IR spectra of as-synthesized calcium phosphate 

powders (T
S
=70°C, pH=6, 7, 9, 11)

dried at 105°C for 24 h
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is increased from 20°C to 70°C at all ending pH val-
ues investigated.

FTIR spectra of calcium phosphate powders are shown 
in Fig. 3. It was found that all as-dried CaP samples, syn-

thesized with different ending pH values (from 6 to 11) 

and temperatures (in the range from 20°C to 70°C), show 
phosphate, carbonate and hydroxyl vibrational bands in 
IR spectra, as summarized in Table 1. The broad absorp-

tion band between 3700 and 3100 cm-1 assigned to the 

O-H stretch vibration of hydrogen bonded OH groups, 

together with the absorption peak at 1637 cm-1 ascribed 

to O-H bending mode, are evidence of the presence of 

absorbed water in the synthesis products that disappeared 

after thermal treatment at 1000°C. The two sharp peaks 
observed at 3571 and 632 cm-1, are attributed to the char-

acteristic stretching and vibrational modes of structural 

OH groups [14,15]. The main characteristic bands of PO
4
 

tetrahedral apatite’s structure are clearly observed in Fig. 
3. The peak at 469 cm-1 is attributed to PO

4 
ν

2, 
the dou-

ble peak at 599, 560 cm-1 belongs to PO
4 
ν

4
, 962 cm-1 for 

PO
4 
ν

1
 and the peaks at 1088 and 1046 cm-1 for PO

4 
ν

3
. 

The absorption bands at 1482, 1424 and 875 cm-1 con-

firm the presence of carbonate group, respectively CO
3
 ν

3 

and CO
3
 ν

2
. The carbonate bands for CaP prepared with 

pH 11 have showed stronger peaks than syntheses with 

the pH value in the range of 6–9. Also, increasing end-

ing pH induced the substitution of PO
4
 groups with CO

3
 

groups. Slow acid addition rate (0.75 ml/min) leads to an 
incorporation of carbonate in apatite structure, but pre-

vent formation of Ca-deficient apatite phase [16]. These 
results clearly indicate the formation of a typical apa-

tite structure for all synthesized powders. A weak band 

near 875 cm-1 can be attributed to HPO
4
 groups, which 

are more clearly are observed in IR spectra of CaP by 
pH = 6 (Fig. 3). From literature this band can be associ-

ated with Ca-deficient apatite (CDAp) and decomposi-
tion of CDAp after thermal treatment lead to formation 

of β-tricalcium phosphate (β-TCP) or biphasic calcium 
phosphates (BCP) [7,17,18]. These results of FTIR spec-

tra for sintered CaP bioceramic samples show that after 

heating the carbonate contents in HAp decreases.

FE-SEM micrographs of the as-dried CaP powders 

show strong agglomerated primary nano-size synthesis 

products (Fig. 4). Precipitation conditions have shown 

significant effect on crystal size and morphology. FE-
SEM micrograph (Fig. 4a) of the as-dried CaP powder 

synthesized at pH = 6 and 70°C shows small agglomer-
ated circular crystals of about 100 nm. FE-SEM micro-

graph (Fig. 4b) of the sample synthesized at pH = 6 and 

T
S
 = 20°C shows agglomerated needle-like morpholo-

gy of about 50–100 nm. Crystals prepared at high tem-

perature are more rounded. FE-SEM investigations of 

synthesized CaP powders showed, that the lower syn-

thesis temperature gave smaller morphology of crystals 

Table 1. Vibrational bands in as-dried CaP powders determined by FT-IR spectroscopy

Groups Wavenumber [cm-1] Groups Wavenumber [cm-1]

PO
4
 ν

1
962 CO

3
 ν

3
1482, 1424

PO
4
 ν

2
469 CO

3
 ν

2
 , HPO

4
875

PO
4
 ν

3
1088, 1046 OH ν

S
, ν

L
3571, 632

PO
4
 ν

4
599, 560 HOH 3700-3100, 1637

Figure 4. FE-SEM micrographs of as-dried CaP powders synthesized at: a) T
S
=70°C, pH 6 and b) T

S
=20°C, pH 6
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with needle-like morphology and increasing of synthe-

sis temperature lead to formation of more circular crys-

tals with larger size.

After thermal treatment at 1000°C XRD patterns of 

the CaP bioceramics samples show significant chang-

es in phase composition and crystallinity in dependence 

on synthesis conditions (Fig. 5). Pure, crystalline and 

highly thermally stable (up to 1300°C) HAp phase can 

be successfully synthesized by elevating synthesis tem-

perature to 70°C and stabilizing ending pH = 9 (Fig. 5, 
pattern 1). The XRD pattern of sample synthesized at 
pH = 6 (Fig. 5, pattern 2) shows that this sample is a bi-

phasic mixture of hydroxyapatite and β-TCP (HAp/β-
TCP ratio 57/43 by half quantitative method). The XRD 
pattern of the pellet prepared from the CaP powder syn-

thesized at pH = 6 and T
S
 = 20°C (Fig. 5, pattern 3) con-

sists of pure β-TCP phase. After XRD investigations of 
CaP biocermics samples it was found that higher pH 

values (pH = 9 and 11) favours formation of HAp phase 

in sintered samples, whereas lower pH values (pH = 6) 

increase stability of β-TCP phase. Influence of temper-
ature is also important as at the same ending pH val-

ue stability of HAp phase in the sintered sample in-

creases with temperature. Thus, sample with pure HAp 
phase was obtained from powder synthesized at pH = 11 

(T
S
 = 20°C) and pH = 9 (T

S
 = 70°C), but sample with 

pure β-TCP was prepared from the powders synthesized 
at pH = 6 (T

S
 = 20°C). All other bioceramics are bipha-

sic with variable HAp and β-TCP phase ratio.
After thermal treatment at 1200°C XRD patterns of 

the CaP bioceramics samples show significant changes 
in phase composition, respectively, the content of mi-

nor biphasic calcium phosphates phase decreases with 

decreasing sintering temperature. The crystallinity of 
CaP bioceramics samples increases (diffraction peaks 

become sharper) with an increase of sintering tempera-

ture up to 1200°C.

FE-SEM micrographs (Fig. 6) of the sintered CaP 

bioceramics samples show significant differences in ce-

ramics microstructure depending on the phase compo-

sition. The homogenous fine grained microstructure of 
HAp bioceramics with small grain size of about 100–

150 nm is shown in Fig. 6a. An increase in grain size 

and density is observed with an increase in the sintering 

temperature. The sintering of HAp improves the crys-

tallinity and density as well. For biphasic systems HAp/

β-TCP, CaP microstructure depended on the amount of 
β-TCP. The microstructure of HAp/β-TCP samples (up 
to 20 wt.% of β-TCP) is close to that of pure HAp micro-

structure with enlarged grains exhibiting a regular shape 
and strongly bonded ones with the others. In Fig. 6b is 
shown FE-SEM micrograph of HAp/β-TCP sample with 
grain size of about 200–250 nm. On the opposite, FE-

SEM micrograph of β-TCP bioceramics sample shows 
fine microstructure of small circular grains (Fig. 6c). 
At temperature higher than 1000°C grain growth is ob-

served in sintered CaP samples. Due to the grain growth 

the diffraction peaks in XRD are sharper at 1200°C. Dur-

ing sintering, the minor phase slows down the sintering 

of the biphasic calcium phosphates. The microstructure 
and sinterability of the biphasic CaP ceramics depend on 

the proportions of these two phases.

IV. Conclusions

The results show that it is possible to obtain calcium 
phosphates with different and reproducible phase com-

positions (HAp, β-TCP and HAp/β-TCP) by modified 
wet-chemical precipitation route.

This study shows that the technological parameters 
considerably influence composition of synthesized pow-

der and formation of hydroxyapatite and β-tricalcium 
phosphate phase during sintering.

Figure 5. X-ray diffraction patterns of different calcium 

phosphate phase compositions; (HAp) pH 9, T
S
=70°C; 

(HAp/β-TCP) T
S
=45°C, pH 6; (β-TCP) pH 6,

T
S
=20°C, sintered at 1000°C for 1 h

–

TS
TS

TS

β β

β

β

β

β

β β

β
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Pure, crystalline and highly thermally stable (up to 

1300°C) HAp bioceramics with homogenous micro-

structure and grain size up to 200–250 nm was obtained 

from powders synthesized at elevated synthesis temper-

ature (70°C), stabilizing ending pH 9 and after aging of 
suspension for 20 h.
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