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Abstract The crystal phase and morphology of calcium

phosphate salts precipitated in a wet field environment at

temperatures between 30 and 70 �C and pHs between 3 and

8 were examined. Dicalcium Phosphate Dihydrate (DCPD)

was the most prevalent phase precipitated. Using acceler-

ated ageing study techniques, precipitates studied were

aged, under dry conditions at 50 �C for 8 and 16 days,

before being re-examined using XRD, FTIR and SEM

techniques. DCPD was found to be most stable when

precipitated at 40 �C and 5 pH. Considerably more phase

transformation to Octacalcium Phosphate (OCP), Amor-

phous Calcium Phosphate (ACP) and Hydroxyapatite (HA)

was seen at high temperatures and high pHs, and a greater

tendency to form anhydrous salts was seen at high tem-

peratures and low pHs. Using techniques such as XRD,

FTIR and SEM the transformation of the DCPD precipitate

to OCP was analysed and appeared to occur without the

presence of an intermediate amorphous phase. However,

transformation from OCP to HA did result in the formation

of an intermediate amorphous phase.

Introduction

Bone formation and growth involves the precipitation of

calcium phosphate in the form of Hydroxyapatite (HA,

Ca5(PO4)3(OH)) [1]. HA has been the subject of extensive

research and, as a result, the other calcium phosphate salts

have been marginalised [2]. Dicalcium Phosphate Dihy-

drate (DCPD, CaHPO4�2H2O), Octacalcium Phosphate

(OCP, Ca8H2(PO4)6�5H2O) and Amorphous Calcium

Phosphate (ACP) have often been observed as precursor

phases to HA [3, 4]; naturally being hydrolysed to HA in an

aqueous environment [5]. The mechanism of this trans-

formation is crucial in understanding precipitation of nat-

ural bone mineral [6]. Many of these calcium phosphate

phases are used in medical devices and their stability is

thus very important to the industry. Incorrect production or

storage of these phases may lead to premature product

failure [7, 8]. For example, DCPD, a component of many

calcium phosphate cements [7, 9–11], can transform to

Dicalcium Phosphate Anhydrous (DCPA, CaHPO4) when

aged [8]. The crystallographic alterations occurring with

this transformation, as well as the effects of varying for-

mation temperature and pH of the initial precipitate have

not previously been investigated.

Precipitation of calcium phosphates from solution in-

volves the control of a number of different parameters. Any

phase precipitated from a solution saturated with both

calcium and phosphate ions is dependent on factors,

including relative concentrations of ions, ionic strength, pH

and temperature of the solution [1, 3, 12, 13]. The phase

precipitated can be predicted with knowledge of these

parameters but accurate calculation can be compromised

due to the complication of heterogeneous nucleation on

initial precipitates [14].

Spontaneous precipitation requires a high degree of su-

per saturation in the solution, but does result in unbiased

precipitation [11, 3]. The aim of this paper is to outline the

formation of some calcium phosphate phases under a set

range of temperatures and pHs in order to better understand
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the phase transformations that occur between phases. In

this study, ionic strength, concentration and Ca:P ratio of

solutions were kept constant, with the pH and temperature

being the only variables. Nucleating agents were not added,

allowing precipitation to occur spontaneously.

Materials and methods

A calcium phosphate solution (Ca:P, 1) was synthesised by

mixing 43.5 g Calcium Acetate–H2O ((CH3COO)2-

Ca�½H2O), 30 g Ammonium Dihydrogen Phosphate

(NH4H2PO4) (both Ocon Chemicals Ltd., Ireland) and

1,600 mL deionised water [15] under constant stirring of

500 rpm using a magnetic stirrer. A calibrated hotplate

controlled the temperature of solution. The pH of the

precipitate solution was regulated using hydrochloric acid

(HCl, Reagacon Ltd., Ireland) for pHs below 4 and

Ammonium hydroxide (NH4OH, Reagacon Ltd., Ireland)

for pHs above 4 [13, 15]. Solutions were heated to tem-

peratures of 30, 40, 50, 60 and 70 �C prior to precipitation

and pHs of the precipitates were adjusted to 3, 4, 5, 6, 7 and

8 after precipitation. Separate solutions were prepared for

each temperature/pH data set. Once the desired tempera-

ture and pH was achieved, the precipitated solution was

allowed to equilibrate for 1 hour. During this dwell time,

ammonium hydroxide was added, if required to maintain

the pH [12]. All chemicals used for the study were of

analytical grade.

Solutions were subsequently filtered through a B}uchner

funnel under vacuum. Precipitates were subjected to two

washes with deionised water (ca. 500 mL per wash) and a

final wash in 70/30 Isopropanol/water solution (ca.

250 mL) [15, 6]. Precipitates were left to dry (room tem-

perature, 24 h). Each powder was then divided into four

samples for independent XRD, FTIR, SEM and ageing

studies.

X-ray Diffraction was performed using a Rigaku X-ray

diffractometer (Rigaku, Japan) with analytical diffraction

software. Data collection was performed in the 2h range

from 2� to 35� (using a scan step of 0.04� 2h every 2 s),

using Cu Ka radiation (k = 0.15406 nm), with an anode

current of 40 mA and a tube voltage of 40 kV [5]. XRD

analysis was performed on the precipitates after drying.

Each sample was subsequently aged at 50 �C for 8 and

16 days, consecutively. Samples selected for ageing were

packaged in sealed sample bags filled with a silica desic-

cant (to absorb free moisture). Joint committee powder

diffraction file (JCPDF) patterns were used to identify the

phases present in the powders.

Fourier Transformation Infrared Spectroscopy (FTIR)

was performed using a Nicolet Magna 550 FTIR

spectrometer (LDS Nicolet, USA). About 2 mg of each

precipitate was mixed with 300 mg of potassium bromide

(KBr) and then pressed (10 tonnes) to produce a disc [6].

Discs were analysed at room temperature in transmission

mode. The resolution was 4 cm–1. The resultant spectra

were compared to relevant literature [2, 3, 5, 9, 15, 16].

Scanning Electron Microscopy was performed using a

Jeol JSM 840 microscope (Jeol, Japan). SEMs were taken

at magnification range of 200· to 5,000·, all at 20 kV. The

samples required gold sputtering prior to analysis. Resul-

tant micrographs were compared, both with one another

and with the literature [2, 3, 5, 13, 15, 16].

Results and discussion

30 and 40 �C precipitates

The XRD plots for the powders precipitated at 30 and

40 �C were found to correspond to that of DCPD (JCPDS

9-77). The FTIR spectra of these samples all exhibit similar

absorption peaks to one another. Bound water peaks, as

well as OH, PO4 and HPO4 stretching peaks [1] can be

distinguished from the spectra. SEM micrographs of

powders precipitated at 30 and 40 �C show crystals con-

sisting of both interlocking and individual platelets

(Fig. 4A, B). This is typical of DCPD morphology [13, 17].

Figure 1 shows the relative degradation of powders

precipitated at various temperatures and pHs. DCPD pre-

cipitated at 30 �C, at pH 4 exhibits a peak at 26.5� 2h on

the XRD trace after 8 days ageing (Fig. 5F), implying

considerable conversion to DCPA [3]. None of the other

powders precipitated at this temperature showed signs of
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Fig. 1 DCPA (JCPDS: 9-80) peak intensity (at 26.5�2h) for powders

aged for 8 and 16 days
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ageing after 8 days. As can be seen from Fig. 5G, C, after

16 days ageing, the precipitates formed at 30 �C, 4 pH and

30 �C, 6 pH exhibited considerable degradation. Those

precipitated at 30 �C, 5 pH showed no degradation as can

be seen from Fig. 5D. As visible from Fig. 5A, B powders

precipitated at 40 �C showed considerable degradation

after 8 days, at the higher and lower ends of the pH

spectrum but no degradation at 5 and 6 pH. After 16 days

ageing, powders precipitated at 40 �C again showed heavy

degradation at the upper and lower ends of the pH spec-

trum, whereas powders precipitated at 40 �C, 5 pH showed

no degradation. SEM analysis of degraded DCPD showed a

break down of the DCPD interconnected platelet forma-

tions into individual platelets, followed by splitting of the

individual platelets. This has been highlighted in Fig. 2.

50 �C precipitates

Powders precipitated at 50 �C at 4, 5 and 6 pH have similar

diffraction patterns to the DCPD powders precipitated at 30

and 40 �C. The FTIR spectra are also similar, showing no

variation in the absorbance peaks between powders pre-

cipitated at 50 �C at the lower pHs and those powders

precipitated at 30 and 40 �C. Powder precipitated at 7 pH

exhibits some decreased crystallinity yet a distinct DCPD

pattern is still evident which has a slight tendency towards

OCP. This is evidenced by the peak at 4.7� 2h corre-

sponding to the 100% OCP peak (JCPDS 26-1056) as seen

in Fig. 3A. Powder precipitated at 8 pH has a similar XRD

pattern but without any DCPD peaks present, leaving HA/

OCP-type phase being detected (Fig. 3D). The FTIR

spectra also confirm this DCPD fi OCP fi HA tran-

sition. At 7 pH the initial bound water/OH stretching

absorbance peak [3,540 cm–1, 3,100 cm–1] [2] has broad-

ened and many of the PO4 stretching peaks have disap-

peared [550–600 cm–1, 960 cm–1, 1,020–1,120 cm–1] [2].

This is most likely due to an increase in the Ca:P ratio of

the powder and a removal of the bound water from the

DCPD [2, 8, 16]. At 8 pH, the FTIR spectrum shows fur-

ther decreases in bound water, OH and PO4 related peaks,

as would be expected from a transformation from

DCPD fi OCP fi HA.

After 8 days ageing, there is a reduction of the DCPD

peaks of the powder precipitated at 4 pH. The XRD pat-

terns appear similar after 16 days, however there is a

reduction in the 100% DCPD peak at 11.60� 2h in all

powders except those precipitated at 6 pH and 7 pH.
Fig. 2 SEM micrograph of DCPD particles, formed at 40 �C, 4 pH,

aged for 16 days
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Fig. 3 XRD plot of phases

precipitated at 50 and 60 �C.

Where; (A) corresponds to

precipitates formed at 70 �C and

5 pH, (B) at 60 �C and 7 pH,

(C) at 60 �C and 6 pH, (D) at

50 �C and 7 pH, (E) at 60 �C

and 8 pH
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60�C precipitates

At 60 �C, the lower pH precipitates are DCPD (JCPDS

9-77). However, powders precipitated at 4 pH and 5 pH also

have a small DCPA content. Powders precipitated at 6, 7

and 8 pH are largely amorphous. Figure 3C shows powder

precipitated at 6 pH. The crystal phase is mostly OCP with

some DCPD present, denoted by the presence of a peak at

11.7� 2h. FTIR analysis shows a standard OCP/HA spec-

trum, with no evidence of bound water and minimum PO4

stretching peaks. The SEM micrograph (Fig. 4C) shows

curved plate-type growth, approx. 1–5 lm in length and
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Fig. 5 XRD of precipitates

formed at (A) 40 �C, 7 pH; (B)

40 �C, 4 pH; (C) 30 �C, 6 pH;

(D) 30 �C, 5 pH; (E) 60 �C, 6

pH, (F) 30 �C, 4 pH and (G)

30 �C, 4 pH and aged at 50 �C

for (A) 8 days, (B) 8 days, (C)

16 days, (D) 16 days, (E)

16 days, (F) 8 days, (G)

16 days

Fig. 4 SEM micrographs

of powders precipitated at;

(A) 40 �C, 4 pH (500· mag.),

(B) 40 �C, 4 pH (1,500· mag.),

(C) 60 �C, 6 pH (1,800· mag.),

(D) 60 �C, 7 pH (1,500· mag.),

(E) 60 �C, 8 pH (700· mag.),

(F) 70 �C, 6 pH (1,500· mag.)
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0.01 lm in width. This growth appears to have agglomer-

ated onto larger particles in most areas (Fig. 4C). Figure 3B

shows the XRD plot of powder precipitated at 7 pH. This

powder is similar to that precipitated at 6 pH, still with a

small amount of DCPD present, but showing higher relative

quantities of OCP. The amorphous content has increased,

evinced by a broadening of the peaks. The FTIR spectrum

exhibits standard HA/OCP type absorbance peaks. The

SEM micrographs of this powder (Fig. 4D) show a sharp

edged plate-like morphology with no larger organization

seen in Fig. 4C. Powder precipitated at 8 pH yields an XRD

pattern akin to HA (Fig. 3E) but with low intensities

implying that the powder is largely amorphous. The FTIR

spectra are similar to standard HA/OCP spectra [13]. The

SEM micrographs (Fig. 4E) show agglomerate formation,

similar to ACP [13] but also exhibit some elongated

formations characteristic of HA morphology [2]. Exami-

nation of the amorphous areas at higher magnifications

(5,000·) reveals no microstructure that would have been

indicative of a crystal structure finer than that already

observed. This lack of crystal structure appears to be a semi-

amorphous intermediate transition phase, which is occur-

ring as the morphology transforms from OCP type platelet

morphology to a needle like HA morphology.

After 8 days ageing, a reduction in the 100% peak of

DCPD occurs for the powder precipitated at 4 pH alongside

a relative increase in intensity of the DCPA peak at 26.5�
2h. No change can be seen in the other powders precipi-

tated at 60 �C. After 16 days of ageing at 50 �C, there are

no changes evident in powders precipitated at 4 and 5 pH

but, as can be seen from Fig. 5E, there is an increase in the

peak at 26.5� 2h in the powder precipitated at 6 pH. This
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and 5 pH (A), 6 pH (B), 7 pH

(C) and 8 pH (D)

Fig. 7 FTIR trace of the

unidentified phase precipitated

at 70 �C and 5 pH
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may be due to the ageing of the DCPD element of this

powder.

70 �C precipitates

Powder precipitated at 3 pH was comprised of approxi-

mately 50:50 DCPA:DCPD. In the corresponding micro-

graph, cluster type spirals are dispersed amongst platelets

of DCPD. Powder precipitated at 4 pH exhibited crystal-

linity corresponding to DCPD. The micrograph of the 4 pH

precipitate however shows only the presence of DCPD

plates with no interaction between them. Precipitates

formed at 5, 6, 7 and 8 pH exhibit lower peak intensities

compared to other precipitates, incurring a lower degree of

crystallinity. In Fig. 6A, showing the diffraction pattern of

powder precipitated at 5 pH, a considerable amount of OCP

phase is evident, as well as HA. However, there is a 100%

peak at 32.7� 2h, which, as of yet, has not been identified.

At 6 pH, the unidentified phase has almost disappeared

from the XRD plot and a mixture of HA and OCP is evi-

dent, with HA being dominant. A distinct change in the

FTIR spectrum can be seen from Fig. 7; the unidentified

phase formed at 5 pH resulting in a dramatic rise in the

bound water and OH groups while still having a reduction

in the HPO4 and PO4 groups when compared to the DCPD

type spectrum, as seen in the 4 pH precipitate. The FTIR

spectrum has elements of both an acidic (DCPD) precipi-

tate and an alkaline precipitate (HA). The spectrum of the

powder precipitated at 6 pH, however, shows classic HA/

OCP type absorption peaks. From the micrograph of this

precipitate (Fig. 4F), powder agglomerates are seen, with

no evidence of crystallites (even at 5,000·). A reduction in

OCP content relative to HA can be seen going from 6 pH to

8 pH, with no OCP peaks visible at 8 pH. No difference

between these powders is evident from FTIR analysis.

Ageing of the powders precipitated at 70 �C had mini-

mal effect, with only a reduction in the 100% DCPD peak

in the powder precipitated at 50 �C, 3 pH after 16 days. No

variation was seen in the other powders, as DCPD content

of these powders was minimal.

Conclusion

Calcium phosphate salts precipitated in a wet field, at

temperatures between 30 and 70 �C in acidic to neutral

solutions, were examined by a variety of characterization

techniques. DCPD was the most prevalent phase precipi-

tated, with the most stable precipitates being produced at

50 �C, 5 pH. Upon accelerated ageing of these powders,

DCPD platelets separated and split, forming a dehydrated

powder with a crystal structure similar to DCPA. In the

higher pH region of precipitation, DCPD converted to

OCP, presumably by means of surface dissolution and re-

precipitation. An intermediate phase was also recorded as

DCPD was re-precipitated as HA at high temperatures.

This phase was crystalline with its orientation at 32.7�2h.
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