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Abstract

Biphasic calcium phosphate particles were prepared using a rapid increase of the pH value by adding an amount of concentrated ammonia
solution, into a well-mixed solution containing Ca(H,PO,),-H,0 and CaCl, with Ca/P = 1.667 molar ratio; with or without the presence of citric
acid (CiA). The precipitation of Calcium Phosphates took place at 97 °C using high-speed dispersing equipment. The samples were characterized
using XRD, FT-IR, BET and SEM techniques. The thermal behaviour was studied by TG, DTG and DTA techniques. The modified precipitation
method leads to the formation of biphasic needle-like particles consisted of crystalline hydroxyapatite (HA) and B-tricalcium phosphate (3-TCP).
The presence of CiA in the initial solution leads to the formation of aggregated nonporous small spheroidal particles consisted of low crystallinity
phases of HA and octacalcium phosphate (OCP). The later facilitates the sintering process. The calcined samples at 900 °C were consisted of
calcium pyrophosphate (CPP) and TCP. o-TCP is formed in the presence of a large amount of calcium citrate complexes. The main sintering
process took place at the temperature range between 750 and 1150 °C, which were strongly depended on the initial amount of the CiA in the
precipitation process. These results indicated that the citrate presence in the initial solution have a strong influence on the nucleation and growth

processes by complexation with calcium ions and incorporation into the solid structure during particle growth.
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1. Introduction

Hydroxyapatite (HA) is one of the most common ceramics
that can be used as artificial implant for medical purposes.
There are many applications for bioceramics because of their
biocompatibility and chemical similarity to the human hard
tissue. Nowadays there are many efforts on improving the
mechanical properties and the material performance at
prostheses in the human body. HA is also being tested as an
absorbent for organic molecules that exist inside the human
body. It is well known that organic modifiers are widely used in
the morphology and size-controlled synthesis of HA [1-6].

Citric acid (CiA) is a major natural organic compound
involved in many biochemical activities (Krebs cycle);
furthermore it is an ingredient of the human hard tissue (about
1 wt.%). Citric acid is believed to affect the formation of human
bone by adsorbing in both the reacting and the producing
phases of calcium ions [7].

* Corresponding author. Tel.: +30 2651098352; fax: +30 2651098795.
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There is a large interest in the transformation of calcium
phosphates in the presence of CiA because of their biomedical
importance. The addition of CiA in the initial steps of bone
apatite formation has many consequences in the final product.
CiA in a calcium containing solution acts as an entrapment
agent for calcium ions [8,9]. Citrate ions were found to reduce
the rates of precipitation due to both their complexation with
Ca”" ions and their adsorption on the surface of the formed
particles; thus blocking some active growth centers [10].
Among the precursors used, CiA is a strong complex forming
agent and can form stable complex compounds especially under
acidic condition [11]. The shape and the composition of
calcium phosphate crystals depend on the preparation process
[12—14]. The presence of citrate anions in the simulated milk
ultrafiltrate (SMUF) test solution [15] leads to the formation of
HA, while in the absence of the citrate ions plate-like brushite is
precipitated [16].

The sintering temperature is also a critical factor for
improving the mechanical properties of HA that influences the
phase stability, densification behaviour, microstructure, such as
particle size and shape as well as particle size distribution, and
hence the hardness of HA ceramics [17-23]. Although, the
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beginning of shrinkage and the densification of HA depend
mainly on the Ca/P ratio, the final sintering density depends on
the particle size, the homogeneity and the agglomeration
character of the powder precursor [24]. In our previous paper
[25] we prepared lath-like HA particles using a modified
precipitation method and we found that the calcination
decreases the particles length and changes the particles
morphology to spherical shape. It was found that long aging
time of the slurry favours the formation of thermally stable HA
particles. Sintering of compacted powders begins at tempera-
tures higher than 900 °C.

In the present work we studied the effect of the addition of
CiA in the preparation of HA with a modified precipitation
method [26]. According to this method HA is prepared by a
rapid increase of the pH value of a solution containing calcium
and phosphate ions with molar ratio similar to HA following the
addition of various amounts of CiA, using a high-speed
dispersing equipment (HSDE). Afterwards the powders
prepared were studied using X-ray diffractometry (XRD),
thermogravimetry/differential thermal analysis (TG/DTA),
thermomechanical analysis (TMA-thermodilatometry, TD),
scanning electron microscopy (SEM), Fourier-transform
infrared spectroscopy (FI-IR) and N, adsorption—desorption
porosimetry.

2. Materials and methods
2.1. Materials

The reagents that have been used were CaCl,-2H,O (Fluka,
Assay (KT) 99%), Ca(H,PO,),-H,O (Riedel-de Haén, Assay
88%), Citric Acid (Riedel-de Haén, Asssay 99.5%) and
Ammonia solution 25% (Riedel-de Haén).

2.2. Preparation

The apparatus used was described in our previous work [26]
and consisted of a 1 L glass reactor vessel with a four neck
cover, a dispersing equipment (Model S 50 KG-HH, IKA-
Works) with dispersed element (Model G 45M, IKA-Works,
Inc., Wilmington, NC) and heating mantle. The reaction
temperature was adjusted by a temperature controller, which
was connected to a thermocouple. A flowing stream of air was
used to remove CO, from the reactor. The air was passed
through an absorption tube containing solid NaOH as a CO,
absorbent. A condenser and a proper syringe containing
concentrated NH,OH solution were connected to the one
angled side neck. An 800 mL solution of 0.0538 mol of
Ca(H,PO,),-H,0 and 0.1254 mol of CaCl,-2H,O with a Ca/P
molar ratio of 1.67 (the stoichiometry of HAp) as well as
different amounts of CiA, in order to create solutions with a
molar ratio of CiA/Ca equal to 0.025, 0.050, 0.075, 0.100, as it
is shown in Table 1, was transferred into the reactor vessel and
was heated to 97 °C using an airflow rate of 15 L/h for 30 min.
The rotation speed of the disperser was adjusted to 5000 rpm,
and then 15 mL of concentrated NH4OH solution (25%, w/w)
was added at once using the syringe. The solution pH increased

Table 1
Molar ratio and specific surface area of samples. Initial Ca/P ratio = 1.67.

Run Sample’s CiA/Ca Calcination Specific surface
code ratio at 900 °C area (m*/g)
1 RO 0.000 No 60
2 R25 0.025 No 109
3 R50 0.050 No 152
4 R75 0.075 No 168
5 R100 0.100 No 172
6 CO 0.000 Yes 82
7 C25 0.025 Yes 10
8 C50 0.050 Yes 8
9 C75 0.075 Yes 5
10 C100 0.100 Yes 2

from 3.2 to 8.8 and white slurry was produced. The slurry was
aged under the above mentioned conditions for 30 min.
Subsequently, the mixtures were cooled to room temperature,
filtrated, washed with distilled water, and dried at 90 °C for 1
day. The as prepared samples were calcined at 900 °C for 3 h.

2.3. Characterization

The identification 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 20-60° in steps of 0.02° and the identification of the
patterns was made by the cards of the International Centre for
Diffraction Data (ICDD). FT-IR was performed using a
spectrophotometer (Model Spectrum RX I FT-IR, Perkin—
Elmer). 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 properties of the solids were 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.

2.4. Thermal analysis

Simultaneously TG/DTA (thermogravimetry/differential
thermal analysis) measurements were carried out by a STA
449C (Netzch-Gerdtebau, GmbH, Germany) thermal analyzer.
The heating range was from ambient temperature up to
1200 °C, with a heating rate of 10 °C/min under synthetic air
flow rate of 30 cm*/min. As reference Al,O5 powder was used.
For sintering analysis, the powder samples were uniaxially
pressed in a cylindrical die, with diameter of 6 mm, under a
350 MPa compressing stress. Linear shrinkage (thermodilato-
metry, TD) was determined with a NETZSCH horizontal
dilatometer (Model TMA/DIL 402C), using the same thermal
cycle as the one used for TG-DTA techniques (i.e. a heating rate
of 10 °C/min). The differential thermogravimetric (DTG) and



A.L Mitsionis et al./Ceramics International 36 (2010) 623—634 625

differential thermodilatometric (DTD) curves were obtained by
differentiation of corresponding TG and TD curves, using the
NETZSCH SOFTWARE FOR THERMAL ANALYSIS (Ver-
sion 3.6), while the peak separation of the DTG and DTD
curves was performed using NETZSCH SEPARATION OF
PEAKS software (SW/PKS/650.01A).

3. Results and discussion
3.1. XRD analysis

Fig. 1 shows the XRD patterns of uncalcined phosphate
materials. The XRD pattern of the sample prepared without the
presence of CiA containing strong and sharp peaks correspond-
ing characteristically to HA and B-tricalcium phosphate (3-
TCP) (File No. 84-1998 and 70-2065, respectively, Interna-
tional Centre for Diffraction Data (ICDD), Newtown Square,
PA). In our previous paper [26] dropwise addition of ammonia
solution led to the formation of only one phase; high
crystallinity HA. From the XRD results in this paper, we
suggest that the rapid pH increase of a well-mixed solution in
order to obtain quickly a supersaturated solution produces well-
crystallized biphasic material with general Ca/P atomic ratio
lower than the initial value of 1.67 (the TCP has Ca/P atomic
ratio equal to 1.50). On the other hand aging time was not
sufficient to hydrolyse the TCP crystals to HA one.

The presence of CiA in the initial solution resulting to the
formation of very low crystallinity phases of HA and octacalcium
phosphate (OCP, Cag(HPO,4),(POy4)4-5H,0). The CiA acts as an
entrapping agent of Ca ions resulting to the formation of OCP
with lower Ca/P atomic ratio (Ca/P = 1.33) than TCP. Previous
studies indicated that the high reaction temperature and the
mechanical activation induced from the dispersing equipment
produce high crystallinity material [26]. In this work the presence
of calcium citrate complexes rebut the effect of the above
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Fig. 1. XRD powder patterns of raw non-calcined calcium phosphate materials.
H: HAp; B: B-TCP; O: OCP.
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Fig. 2. XRD powder patterns of calcined calcium phosphate materials. H: HAp;
B: B-TCP; a: a-TCP; P: calcium pyrophosphate.

mentioned factors and led to the formation of low crystallinity HA
and OCP phases. Amorphous calcium phosphate (ACP) also has
been prepared by rapid precipitation at pH 8.9, 9.9 and 11.7 with
formulae Cag sg(HPO4)1.11(PO4)4.890(OH)o .27, Cag oo(HPO4)o.16
(POy4)5.84(0H)g 16 and Cag »1(HPO4)0 08(PO4)5.92(OH)o 50 [27].
The conversion of the soluble CaP compounds into calcium-
deficient apatite (CDA) is favoured by the thermodynamic
stability of the apatite phase in basic media. The composition of
the resulting CDA depends on a wide range of factors
(temperature, pH, concentrations and rate of mixing). Depending
on these parameters, the composition of the CDA may vary,
leading to mixtures of 3-TCP and HA phases when heated at more
than 800 °C [28]. An ACP corresponding to an amorphous OCP
which was prepared at 37 °C by rapid precipitation from an
alcoholic solution has been reported [29].

On the contrary the calcined samples presented in Fig. 2 show
better crystalline phases. The XRD pattern of the sample
prepared without the presence of CiA contains strong and sharp
peaks that correspond characteristically to HA and 3-TCP,
similar to the uncalcined one. The XRD patterns C25 and C50
(Fig. 2) show that except from 3-TCP phase, a substantial amount
of calcium pyrophosphate (CPP, Ca,P,0;, File No. 70-0881,
ICDD) is recorded after calcination at 900 °C. The corresponding
diffraction lines are very sharp; indicating high crystallization of
the CPP and (3-TCP phases. Due to the absence of OCP and HA
from the XRD patterns of C25 and C50 samples (see Table 1), we
assumed that the formation of CPP comes from the decomposi-
tion of OCP (reaction (1)), while simultaneously the HA react
with CPP produced TCP (reaction (2)). The XRD patterns
(Fig. 2) of C75 and C100 samples (see Table 1) show that after
calcination at 900°C the produced phases were a-TCP (File No.
70-70-0364, ICDD) and CPP phases.

The amorphous calcium phosphate (ACP) prepared by
precipitation from solution with low initial ion concentrations,
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during heating tended to first crystallize B-TCP, while from
high ion concentrations initial a-form is produced. The ion
concentrations of initial solution were high with a [Ca] x [P]
product of ~30 x 10°> mM?, and we expect firstly the crystal-
lization into «-TCP, with an exothermic peak at about 660 °C
followed by an exothermic conversion of a-TCP into 3-form at
about 870 °C [30]. With further heating the a-form of TCP is
formed after calcination of B-form at about 1200 °C. The
presence of a-TCP after heating at 900°C is attributed to the
idiomorphic structure of the uncalcined sample, due to the
presence of a large amount of calcium citrate complexes and
OCP with molar ratio of Ca/P equal to 1.33. The a-TCP is
related to the structure of apatite, and can be seen from the
consideration of its unit cell’s dimensions with those of apatite.
a-TCP has a “looser” structure than 3-TCP, and consequently
has higher internal energy and chemical reactivity [31]:

Cag (HPO4)2(PO4)4'VZH20
— 2Ca3 (PO4)2 + Ca2P207 + (n + 1)H20 (1)

Ca10 (PO4)6 (OH)z + C212P207 — 4C33 (PO4)2 + Hzo (2)

3.2. FTIR

Fig. 3 shows the FT-IR absorption spectrum of uncalcined
sample without the presence of CiA (RO curve). In general, the
spectrum is in accordance with the literature. The broad band at
3100-3500 cm ™" corresponds to adsorbed hydrate, while a
weak sharp peak at 3575 cm ™' corresponds to the stretching
vibration of the lattice OH™ ions. The weak shoulder at
1255 cm ™" and a weak peak at 872 cm ™' can be assigned to P—
O-H in-plane and out-of-plane deformation modes, respec-
tively, which indicates the presence of the ionic group HPO,> ™,
in other words, the formation of CDA. The characteristic bands
for PO, appear at 470, 560, 602, 960 and 1030 cm™'. A
medium sharp peak at 1400 cm ™" is assigned to the carbonate
vibration.

FT-IR spectras of samples prepared in the presence of CiA in
the initial solution show some new vibrations. Two weak peaks
at 2923 and 2851 cm ™' are attributed to C—H vibrations of
citrate complexes (Fig. 3b). A very broad peak at ~1600 cm™ ',
a shoulder at ~1450 cm™ ' as well as a sharp and weak at
1387 cm™! (R50, R75 and R100 samples, see Table 1) are
characteristic of the carboxyl stretching vibrations of citrate
complexes (Fig. 3¢) [19,32-34]. In addition to these, a shoulder
band at ~3200 cm ™~ can be ascribed to ammonium ions (NH, )
[34], which adsorbed on the solid from the initial solution. In
the precipitation method, the ammonium are not incorporated
into the apatite lattice but, rather, adsorbed onto the CaP
precipitates and eliminated by heating above 400 °C [28].

3.3. Thermal analysis
Fig. 4 shows the TG, DTG and DTA curves of non-calcined

calcium phosphate sample. The thermal transformation of
sample prepared in absence of CiA takes place through four not
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Fig. 3. Ft-IR spectras of raw calcium phosphate materials.

well-distinguished steps. The first step is an endothermic peak
on the DTA curve between room temperature and ~180 °C. It
consisted of two stages, as reveal the peak separation
(deconvolution) of DTG curve (Fig. 4b and Table 2, peaks 1
and 2), and it can be attributed to removal of absorbed and/or
crystalline water as well as of other adsorbed volatile
compounds (reaction (3)):

Calo,x(HPO4)x(PO4)6,x(OH)Z,x-nHzO
— Cajo_(HPO4),(PO4)6—x(OH)>_, + nH,O 3)

The transformation of acid-phosphate ions to pyropho-
sphate, take place between 180 and 700 °C during a second
endothermic step (reaction (4)). The deconvolution of DTG
curve shows that the second step, also, consists from two stages
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Fig. 4. TG, DTA and linear shrinkage curves (a), as well as the peak separation
of DTG (b) and differential linear shrinkage (c) curves of RO sample.

(Fig. 4b and Table 2, peaks 3 and 4), indicates the presence two
different acid-phosphate structural groups. In the same
temperature range there are two small peaks at temperature
447 and 498 °C, respectively:

Cajo(HPO4),(PO4)s—x(OH)2,
— Calo,ZX(PO4)6,X(OH)27X + (X/Z)C82P207 + (X/Z)Hzo
“)
A narrow and sharp peak in temperature range between 770
and 835 °C (Fig. 4b and Table 2, peak 5) is attributed to the
transformation of pyrophosphate to TCP (reaction (5)):
Cajg_2¢(PO4)6—x(OH),+(x/2)CarP,0;
— Cajg_sy/2(PO4)6-x(OH)2 2, + (x/2)Ca3(POy4)2
+ (x/2)H,0 (5)
The partial dehydration (reaction (6)) and the decomposition
of HAp (reaction (7)) take place in the forth step at the
temperature range between ~850 and ~1100 °C (Fig. 4b and
Table 2, peak 6). In the same temperature range there are two
small peaks at temperature 870 and 919 °C, respectively:
Caj(PO4)6(OH); — Cajo(POy4)s(OH), 2,0,VOH | 4+ yH,0
(6)
where VO denotes the lattice vacancies on OH sites [25,26]:

Calo(PO4)6(OH)2 — 2Ca3 (PO4)2 + Ca4O(PO4)2 + H20 (7)

The linear shrinkage (LS) of non-calcined calcium phosphate
samples without the presence of CiA, is also illustrated in Fig. 4a.

In general, at the temperature range between 750 and 1150 °C,
the curve exhibits a bimodal sigmoidal shape. Up to 750 °C there
are some small changes of the tablet dimension. The removal of
absorbed and/or crystalline water (reaction (3)) takes place
initially by expansion and thereinafter by shrinkage of the tablet
(Fig. 4c, Table 2, curves 1 and 2, correspondingly). In the broad
curve 2, the transformation of acid-phosphate ions to pyropho-
sphate is also included (reaction (4)). At about 445 °C the sharp
peak indicates the crystallization of produced calcium pyropho-
sphate (CPP) (Fig. 4c, Table 2, curve 3). A small peak at ~665 °C
is attributed to the crystallization of a-TCP (Fig. 4c, Table 2,
curve 4). The sintering begins (onset temperature) at tempera-
tures 752 °C with a weak endothermic peak (Fig. 4a and c,
Table 2, curve 5) corresponding to the reaction (5). The next peak
(Fig. 4c, Table 2, curve 6) has maximum linear shrinkage rate at
855 °C is attributed to the endothermic transformation of a-TCP
to B-form. Due to the density of «-TCP (2.863 g cm >, No. 70-
0364, ICDD) is smaller than B-form (3.147 g cm >, No. 70-
2065, ICDD) the transformation of a- to B-form leads to the
shrinkage of particles. The two previous peaks 5 and 6 are
overlapped from the seventh peak (Fig. 4c, Table 2, curve 7)
corresponding to pure sintering phenomena. In this temperature
range the mechanism of matter transport can be divided in two
categories: (a) the reduction of surface area without densification
of the material, by superficial diffusion and gaseous phase
transport, and (b) the increase of the apparent density, by volume
diffusion or grain boundaries. The first mechanism takes place
below 850 °C while the second one above 850 °C [35]. The next
sigmoidal step consists from two peaks (Fig. 4c, Table 2, curves 8
and 9), the first one is attributed to the reactions (6) and (7), while
the second one corresponds to sintering at high temperature. The
above reported results are in accordance to our previous paper
[25] we found similar behaviour for high crystallinity HA.
Generally at lower temperatures, sintering of the primary
particles within the agglomerates as well as rearrangement of the
agglomerates takes place. At the temperature range between 900
and 1100 °C, the grain growth is controlled by pore mobility,
while around 1300 °C rapid grain growth occurs [36]. According
to Ruys et al. [37], the HA densification mainly take place
between 900 and 1150 °C after what the pore collapse and
blowholes appear between 1150 and 1200 °C. Ruys et al. also
reported that for temperatures ranging between 1200 and
1350 °C, the blowholes increase in size and number. Mazaheri
et al. [38] found that for nanocrystalline HA, a significant
densification was observed in a temperature range from 800 to
950 °C. Further increase of the temperature up to 1100 °C,
resulted in prohibition of densification mechanisms due to the
pressure effect of produced gas in the closed pores followed by the
collapse of pores [39]. In contrast, Jokanovi¢ et al. [40] concluded
that small rate of sintering of the samples sintered at 800 °C,
complies with low apparent density and spot-like contacts among
the particles, and hence a neck forms between them before
particle coalescence occurs. In this case, the sintering process
occurs through surface diffusion of vacancies and interstices. In
our case, assuming that the densificationis related to LS, the linear
shrinkage up to ~950 °C was about five folders less (~3.3%) than
in the temperature range from 950 to 1190 °C (14.5%).
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Table 2
The results of peak separation of differential linear shrinkage curves.
Sample DTG DTD
Peak number Peak temperature (°C) Mass loss (%) Peak number Peak temperature (°C) Linear shrinkage (%)
RO 1 79 1.60 1 69 0.13
2 128 1.31 2 162 —0.60
3 187 0.94 3 446 —0.08
4 293 2.86 4 664 -0.09
5 812 0.32 5 824 —0.65
6 1057 0.72 6 855 —0.92
7 899 —-1.75
8 1031 —-5.92
9 1103 —8.54
10 1177 0.73
10a 1202 0.37
R25 1 55 1.14 1 85 0.14
2 87 3.79 133 —0.26
3 239 3.96 2a 237 —-0.22
4 294 2.63 2b 311 -0.57
4a 510 2.22 3 - -
5 829 0.78 4 658 —1.72
6 1085 0.87 5 834 —1.20
6 868 —1.08
7 892 —6.02
8+9 1079 —32.49
10 1211 0.88
R50 1 57 0.74 1 77 0.03
2 99 1.72 2 192 —1.52
2a 165 0.98 2a 285 —0.06
3 264 3.68 3 - -
3a 316 5.05 4 699 —1.16
4 485 0.39 5 801 —-1.93
5 787 0.40 6+7+8 942 —17.22
9 1053 —-3.52
10 1182 0.28
R75 1 94 2.65 1 51 —0.13
2 167 4.14 2 150 —0.31
3 242 5.56 2a 264 —2.37
3a 374 3.08 3 - -
4 497 2.02 4 691 —1.32
5 831 0.64 5 834 —2.42
Sa 900 0.18 6+7+9 940 —15.18
6 966 0.59 8 970 -3.17
10 1186 0.21
R100 1 90 4.70 1 89 0.04
2 132 0.29 2 132 —0.36
3 260 5.19 2a 260 -0.51
4 342 5.23 3 514 —1.05
5 786 0.4 4 668 —0.58
546 875 —3.00
7 921 —-3.61
8 1099 —10.51
9 1183 —1.97

In temperature range between 1170 and 1210 °C two
expansion stages were observed (Fig. 4c, Table 2, curves 10 and
10a), with maximum rate of LS at 1177 and 1202 °C,
correspondingly. These stages are attributed to the transforma-
tion of high density 3-TCP to lower density a-form, hence
increase of sample volume. This transformation is also

observed in the DTA curve by a small endothermic peak at
1187 °C.

The thermal analysis of samples R25, R50, R75 and R100
are depicted in Figs. 5-8, correspondingly. The presence of
citrate complexes in the samples results some extra mass loss
stages, which are clearly observed in the peak separation of the
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DTG curves as are shown in the Figs. 5b, 6b, 7b and 8b, as well
as in the Table 2. The new stages can be attributed to the
decomposition of the produced OCP (reactions (1) and (2)).
The absent of a mass loss peak at the temperature range of 900—
1000 °C indicate the absent of calcium carbonate phase. The
decomposition of calcium citrate in air flow produces CaCO;
(reaction (8)). This reaction is exothermic and appears in the
DTA curves of R50, R75 and R100 (Figs. 6a, 7a and 8a) with a
broad exothermic peak at the temperature range of 250-500 °C.
Consequently the produced CaCO; react with the OCP,
according to reaction (9):

(CeH507)2Cas + 90, — 3CaCO; +9CO, + 5H,0 (8)

Cag (HPO4)2(PO4)4 + CaCO3 — 3Ca3 (PO4)2 + COZ + HQO
©)

The second step mass loss for all samples, is the sum of the
mass loss of 3, 3a, 4 and 4a peaks from the Table 2, that are
depicted in Fig. 9. As it seems, the mass loss increases with
the increasing the amount of CiA in the initial solution. The
samples R25 and R50 show about the same mass loss (8.81
and 9.12%, correspondingly), as well as the samples R75 and
R100 (10.66 and 10.42, correspondingly). This behaviour
should be related with the results from the XRD patterns, in
which the main phase of the calcined samples C25 and C50 is
the B-TCP, while for calcined samples C75 and C100 the o-
TCP.

The differential linear shrinkage (DLS) curves, as well as
their peak separation curves are depicted in Figs. 5c, 6¢, 7c and
8c for the samples R25, R50, R75 and R100, respectively. In
comparison to the DTG curves, further stages are observed in
all DLS curves up to 400 °C. The sharp peak of CPP
crystallization at ~450 °C is absent, indicating the formation of
crystalline CPP since the beginning of OCP decomposition
(reaction (1)). In the above samples the crystallization of the
amorphous calcium phosphate (ACP), takes place in the fourth
stage with a maximum rate of LS at temperature range between
660 and 690 °C. The corresponding values of %LS are higher
than RO sample, indicating higher amount of amorphous phase.

— .
i
1 g R75 R100
= l
g * I R50
2 R25
[
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= RO
4-
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moleCiA/moleCa

Fig. 9. The mass loss of the second steps of the samples.

For the samples prepared in presence of CiA, the main
shrinkage occurs also for temperatures above 700 °C. The
sample R25 exhibited similar behaviour with the RO as a
function of temperature. The shrinkage stages of R25 sample,
also are banded together into two main steps, but with more
than two folders linear shrinkage (40.79%, Table 2) from RO
(17.78%, Table 2). The shrinkage stages of the samples R50 and
R75 are banded together into only one main step, with total
linear shrinkage 22.67 and 20.77%, respectively. In the same
temperature range the sample R100 has very different
shrinkage behaviour, which takes place in two main steps
with total linear shrinkage 19.08%.

In the DTA and DLS curves of samples R25, R50 and R75
the endothermic linear expansion is observed at temperature
about 1200 °C, due to the transformation of B-TCP to a-form.
The increasing of CiA in the initial solution leads to the
decreasing of the %LS and the value of corresponding DTA
peak temperature for this stage, indicating a decreasing amount
of B-TCP were formed during the precipitation. Remarkable, is
the formation of a-TCP in the samples R75 and R100 after
calcinations at 900 °C, and the absent of the above peak on the
DTD curve of the last one.

3.4. Textural analysis

The adsorption isotherms of uncalcined samples are shown in
Fig. 10, while the specific surface area (SSA) in Table 1. All the
adsorption isotherms have the same shape, which is attributed to
type I characteristic for nonporous solids. The hysterisis loops
indicate the appearance of mesopores due to the interspaces
between the particles in the aggregates. The specific surface area
of sample in absence of CiA in the initial solution was 60 m*/g.
The presence of CiA in the initial solution resulting to increase
the SSA significantly. The SSA increases from 109 to 172 m%/g
as the amount of CiA in the initial solution increased. The SSA of
the samples shows significant differences after calcination at
900 °C. The SSA of samples prepared in absence of CiA after
calcination increases (82 m?/g). On the contrary, the presence of
OCP in the as prepared samples results to a dramatically decrease

400 - R75

350 _ R25
300
250 i

200

Vicm¥g)

150 -
100 -
50 - RO

0 T T
0.00 0.25 0.50 0.75 1.00

P/Po
Fig. 10. N, adsorption and desorption isotherms expressed as volumes of gas

vs. partial pressure. The collected isotherms are suggestively from the uncal-
cined samples RO, R25 and R75.
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of SSA after calcination from 10 to 2 m?/g as the amount of OCP
increases.

Fig. 11 shows SEM micrographs of uncalcined samples. The
sample RO consists of needle-like particles. The main size of
the individual particles is estimated to be around 200-300 nm
in length and 50 nm in width. The precipitated samples from the
solutions which content CiA, are consisted of big aggregates of
small particles, due to the presence of substantial amount from
calcium citrate complexes. The shape of small particles is
spheroidal with mean diameter around 100-200 nm. These
results indicate that citrate absorbs on the calcium phosphate
nuclei, inhibits their growth and finally leading to the formation
of a large number of small particles which contribute to a higher
surface area [32]. On the other hand, the calcium citrate
complexes acting as template of the heterogeneous nucleation
of calcium phosphate, producing uniform fine particles [41,42].
Martins et al. [34] found that when the initial pH increased
above 8§, the particle size decreases dramatically. In our case,
after the ammonia addition, the pH of the solution became
about 8.8. The agglomerate free spherical shape particles are

-
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more advantageous for the fabrication of homogeneous green
compacts. The spherical particle morphology is also important
for decreasing the interparticle frictional forces during the
pressure assisted densification [36].

These nanometer-sized particles have high surface energy
and could be sintered from the onset of thermal crystallization
at temperature 600 °C, compacted with the crystalline HA
powder, which has shown shrinkage and the formation of grain
boundaries only at 1100 [28]. The high specific surface area of
the smaller particles often accounts for their high reactivity and
driving force for sintering [36]. Microporosity is usually
obtained by using low sintering temperatures. Microporous
CaP ceramics have been easily prepared starting from
amorphous CaP powders [43,44].

Fig. 12 shows SEM micrographs of calcined samples at
900 °C. The calcination of sample without additives (CO),
consists of tufts of needle-like particles, that indicates the
beginning of sintering. The size of the individual particles is
estimated to be around 500-1000 nm long. On the contrary, in
the samples with the presence of calcium citrate, the sintering

18kU X118, 908 1Hhm

Fig. 11. SEM microphotograph of uncalcined samples.
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Fig. 12. SEM microphotograph of calcined samples.

was more obvious. Thermal treatment of samples R25 and R50
(calcined samples C25 and C50, respectively) at temperature of
900 °C has as a result a particle joining in a concave neck,
leaving a network of open large pores throughout the entire
ceramic, which had a denser structure. This surface diffusion
began after about 500 °C, which corresponds to the crystal-
lization of the amorphous powders. The samples with higher
content of calcium citrate (R75 and R100), after calcination
(C75 and C100, correspondingly) produce very large non-
porous particles. The sintering behaviour depends not only on
the particle size but also on the particle morphology, because a
large particle size along with hard agglomerates exhibits lower
densification. On the other hand, the difference in shrinkage
between the agglomerates is also responsible for the production
of small cracks and other kinds of three-dimensional defects
(closed pores entrapped between the intersections of different
grains) in the sintered HA [45-47]. The aggregation of
uncalcined particles is ruled by surface energy minimization
[41], facilitate the sintering process. The observations from
SEM micrographs are in accordance with the BET results.

According to Martins et al. [34] the citrate ions mobilize
calcium ions as calcium—citrate complexes, most probably as
CaCit~ and CaHCit species and are introduced in the
precipitating medium during the first steps of the starting
reagents mixture process. On the other hand, the precipitation
of biphasic low crystallinity small particles suggests a growth
mechanism involving an aggregation step of smaller primary
crystal units rather than single-crystal growth. In alkaline pH
range, mainly exist as anionic citrate species, which may adsorb
on the precipitated particles’ surface. Hence produce an overall
negative surface charge preventing not only the primary unit
particle growth but also their aggregation. HA that crystallizes
with a hexagonal structure has different spatial arrangements of
calcium and phosphate groups. The rectangular ac or bc crystal
facets are rich in calcium ions or positive charge and
consequently the citrate ions will adsorb preferentially onto
these facets, thus giving rise to electrostatic inhibition of
rectangular facet-to-facet particle aggregation.

High pH values and high temperature favour the dissolution
of CiA, thus the Ci’~ ions are presented mainly in the solution,
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which are adsorbed on the solid surface might account for the
development of the higher negative surface charge of
nanoparticles than the less negative and less abundant HCit*~

ions. Therefore the formation of nanometric particles from
calcium/citrate/phosphate solutions is here proposed as a result
from three main contributions: (a) a high supersaturation
established at an appropriate pH condition after the addition of
ammonia solution, (b) an inhibition of the primary units
aggregation, owed to their high particle surface charge due to
the Ci*>~ ions adsorption, and (c) the concentration of Ci*~ ions.
However, the solution pH decreases as the particle growth
proceeds, thereby increasing the concentration of HCit*~ and
CaCit™ species [34]. Such species prompt the complexation
between the —COO- groups and calcium ions (-COO—Ca**—
OOC-), which are being incorporated into the solid structure
during particle growth. These phenomena enable the adhesion
of neighbour particles, and the precipitated solids consist from
nanometric particles.

4. Conclusion

The modified precipitation method leads to the formation of
biphasic needle-like particles consisted of crystalline HA and
B-TCP. The presence of CiA in the initial solution acts as an
entrapping agent leading to the formation of low crystallinity
phases of HA and OCP with lower Ca/P atomic ratio than TCP.
In all cases the ceramics were aggregated nonporous small
spheroidal particles. After calcination, the formation of a-TCP
is attributed to the idiomorphic structure of the uncalcined
sample, due to the presence of a large amount of calcium citrate
complexes. The main sintering process takes place at the
temperature range between 750 and 1150 °C. The number of
sintering stages as well as the %LS of them, were strongly
depended on the amount of the CiA during the precipitation,
due to the different composition of raw precipitated materials.
The presence of OCP and calcium citrate complexes in the raw
materials, facilitates the sintering process, resulting to a
dramatic decrease of specific surface area of the calcined
ceramics.

The observed differences of particle size and morphology
indicate a strong influence of the solution speciation on the
nucleation and growth processes. The formation of nanometric
particles from calcium/citrate/phosphate solutions is proposed
as a result from the high supersaturation established after the
addition of ammonia solution, the inhibition of the primary unit
aggregation, and the concentration of Ci*~ ions. The presence
of HCit*>” and CaCit™ species in the solution prompt the
complexation and incorporation into the solid structure during
particle growth, and thus inhibit the aggregation of neighbour
particles.
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