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THE FORMATION OF DIFFERENT CALCIUM PHOSPHATE PHASES

M. Habib, K. Hussein and N. Fatahalla
Mechanical Engineering Department, Al-Azhar University, Cairo, Egypt.

ABSTRACT

Recently, there has been a growing new paradigm to use synthetic calcium phosphate
biomaterials as bone substitutes in orthopedics applications. Their structure and composition are
close to the human bone, and thus conferring them a good biocompatibility and
osteoconductivity. Wet process is normally used for the synthesis of Hydroxyapatite (HA) and
beta-tricalcium phosphate (B-TCP). However, the wet process was reported to be less
reproducible for fabrication of pure apatitic phases in comparison to other synthesis processes. In
this study, it is hypothesized that a specific apatitic phase that is normally obtained from
stoichiometric reaction can be synthesized by using non-stoichiometric based reactants in a
reproducible way by controlling the pH value during the synthesis process. A factorial design
with two factors and three repeats was implemented to examine the hypothesis [A: Ca/P (1.5,
1.55, 1.667) and B: pH (7.5, 9.5)]. All precipitated powders were dried and aged overnight and
then sintered for 2 hours at 800 °C. The powders were analyzed for phase, group and
morphological analysis by X-Ray Diffraction (XRD), FTIR, and ESM/TEM, respectively. The
results have revealed a better understanding of how to synthesize pure calcium phosphates phases
for the repair of bone defects using the cost-effective wet chemical process. Small variation in the
reactant molar ratio can significantly change the precipitated phases. Controlling the reaction pH
can governor effectively the precipitation of a specific phase despite of the small variation in the
molar ratio.

KEYWORDS : Biomaterials, Calcium Phosphate Phases, Hydroxyapatite, Beta-Tricalcium
Phosphate, Wet Process

INTRODUCTION

Bone repair remains an important challenge in the field of dental maxillofacial and orthopedics
when there is an urgent need for bone reconstruction. Bone defectcan be treated with orthopedic
surgery by replacing the defected bones with bone substitutes. There are two types of bone
substitutes, biological and synthetic ones [1]. Biological bone substitutes include autograft,
allograft, and demineralized bone matrix. In autograft, bone substitute is harvested from the
patient himself usually from iliac bone. Whereas the source of bone substitute in allograft is a
person other than the patient such as donor or cadaver. The demineralized bone matrix is allograft
bone in which inorganic minerals are removed leaving behind the organic (collagen) matrix. The
other types of bone substitutes are synthetic bone substitute materials. They have artificial
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mineral structures similar to the mineral content of human bone such as calcium phosphate
ceramics, calcium sulfate, and bioactive glasses [2].

Synthetic bone substitute comes to be an optimum alternative for bone allograft. This is due to
the excellent biocompatibility nature, no risk of disease/virus transfer, unlimited supply, long
shelf life, and availability in every shape, porosity, and composition [3].

Calcium phosphate bioceramics have different phases that can be used as a synthetic bone
substitutes. The most commonly used phases are Hydroxyapatite (HA) [Caio (PO4)s(OH) 7], beta-
tricalcium phosphate (B-TCP), alpha-tricalcium phosphate (a-TCP) [Ca3(PO4)2] and biphasic
calcium phosphate (BCP) which is a combination of both in various ratios.

Fabrication of calcium phosphate ceramics can be made by several techniques such as wet
chemical process, hydrothermal processing, sol gel technique, solid state technique, and self-
propagating combustion synthesis. Wet chemical process is considered as the most widely
researched technique because it produces large amount of powders with reasonable cost [4].
However, the effect of some process parameters is still misunderstood and consequently
reproducible data are needed.

This investigation is focused on stabilizing the synthesis process parameters. Namely, Calcium to
Phosphate Ratio (Ca/P) and pH value are controlled for a reproducible synthesis of
hydroxyapatite (HA) and Beta-Tri-calcium Phosphate (B-TCP) that meet the international norms
of orthophosphates used in orthopedic application.

HA and B-TCP powders can be produced via wet-chemical process as a precipitation by a
chemical reaction between the two reactants calcium nitrate tetra-hydrate [Ca(NO3),.4H,0] and
di-ammonium hydrogen orthophosphate [(NH4),HPO,].

In order to produce a specific phase of calcium phosphates, a Ca/P ratio of the reactants must be
taken into consideration according to the following chemical reactions:

8NH,OH

10 Ca (NO3),.4H,0 + 6 (NH.),HPO, — > Cayo (POs)s(OH) 2 + 20 NH,NO; + 46H,0 ......... [1]
2NH,OH
3Ca (NO3),.4H,0 +2 (NH.),HPO, ~ ——— Cay (PO,), + 6 NH;NO3 + 14 H,0 ............ 2]

According to equation [1], HA can be synthesized when the reactants molar ratio of Ca/P equals
to 10/6= 1.667 [5-7]. On the other hand, B-TCP can be synthesized according to equation [2]
when the reactants molar ratio of Ca/P equals to 3/2 = 1.5 [8-11]. However, pure B-TCP is
reported to be precipitated at Ca/P = 1.41[7]. Whereas, in other research work [12], pure B-TCP
was easily precipitated at different Ca/P ranging from 0.67 to 1.55.

The reaction pH value controls the Ca/P ratio of the precipitated powders [12]. For example, at
pH equals 6, the precipitated powder will have a Ca/P lower than 1.5. When the pH of the
reaction increases to 7.4, the Ca/P of the precipitated powders will be approximately equal to 1.5
[12]. If the pH is maintained at 8.5, the Ca/P ratio of the precipitated powders will increase with
nonlinear behavior till it reaches 1.66 [12].

The pH of the reaction can be controlled by adding ammonium hydroxide [NH,OH] solution. If
the reaction between two reactants is a precipitation reaction, one of the reactants should be in a
limiting weight that is calculated from the coefficient of the balanced equation and the other
reactant should be in excess weight to attain maximum vyield of the product. This indicates that
the product of precipitation reactions will not change even if one the reactant is in rich weight.

In the present work, it is hypothesized that product of stoichiometric precipitation reaction will
not change with different reactants molar ratio as long as one of the reactants is in a limiting
weight and pH of the reaction is constant. An experimental work is designed to examine the null
hypothesis.

Materials and Method

The following chemicals were used to synthesis different calcium phosphate phases in a powder
form in order to verify the proposed hypotheses. Calcium nitrate tetra-hydrate [Ca(NOs3).4H,0]
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(Sigma Aldrich, Germany) was used as a source of calcium Ca?* ions. Di-ammonium hydrogen
orthophosphate [(NH.),HPO,] (Sigma Aldrich, India) was used as a source of phosphate (PO4)*
ions. Both salts were dissolved in distilled water. Ammonium hydroxide [NH,OH, < 33% w/w]
(EDWIC, Egypt) was used to control pH of the solution.

Wet chemical process was used for the synthesis of all specimens during the course of this study.
Ca(NOg3),. 4H,0 solution was placed into double wall beaker. Then (NH4),HPQO, solution in
separation funnel was added to it. The two solutions were mixed with mechanical stirrer at a
speed of 1250 rpm. pH and temperature of the mixture were monitored by pH/temperature meter
(Genway, UK) via pH/ temperature probe. Synthesis temperature and solution pH was controlled
by constant temperature water circulator and adding NH,OH solution.

Factorial Design

A factorial design with two factors and three repeats was implemented [A: Ca/P (1.5, 1.55, 1.667,
1.72) and B: pH (7.5, 9.5)]. Calcium phosphate [Ca(NO3),.4H,0] and di-ammonium hydrogen
orthophosphate [(NH;).HPO,4] were dissolved in distilled water separately according to initial
Ca/P molar ratio of 1.5, 1.55,1.67and 1.72. Synthesis temperature was set at 50 °C and pH of the
reaction was maintained at 7.5 and 9.5 by adding ammonium hydroxide [NH4OH]. There were
three repeats of each Ca/P and pH combination. The experimental work is carried out by making
initial Ca/P = 1.72 and 1.55. The resulting phases were then compared to those obtained from the
stoichiometric reaction in which Ca/P = 1.67 and 1.5. The reaction pH was maintained at 9.5 and
7.5 for Ca/P = (1.667 and 1.72) and (1.5 and 1.55) respectively. Precipitated powder was aged for
24 hours at room temperature (28 °C). Aged powder was then filtrated in Buchner funnel and
washed three times with distilled water. Filtrated powder was dried at 80 °C, for 20 hours.
Finally, dried powders were sintered at 800 °C for 2 hours.

Characterization

All precipitated powders were analyzed for phase identification and crystal size by X-ray
diffraction (XRD) (using Axs-D8 Advance, Bruker). The measurements were done by using
metal ceramic tube copper (with Cu K-alpha wave length=1.5405981 A°) at the following
conditions: 1600 W, 40 kV, 40 mA and scanned the diffraction angles (20) between 20°nd
60°with a step size of 0.02° 20per second. Functional groups of as precipitated and sintered
powders were identified by Fourier transform infrared (FTIR) spectroscopy (FT-IR spectrometer
6100, JASCO, Japan, using KBr pellet technique in the range 4000-400 cm *, with a resolution
of 8 cm ™). KBr salt was mixed with the powder sample, the concentration of the sample in KBr
should be in the range of 0.2% to 1%. The mixture was ground and then pressed in mini-press to
form a small transparent pellet (a disc of 1-2 mm thick and 1cm in diameter). The resulting pellet
is an IR sample. After that the transparent pellet is held by a sample holder and the IR beam of
the spectrometer can pass through it. Morphology of the as precipitated and sintered powders
were examined using scanning electron microscope (SEM) (JEOL, JSM- 5500 LV, Japan) after
coating with a thin layer of gold using (SPI-module- Jap). Morphology of nano-particles was
determined by JEOL 1010 transmission electron microscope; Japan, operated at 80 kV
accelerating voltage. Powder samples were suspended in ethanol and ultrasonicated for 30
minutes to yield a very dilute suspension. 2 mm diameter carbon coated grids (CCG) were dipped
in the suspension and were extracted and dried prior to use in a single tilt holder of the TEM.
Results

HA was synthesized at room temperature, without sintering, from the stoichiometric reaction
(Ca/P=1.667) at a controlled pH=9.5.XRD patterns of as-precipitated powder synthesized at pH =
9.5 and Ca/P = 1.67 and 1.72 are shown in Figure (1). It can be seen that, XRD patterns of the as
precipitated powders are identical in shape. XRD analysis determined that both patterns
corresponded to the standard JCPDS card no: 67-0694 for HA phase.

The corresponding FTIR results of the first group are depicted in Figure (2). FTIR spectrum
confirmed the results of XRD that the as precipitated powders are hydroxyapatite. Vibrational
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modes of PO, group were observed at 473, 574, 607, 960, and 1040 1120 cm™. The band at 3570

cm™ was assigned to OH group. Peaks at 3424 and 1627 cm™ can be attributed to the adsorbed
water [8, 10, 12].
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Fig. 1 XRD patterns of as precipitated HA powders prepared at pH = 9.5 and Ca/P = A) 1.67 and B) 1.72.
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Fig.2 FTIR patterns of as precipitated HA powders prepared at pH = 9.5 and Ca/P = A) 1.67 and B) 1.72.

XRD patterns of the as precipitated powders for Ca/P=1.5 and Ca/P=1.55 are similar and the
revealed that they were poorly crystallized HA. The poorly crystallized HA is believed to be
CDHA which is supported by the Ca/P ratio of 1.5 and 1.55 (Figure 3). Functional groups for as-
precipitated powder in the second group are checked by FTIR (Figure 4). FTIR spectrum proved
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that the as precipitated powders are CDHA. Where Vibrational modes of PO, group were
observed at 467, 566, 577, 960 and 1040 1120 cm™. The band at 3534 cm ™ was assigned to OH™

group. Peaks at 3418 and 1632 cm™* can be attributed to the adsorbed water [H20]. The weak
peak located at 869 cm™ may be due to a minute amount of carbonate [COs] or may be for HPO,
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group, However, no vibration modes of CO3 were detected |n FTIR spectra near 1490 and 1426
cm™™. Therefore, it is thought that the weak band at 869 cm™ is a witness characterlstlc of the
HPO4, which is characteristic of CDHA. Additionally, the band at 1380-1403 cm™is assigned to
residual nitrate group [NH,] [10].

Fig. 3 XRD patterns of as precipitated powders prepared at pH = 7.5 and Ca/P = A) 1.5 and B) 1.55.
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Fig.4 FTIR patterns of as precipitated powders prepared at A) Ca/P =1.5 and B) Ca/P = 1.55 and constant
pH=7.5.

XRD patterns of powders prepared at Ca/P= (1.67 and 1.72), pH =9.5 and synthesis temperature
=50 °C and calcined at 800 °C for 2 hours are shown in Figure (5). XRD patterns for the two sets
of Ca/P are identical and revealed that the calcinated powder is pure HA and no other phases
were detected. This is confirmed from the agreement of peaks of the patterns with standard
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JCPDS card no: 67-0694 for stoichiometric HA. Crystal size increased from 27.28+14.54 nm
t073.35+10.11 nm with calcination process.
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Fig. 5 XRD patterns of powders calcined at 800 °C for 2 hours and was synthesized at pH = 9.5 and Ca/P = A)
1.67 and B) 1.72.

XRD patterns of the powder synthesized at Ca/P = (1.5 and 1.55), pH= 7.5, synthesis temperature
= 35°C and that is calcined at 800°C have similar patterns and are presented in Figure (6). The
peaks of XRD patterns correspond to standard JCPDS card no: 70-2065 for pure B-TCP. These
results indicated that CDHA have been transformed to a single phase of B-TCP. Crystal size
increased from 128.5 + 31.5 nm to156 + 105.44 nm with calcination process.

TEM and SEM were used to study the morphology and the particle size of the as-precipitated
powders. SEM is suitable for studying the micro-scale particle size morphology. On the other
hand, TEM is better in evaluating the nano-size particles.

Figure (7) represents TEM images of as-precipitated powder. It demonstrated that the as-
precipitated powder is in nano-scale and takes the shape of rod-like particle. Average diameter
was 15.46 £ 4.34 nm and the average length was 58.54 + 16.26 nm.
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Fig. 6 XRD patterns of powders calcinated at 800 °C for 2 hours and was prepared at pH = 7.5 and Ca/P = A)

'1.5and B) 1.55.

Fig.7 TEM image of as precipitated HA powders synthesized at pH = 9.5 and Ca/P= (1.67 and 1.72)

Figure (8) shows SEM image which determined the effect of sintering process on the morphology
of calcined powders. The HA particles have two different morphologies after calcination. Some
of HA particles have hexagonal-like shape. Whereas, the other particles are agglomerated and the
necking among the particles is apparent. B-TCP powders' morphology seems to be quite
agglomerated with nearly spherical particles (Figure 9).
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Fig. 8 SEM of HA powders calcined at 800 °C for 2 hours, prepared at Ca/P = (1.67 and 1.72) and pH=9.5.

Fig. 9 SEM of B-TCP powders calcinedat 800 °C for 2 hours, prepared at pH=7.5 and Ca/P= (1.5, 1.55)

DISCUSSION

There are different synthesis conditions in wet chemical process that affect the fabrication of HA
and B-TCP phases. The proposed hypothesis in this work presumes that fabrication of HA and p-
TCP phase by wet chemical process can be produced with slight difference in reactants molar
ratio [Ca/P ratio] as long as pH of the reaction is maintained at a constant value.

To examine this hypothesis, the reactant [Ca (NO3).4H,0] has been chosen to be the rich reactant
and [(NH4)HPO,] is a limiting one. The resulting phases obtained from the stoichiometric
reaction in which Ca/P = 1.67 and 1.5 were HA and B-TCP respectively. The same phases were
obtained by non-stoichiometric carried out by making initial Ca/P = 1.72 and 1.55respectively by
controlling the reaction pH. The reaction pH was maintained at 9.5 and 7.5 for Ca/P = (1.667 and
1.72) and (1.5 and 1.55) respectively.
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XRD and FTIR results of the two reactions have supported the proposed hypothesis. The
reactants of precipitation process after dissolved in distilled water became ions. Therefore, during
reaction, all ions of the limiting reactant [(NH,4),HPO,] reacted with the ions of rich reactant [Ca
(NO3).4H,0]. In this case, excess ions in rich reactant couldn’t find partners to react with.
Therefore, the excess amount of rich reactant did not affect the product of precipitation reaction.
XRD results of as HA phase that was synthesized at constant pH=9.5 and at different Ca/P (1.667
and 1.72) molar ratio show no difference in the patterns and therefore, supporting the presumed
hypothesis (Figure 1). As-sg/nthesized HA powders remains stable and shows the HA phase after
calcination process at 800 “C (Figure 5). Yet, XRD patterns of the as-synthesized HA powders
are poorly crystalline due to their wide and low intensity of peaks (Figure 1). Whereas,
crystallinity has been increased by sintering process. Therefore, calcined HA powders have XRD
patterns with higher diffraction intensities along with shaper and more narrow peaks (Figure 5).
Similarly, B-TCP phase that was successfully synthesized at constant pH = 7.5 and at two
different Ca/P molar ratio [1.5 and 1.55] showed no difference in the patterns and therefore,
supporting the presumed hypothesis (Figure 6).

XRD results have been supported by FTIR results shown in Figures (2 and 4). Figure (2)
represents FTIR response of as-synthesized HA at different Ca/P molar ratio (1.667 and 1.72).
Whereas, figure (4) shows the FTIR patterns for as-precipitated B-TCP powders. The bands of
vibration modes of (OH) and (PO,) groups have been recognized in both as-precipitated HA
powders. In addition, water (H,O) and NH, groups are also identified. H,O and NH,4 groups are
considered as an acceptable contamination because they are already existing in biological bone.
Moreover, these groups have no significant effect on XRD results.

The morphology of as-precipitated powders can take different shapes by controlling synthesis
conditions. Morphology of as-precipitated powders of HA presented in Figure (7) has a needle
like shape. This result is matching with [5, 13]. Wang et al [14] reported that morphology of as-
precipitated HA powders can be changed with the initial pH values and reaction temperatures
[14]. Both pH and temperature play important roles in the phase formation of HA and its crystal
habit, which resulted in various morphologies of HA. The effect of calcination temperature on
morphology can be seen in Figure (8). Most of the calcined particles were diffused together and
forming a neck-shape due to sintering process (Figure 8).

CONCLUSION

Wet chemical process has been proved to be an effective technique for producing different phases
of calcium phosphate ceramics [HA, and B-TCP]. It produces homogenous phase as well as large
amount of powders with reasonable cost. The combined effect of both the reactants Ca/P molar
ratio and pH value was studied. Slight difference in the reactant molar ratio can affect the
synthesized phases dramatically. However, this slight difference can be reduced by controlling
exactly the pH value. Sintering temperature is important to control the crystal size and the phase
percentage especially when biphasic Ca/P is anticipated.
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