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Abstract

In this study, calcium phosphate materials were prepared by a modified precipitation method using high-speed dispersing equipment. A solution
with a Ca/P molar ratio of 1.33 (octacalcium phosphate stoichiometry) was transferred into the reactor vessel with different concentrations of
threonine at temperature 97 °C. A white precipitant was collected after the addition of condensed ammonium solution and the samples were
subsequently calcined at 900 °C. From the XRD patterns and FT-IR spectra of the uncalcined samples, three phases of octacalcium phosphate
(OCP), monetite (DCP) and hydroxyapatite (HA) were obtained. Calcined samples showed two phases of B-tricalcium phosphate (3-TCP) and
calcium pyrophosphate (CPP). SEM micrographs showed the different morphology of samples. The specific surface areas (ssa) were 45-53 m*/g
for and 5-6 m?/g for calcined samples. From the obtained results, we found that threonine added in various amounts in the initial solution inhibits

the formation of HA and consequently creates OCP and DCP.
© 2010 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Calcium phosphates are used as bone substitutes because of
its high compatibility with bone tissues as well as adsorbents
because of their specific adsorption properties against organic
substances [1-5]. The most commonly used calcium phosphate
materials are: hydroxyapatite (HA), octacalcium phosphate
(OCP), monetite (DCP), tricalcium phosphate (TCP). Octa-
calcium phosphate (CagH,(POy4)6-5H,0, OCP: Ca/P molar
ratio = 1.33), often occurs as a transient intermediate in the
precipitation of the most thermodynamically stable hydro-
xyapatite (Ca;o(PO4)g(OH),, HA: Ca/P molar ratio = 1.67) [1-
51, and has been suggested to be involved in the mineralization
of biological tissues, such as bone and dentine [6,7]. The
inorganic phase in these calcified tissues is a poor crystalline
carbonated apatite, which however, could be just the final
phase of a process where OCP acts as a precursor phase. Both
OCP and HA are of great scientific interest in the field of
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biomaterials due to their importance in the formation of
mineralized tissue [8]. OCP is one of the most important
calcium phosphates and has a high compatibility with bone
tissues. The crystalline structure of OCP is unstable and can be
easily hydrolyzed to HA [9-11], soitis difficult to synthesizing
pure OCP. However, it has been shown that synthetic OCP is
converted into HA in vivo [12-15] and in vitro [14,16-20].
Moreover, OCP can produce HA through two possible
processes [21]: the first one by hydrolysis of OCP and, the
second one, by dissolution of OCP after precipitation [22,23].
It has been shown that both temperature and pH effect on the
OCP stability [8,24,25]. Therefore, most of the calcium
phosphate synthesis methods are carried out under exactly
controlled conditions. In our present study, we controlled
temperature and pH for the synthesis of calcium phosphate
material. Xin et al. [26] have reported the transformation of
OCP into HA by electron beam radiation in situ observations,
in the transmission electron microscope (TEM) also observing
OCP and HA domains as a result of a solid-state-transforma-
tion mechanism in the OCP crystals. Arellano-Jiménez et al.
[27] produced OCP by precipitation and HA by direct
hydrolysis of OCP. The reported intermediate system allows
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Table 1
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The experimental conditions and the specific surface area estimated from BET method and I-point method.

Sample code Threonine After Calcination XRD phases Specific surface area (m? g~ ")
concentration (mM) precipitation pH BET method I-point method
THO 0.0 8.7 No OCP, DCP, HA 45.32 44.45
TH2 0.2 8.8 No OCP, DCP, HA 53.12 52.09
TH4 0.4 8.9 No OCP, DCP, HA 46.38 45.38
TH6 0.6 8.8 No OCP, DCP, HA 48.83 47.18
THOC 0.0 Yes B-TCP, CPP 5.82 5.72
TH2C 0.2 Yes B-TCP, CPP 5.76 5.49
TH4C 0.4 Yes B-TCP, CPP 6.70 6.14
TH6C 0.6 Yes B-TCP, CPP 6.66 6.19

studying the structural equilibrium behavior of these two
phases by electron microscopy.

In our present work, we study the precipitation of phosphate
materials from an initial solution with Ca/P molar ratio 1.33,
which is OCP stoichiometry. The procedure we used in this
work is the modified precipitation method with high-speed
dispersing equipment described in our previous papers [28,29].
At the same time, we used different concentrations of threonine
in order to see the effect on calcium phosphate material.
Threonine is an essential amino acid, serving as a carrier for
phosphate in phosphoproteins [30-32]. Threonine is present in
the heart, central nervous system, and skeletal muscle. It assists
in maintaining protein balance in the body and is important in
the formation of collagen and elastin [33-36]. Matsumoto et al.
[37] showed that the addition of amino acids such as glycine,
serine, aspartic acid and glutamic acid affects on HA synthesis
by changing its size, morphology and solubility. The prepared
powders in our work have been studied using X-ray diffraction
(XRD), Fourier transform infrared spectroscopy (FT-IR),
scanning electron microscopy (SEM), differential scanning
thermogravimetry—calorimetry analysis (TG-DSC) and nitro-
gen adsorption—desorption porosimetry.

2. Materials and methods
2.1. Chemicals

The reagents that have been used were CaCl,-2H,0 (Fluka,
Assay (KT) 99%), Ca(H,PO,),-H,O (Riedel-de Haén, Assay
88%), threonine (Sigma, 98% TLC) and ammonia solution 25%
(Riedel-de Haén).

2.2. Synthesis and characterization of calcium phosphate
materials

The apparatus used is described properly in our previous
works [28,29]. An 800 ml solution of 0.0538 mol of
Ca(H,POy4),-H>0 and 0.0893 mol of CaCl, with a Ca/P molar
ratio of 1.33 (OCP stoichiometry) were transferred into the
reactor vessel and were heated to 97 + 1 °C using an airflow
rate of 15 I/h for 30 min. The rotation speed of the disperser was
adjusted at 5000 rpm, and then 18 ml of concentrated NH,OH
solution (25%, w/w) was added slowly (3 min). The pH of the

solution increased from 3.8 to 8.8 and white slurry was
produced. The produced slurry was aged over night at room
temperature, filtrated; washed using distilled water and dried at
90 °C for 6 h. The same procedure was repeated using threonine
in the initial solution with concentrations of 0.2, 0.4 and
0.6 mM. A portion of the samples was subsequently calcined
for 3 h at 900 °C. The calcination temperature was chosen with
respect to thermal data derived from thermal analysis (TG/
DSC). Table 1 shows the experimental conditions, and the
sample codes for uncalcined and calcined materials.

The study of the crystal phases in the obtained products was
carried out by the X-ray diffraction (XRD) technique, using a
Briiker P8 Advance apparatus, with a 26 range of 3—40° in steps
of 0.02° and the identification of the patterns was made using
the Powder Diffraction Files (PDF). FT-IR was performed
using a spectrophotometer (Model Spectrum RX I FT-IR,
PerkinElmer). The KBr disk technique was used with ~2 mg of
powder in ~200 mg of spectroscopic-grade KBr (Merck),
which had been dried at 100 °C. Infrared spectra were recorded
in the 4000-400 cm ™' region.

The textural analysis of the solids was examined by N,
adsorption—desorption porosimetry which provides also the
pore size distribution, using a Fisons Instruments Sorptomatic
1900, and scanning electron microscopy (SEM), using a JEOL
JSM-6300 instrument. Before N, adsorption—desorption mea-
surement the sample was degassed at 150 °C and pressure of
10-30 Torr for 6 h.

Simultaneously TG/DSC (thermogravimetry/differential
scanning calorimetry) measurements were carried out by a
STA 449C (Netzch-Geritebau, GmbH, Germany) equipment.
The heating range was from room temperature up to 1300 °C,
with a heating rate of 10 K min~' under synthetic air flow rate
of 30 cm*/min. AlL,Os powder as reference was used.

3. Results and discussion

Fig. 1 shows the XRD patterns of uncalcined samples. All
samples have been first indexed with X-cell algorithm [38] and
refined afterwards with Pawley fitting in order to find the best
approximation for the unit cell parameters. Background has
been subtracted using a 20 points polynomial function and a
smoothing function has been applied using Savitsky—Golay
filter. Most of the reflection patterns were similar to the known
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Fig. 1. XRD pattern of uncalcined samples of material.

reflection pattern of synthesized OCP [Powder Diffraction File
86-1407]. In the present study at first we tried to fix our crystal
system as triclinic system of OCP and the calculated values of
lattice parameters for OCP were a = 7.204 A, b=6.087 A and
c=4333 A, However, these values do not fit with the standard
triclinic system of OCP [Powder Diffraction File 26-1056]. A
second thought for this crystal system was to index it as an
orthorhombic system and the calculated lattice parameters for
OCP were a = 10.733 A, b= 13.753 A and ¢ = 5.832 A. These
values are more exact with standard orthorhombic OCP system
[Powder Diffraction File 86-1407]. However, these values are
still slightly different with standard file. This is due to the
presence of multiphase on the unit cell. After using different
concentrations of threonine, no change was detected in the
XRD pattern of uncalcined samples. The entire pattern showed
two other phases of DCP and HA. The peaks at 20 values 4.8°,
16.7°,22.7°,26.0°, 26.5°, 28.6° and 36.1° derived from (0 1 0),
021),(201), (002), (221), (112) and (05 2) reflections
indicate the phase of OCP. The peaks at 26 values 13.0°, 30.3°,
32.5° and 32.7° derived from (00 1), (12 0),(102)and (20 1)
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Fig. 2. XRD pattern of calcined samples of material.
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Fig. 3. FT-IR spectra of uncalcined samples of material.

planes indicate the phase of monetite [Powder Diffraction File
75-1520]. Moreover, the peaks at 20 values 22.8°, 31.8°, 32.9°
and 34.1° derived from (111), 211), (300) and (102)
planes indicate the phase of hydroxyapatite [Powder Diffrac-
tion File 73-1731].

Fig. 2 shows the XRD patter of calcined samples. All the
peaks detected here are very sharp. Two phases are observed
here, one is B-tricalcium phosphate (3-TCP) [Powder Diffrac-
tion File 79-0700] and the other is (3-calcium pyrophosphate
(B-Ca,P,0,,CPP) [Powder Diffraction File 11-177]. The lattice
parameters were calculated for 3-TCP, using X-cell algorithm
software were, a = 8.174 A, b =3.348 A and ¢ = 11.394 A. The
system is monoclinic with the space group P2/C.

Figs. 3 and 4 show FT-IR spectra of uncalcined and calcined
samples respectively. After using different concentrations of
threonine, no change occurred in the band peaks for samples
THO, TH2, TH4 and TH6. The same peaks are observed in all
samples. Fig. 3 shows the three distinguished bands of P-O in the
orthophosphate stretch absorption appear at around 1030-
1113 cm™ " tended to obscure the central peak at 1070 cm ™. The
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Fig. 4. FT-IR spectra of calcined samples of material.
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Fig. 5. Threonine and phosphate complex.

band of HPO,>~ appears at 960 cm ™' and is attributed to OCP,
DCP and Ca-deficient HA The two sharp adsorption bands of
PO,>~ appear at 560 and 600 cm ™' suggesting that the particle
has a crystallized OCP structure [39,40], which is confirmed by
the XRD analysis. Furthermore, the adsorption bands due to
COO™ are present at 1600-1250cm™' for OCP. These
observations indicate that replaceable HPO,>~ in the hydrated
layer was replaced by carboxyl ions [T OOC-R-COO™] [41].

The FT-IR spectrum of the powders calcined at 900 °C
(Fig. 4) become similar to that of B-TCP [42], which is
confirmed by the previous XRD result. The characteristic peaks
of PO, ions, which consist the standard spectra of 3-TCP,
appear at 942—1141 and 558-613 cm™'. This result is similar to
Zhang et al. [43].

The chemical structure of threonine (2-amino 3-hydroxy
butanoic acid) and the equilibrium followed Eq. (1).

OH
CH;-CH(OH)-CH(NH;*)-COOH =
H

CH;-CH(OH)-CH(NH,)-COO~ (1)

In our experimental conditions before the addition of
ammonia solution, the initial pH is ~3.3. After the addition of
ammonia solution, the pH rises and the results are shown in
Table 1. The two ionic forms of threonine and phosphate
species that are formed under these conditions are CHj-
CH(OH)-CH(NH5")-COOH and H,PO,”, correspondingly,
which is possible to create together the complex depicted in
Fig. 5. In this complex, one hydroxyl group of phosphate is
bonded with the threonine molecule by a hydrogen bond. By
this way, this hydroxyl group is protected and remains as acid
phosphate group, consequently promotes the precipitation of
OCP and DCP, while the threonine molecules are incorporated
with the phosphate molecules.

Fig. 6 shows typical SEM micrographs of uncalcined
samples. It seems that some particles are consisted of a number
of fine grains. The THO sample is composed of aggregate
particles with no specific shape. After using different
concentrations of threonine, a change in shape and size is
observed for all samples. By using small concentration of
threonine, TH2 sample were composed of numerous isolated
small needle-like particles without any agglomeration. As it can
be seen from SEM micrographs (Fig. 6), the mean particle size
is about 1 wm for sample TH2. TH4 sample were aggregated in
spheroidal particles. For TH6 sample, the synthesized particles
were big aggregates of round spherical shape and some
particles get rod-shaped and their mean diameters were about
1-1.5 pm.

After calcination at 900 °C (Fig. 7), the primary particles
were conglomerated tightly into secondary powders of
botryoidal (resembling a cluster of grapes in form) shape.

Fig. 6. SEM micrographs of uncalcined samples of material.
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Fig. 7. SEM micrographs of calcined samples of material.
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Fig. 8. TG curve of uncalcined samples.
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Fig. 9. DSC curve of uncalcined samples.

Calcination did not cause any change in the particles’
morphology, and the particles remain in spherical geometry,
and kept aggregated. All of these observations suggest that the
material formed, in this study, incorporated organic compounds
in the interlayer.

Figs. 8 and 9 show the TG and DSC curves of uncalcined
samples respectively. The thermal decomposition takes place
through four distinguished steps between the temperature
ranges 20 until 1300 °C. The first step takes place between
room temperature and about 400 °C. This step mainly assigned
to the removal of adsorbed and crystalline water (reaction (2)).

Cag(HPO4)2(P04) . 5H20 — Cag(HPO4)2(PO4) + 5H20
2

The second step is endothermic and occurs in temperature
area between 400 and 750 °C. In this area occurs mainly the
decomposition of octacalcium phosphate to pyrophosphate and
TCP (reaction (3)) and monetite (reaction (4)).

Cag (HPO4)2 (PO4) — 2Ca3 (PO4)2 + C32P207 + HQO (3)

2CaHPO4 — Ca,P,07 + H,0O “4)

In this step the sample THO, has the lowest mass loss
comparing to other samples. The presence of threonine in the
solution results to an increase of the mass loss about three
times.

In the third step hydroxyapatite and calcium pyrophosphate
react, to form 3-TCP (reaction (5)), which is the main phase of
samples after calcination, as is confirmed from XRD results.

Cal() (PO4)6<OH)2 + C32P207 — 4Ca3 (PO4)2 + H20 (5)
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Fig. 10. BET isotherm curves of uncalcined samples of material.

The fourth and final step occurs in temperature range
between 1100 and 1300 °C. In this step, the partial
dehydroxylation and decomposition of hydroxyapatite took
place. The small peaks at about 1200 °C on DSC curves
indicate the transformation of B-TCP to o-TCP. At about
1300 °C a sharp endothermic tendency observed on DSC
curves for samples TH2, TH4 and TH6, which indicates the
melting of calcium pyrophosphate. In sample THO, though, this
peak is not detected due to the absence of pyrophosphate. This
observation indicates the consumption of all pyrophosphate
amounts according to reaction (5). At the end of the experiment,
we observed partial sintering of materials due to melting of
pyrophosphates.

The N, adsorption—desorption isotherms for samples are
shown in Figs. 10 and 11 respectively. The specific surface area
is determined by using the BET method [44]. The initial part of
the adsorption isotherm (P/Py < 0.2) corresponding to mono-
layer and multilayer formation and followed the same path as
that given by a corresponding nonporous solid, which support
the typical, type II isotherm (IUPAC) for samples THO, TH2,
TH4 and TH6. The hysteresis loops, which occurred between
0.2 and 1.0 relative pressures, are very close to type H3
(IUPAC). Table 1 shows the specific surface area (ssa m? gfl)

75
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Fig. 11. BET isotherm curves of calcined samples of material.

estimated according to the standard BET method and I-point
method [45]. These two methods have very small difference in
the results. As we can see from Fig. 10, that relative volume
starts between 0 and 10 and the specific surface are (ssa) found
from BET equation is between 45 and 53 m? g~ ' for uncalcined
samples (THO, TH2, TH4 and TH6) and 5-6m?g ' for
calcined samples (THOC, TH2C, TH4C and TH6C), which
indicates that all samples are nonporous. The dramatically
decrease of ssa after calcination is in accordance to the SEM
observations and indicates a strong sintering process.

4. Conclusion

We have successfully produced calcium phosphate materials
by using modified precipitation (pH shock wave) method with
high-speed dispersing equipment and the following observa-
tions are made:

(1) From XRD patterns for the samples, three phases of OCP,
monetite and HA were detected and the lattice parameters
for OCP were a = 10.733 A, b= 13.753 A and ¢ = 5.832 A
(orthorhombic Pna21). For the calcined samples of the
same ratio of Ca/P two phases of B-TCP and B-Ca,P,0,
were detected and the calculated lattice parameters for 3-
TCP were a = 8.174 A, b =3.348 A and ¢ = 11.394 A. The
system is monoclinic with the space group P2/C.

(2) FT-IR showed the characteristics peak for P-O, HPO427
and PO43 bands.

(3) SEM analysis showed the different morphology of particles.
For uncalcined samples of materials, the particle shape was
not specific and after used different concentrations of
threonine, the shape changed to needle-like, spheroidal and
big aggregate of round spherical. On the contrary, all
calcined samples of materials showed the same botryoidally
shape of particles.

(4) The thermal analysis was studied between temperatures 20
and 1300 °C. The transformation took place through four
distinguished steps. At higher temperature, ~900 °C, B-
TCP is formed together with 3-Ca,P,0;. At the end of the
thermal experiment, we observed partial sintering of
materials due to the pyrophosphate melting.

(5) The N, adsorption—desorption isotherms for the samples
were measured by using BET equation and the observed
specific surface areas (ssa) were 4553 m?/g for uncalcined
samples and 5-6 m?/g for calcined samples.
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