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ABSTRACT 

The kmetlcs of formation and conversion of calcmm phosphate under different mtlal 
solution composltlons and temperature have been stu&ed by calonmetnc methods Expen- 
mental values of enthalpy of calcmm phosphate formation at vanous Ca P molar ratios, 
nntlal pH of solution and temperatures are gven It 1s found that m the lmtlal pH range 
5 8 < pH < 1179 the formatlon of calcmm phosphate from relatively high supersaturated 
solutions 1s associated with a strong endothenmc effect Under a urlde range of Ca P ratios 
(0 33-2 79) and wth an lmtlal pH of 7 40 the formatlon of calcmm phosphate 1s associated 
with the repeated heat effect Ths effect, which 1s connected wth the transformation of the 
first preclpltated phase, 1s revealed clearly and occurs m two stages This transformation may 
be explamed by consldenng that a mvcture of Ca,H(PO,), 2 SH,O-hke and Ca,(PO,),OH- 
hke phases 1s formed durmg the amorphous-to-crystalhne transltlon 

INTRODUCTION 

The formation of calcium phosphates from supersaturated aqueous solu- 
tions has been studied extensively, largely because of then occurrence m 
dental enamel, bones and phathologcal (e.g. phosphatlc renal stones) calclfl- 
cations Although calcium phosphate precipitate 1s usually referred to as 
hydroxyapatlte [Ca,(PO,),OH, HAP], there 1s still considerable uncertamty 
as to the nature of the phases which form m the early stages of the reaction 
[l] It 1s now well estabhshed that the lmtlally formed phase does not 
correspond to that of the final crystalhne, thermodynanucally stable HAP 
The stolchlometnc calcium phosphate molar ratio of the mltlally preclpl- 
tated phase does not correspond to the required values of 1.67 for the 
thermodynarmcally favored HAP. In order to reach the HAP composltlon, 
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extended solid-solution equlhbratlon 1s reqmred, and several theories have 
been put forward m an attempt to account for tbs phenomenon Recently 
the phase formed mltlally at h@ supersaturatlons has been attnbuted to 
amorphous calcium phosphate (ACP) particles which are composed of 
randomly packed Ca,(PO,), clusters [2] According to this model, the 
autocatalytlc transformation of ACP to the thermodynarmcally more stable 
HAP can take place qmte rapidly [3] The transformation from the 
amorphous to the crystalline form depends on the pH, temperature, con- 
centration and composltlon of the solution It has been observed that, m the 
presence of water, ACP 1s converted mto apatlte [4]. T~s change depends on 
the solid solution ratio. At a low ratlo, the apatlte formation 1s accompa- 
med by an increase m the sohd Ca P ratio This evolution 1s interpreted as 
ACP dlssolutlon/apatlte repreclpltatlon [5,6]. A snnultaneous increase m the 
Ca P ratio and crystalhmty accompanies ths phenomenon The ACP-HAP 
conversion process has been vlsuahzed to occure m three steps (a) the 
dlssolutlon of ACP to gve a saturated solution of ions or ion clusters, (b) 
the formation of the first HAP nuclei from these ions, and (c) the autocata- 
lytlc prohferatlon of HAP by secondary nucleation It has been shown [6] 
that Mg effects the transformation by reducing the ACP solublhty At very 
high sohd solution ratios the conversion of ACP mto calcium phosphate 
mth a Ca . P ratio smular to tncalcmm phosphate [Ca,(PO,), - xH,O, TCP] 
but a structure resembhng apatlte has also been observed [5] 

An alternative explanation for the formatlon of solid phases wth low 
molar Ca P ratios (Ca P < 1.67) and apparent non-stolchometry mvolves 
the formation of octacalcmm phosphate [Ca,H(PO,), 2 5 H,O, OCP] [7] 
There 1s now good evidence for the formatlon of this phase as a precursor 
phase both from seeded growth expenments [l] and durmg the maturation 
of spontaneously preclpltated sohds [8] Recently, it has been shown [9] that 
the solublhty of OCP 1s lower than that reported previously makmg tl-us 
phase an even more important potential precursor to HAP preclpltatlon. 
However, m order to elucidate the mechamsm that occurs durmg calcmm 
phosphate formation, It 1s necessary to investigate this process using dlffer- 
ent techmques under a wide range of expenmental condltlons 

The am of the present study was to investigate the heat effects whzh 
occur dunng calcium phosphate preclpltatlon under different lmtlal con- 
centrations of the reacting components, mltlal pH of the rmxed solutions 
and temperature 

METHODS 

The preclpltatlon expenments were carned out m an LKB batch n-ucro- 
calonmeter (Model 10700-2) by nuxmg equal volumes of 0 02 M CaCl 2 
solution and K,HPO, solution of various concentrations and pH Both 
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solutions were prepared from reagent-grade chemicals and trrply distilled 
carbon dioxide free water. The changes m the mitral pH of the nnxed 
solution were obtamed by adding suitable amounts of KOH or HCl to 
K,HPO, solution The imtial pH was calculated by followmg the procedure 
described by Lundager Madsen and Thorvardarson [lo] and Feenstra [ll] 
The calonmetnc measurements were made m the followmg way 2 + 2 cm3 
of distilled water were inserted mto the reference calonmetnc cell, whereas 
CaCl, and K,HPO, solutions (2 cm3 each) were inserted mto the measure- 
ment cell. 

After imtiation of the reaction, the temperature changes were recorded 
every 2 s. The measurements were made until the calonmetnc system 
reached the temperature B( tr) equal to the imtial temperature of measure- 
ment 19( to) = 19( tr) On the basis of the dependence of temperature, 8, on 
time, t, observed from the expenments, the total heat effect of the studied 
reaction was determmed from the relation 

Q=-AH=a J () “8 t dt 
to 

(1) 

where a is the heat loss coefficient, and t, and t, are the times correspond- 
mg to the imtial 8( to) and the final temperature f?( tf), respectively 

Calonmetnc measurements also allow for the determmation of the ther- 
mokmetics of the studied chemical precipitation, 1 e the changes m heat 
power, IV, with time, t, [12] 

de(t) 
W(t) = -&--- = 

w> 
Cdt + se(t) (2) 

where c is the heat capacity of the calonmeter. The value of (Y was obtamed 
from the electrical calibrations which were performed after each mdivldual 
experiment The values of c were determmed from the relation 

c=aT (3) 

where T IS the time constant of the calonmeter, which was calculated on the 
basis of the coolmg curve of a thermally inert ObJect [13] 

Apart from the calonmetric measurements, the pH of the precipitatmg 
solutron dunng calcium phosphate formation was measured with an OP- 
211-type pH meter (Hungary) The pH was measured with an OP-0808 
combmation electrode, which was cahbrated before and after each expen- 
ment with Radelkis standard buffer solutions of pH 7 10 and 9.30 The 
change m pH with time for a precipitatmg solutron was regrstered under the 
conditions used for calorunetnc measurements In these experiments the 
measurement cell and the imtral solutions were kept at the same temperature 
before mung 
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RESULTS 

Calcium phosphate was formed m expenments by spontaneous preclplta- 
tlon at various lmtlal pH values of the nuxtures, vaflous Ca P molar ratios 
and at temperatures 303, 310 and 315 K From the mvestlgatlons, It follows 
that the total heat of calcium phosphate formatlon has a negative value 
wl-uch depends on the Ca P ratio and on the mltlal pH of the nnxture 
Figure 1 shows the plot of the time dependence of the heat power change, 
W, per mole of phosphorus for preclpltatmg solutions at mltlal pH 7 40 and 
temperature 310 K correspondmg to Ca P = 167 and Ca P = 1 33, as 
required for HAP and OCP, respectively After the violent energy change 
(effect A) lastmg about 50 s (Fig l), the next charactenstlc changes (effect 
B) appear m the time mterval between 100 and 300 s after mung the 
reagents These B changes are connected with the conversions of calcium 
phosphate particles 

In Table 1 the values of the total heat of calcmm phosphate formatlon 
(AH > 0) calculated per mole of phosphorus introduced to the reaction at 
different lmtlal composltlon and pH are presented These results show that 
for a lven Ca P value, the dependence of AH on mltlal pH has a maximum 
at pH m the range 8 < pH < 10. 

Heat effects connected wth the conversion of calcmm phosphate for the 
preclpltatmg solution of Ca P = 1 67 at temperature 303 K and at different 
values of the mltlal pH are presented m Fig 2 From the nature of the 
curves of Fig 2, it may be noted that there 1s a strong influence of the mltlal 
pH of the nuxture on the character of the heat conversion takmg place 
between 200 and 500 s after mung the reagents 

The dependence of the heat power (W) per mole P on time for B effects 
takmg place m the preclpltatmg solution with Ca P = 1 33 (reqmred value 

Fig 1 Dependence of the heat power (W) per mole P on time at the lmtlal pH 7 40 and at 
temperature 310 K for the preclpltatmg solution of different Ca P molar ratlo ( -) 
Ca P=167, (------)Ca P=133 
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TABLE 1 

Enthalples of calcmm phosphate formation at different Ca P ratios, mltlal pH of rmxture 
and temperature 

Ca P PH T (K) AiY (kJ mol-‘) 

3 33 7 40 303 12 5 
8 63 

2 79 740 

8 60 

10 38 

167 

1 33 

0 33 

5 80 
7 40 

8 62 
9 50 

10 70 

1103 
1174 
1179 

740 

6 04 
6 50 
740 

8 71 
9 70 

10 53 
1104 

0 17 6 00 
740 
8 68 
9 50 

1100 

303 

310 
315 
310 
315 
303 
310 
315 

303 
303 
310 
303 
303 
310 
315 
303 
310 
315 
303 
303 
303 
310 
315 

303 
310 
315 

303 
303 
303 
310 
303 
303 
303 
303 

303 
303 
303 
303 
303 

18 1 

14 7 
15 8 
19 5 
212 
18 5 
20 6 
22 6 

01 
13 6 
16 2 
18 2 
18 7 
20 8 
22 2 
19 1 
212 

00 
18 6 
12 8 

00 
00 
00 

14 9 
15 9 
17 1 

30 
59 
86 
89 
82 
83 
77 
62 

27 
42 
42 
41 
26 
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Ag 2 Dependence of the heat power ( W) per mole P on time for the B effect at Ca P = 167 
and temperature 303 K at different values of the lmtlal pH (1) pH 11 79 (AH* = 0 kJ 
mol-‘), (2) pH 10 70 (AH* = 3 3 kJ mol-l), (3) pH 9 50 (AH* = 3 9 kJ mol-‘), (4) pH 8 60 
(AH*=25kJmol-1),(5)pH740(AH*=35kJmol-’) AH*~stheenthalpyvalueofthe 
B effect 

for OCP) and 167 (requn-ed value for HAP) at pH 7 40 and pH 9 50, 
respectively, at different temperatures, are presented m Fig 3 From the 
curves presented m Fig 3, it may be inferred that, at the stolchlometnc 
composltlon of OCP m the solution (Ca P = l-33), the transformation of 
lmtlally formmg particles of the solid phase takes place m two stages The 
time interval durmg which there IS the B heat effect, connected with the 

60 160 240 320 400 t [sl 48o 

Fig 3 Dependence of the heat power (W) per mole P on time for the B effect at pH 9 50, at 
(a) Ca P = 1 67 and pH 7 40, and (b) at Ca P = 1 33 at different values of temperature (1) 
T = 315 K (AH* = 2 0 kJ mol-‘), (2) T = 310 K (AH* = 3 5 kJ mol-‘), (3) T= 303 K 
(AH*=42kJmol-‘), (1’) T=315 K(AH*=27 kJmol_‘), (2’) T=310K(AH*=35 
kJ mol-‘), (3’) T = 303 K (AH* = 4 2 kJ mol-‘) 
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Fig 4 Dependence of (1,2,3) the heat power W (B effect) per mole P and (l’, 2’) pH of the 
nuxture on time for the same expenmental condltlon at 310 K (1,1’) Ca P = 1 67, lmtlal pH 
9 50, (2,2’) Ca P = 2 79, lmtlal pH 7 40, (3) Ca P = 2 79, lmtlal pH 7 40 and Mg Ca = 0 04 

Fig 5 Dependence of the heat power W (B effect) per mole P on time at the lmtlal pH 7 40 
and at temperature 310 K for the preclpltatmg solution at molar ratios (1) Ca P = 1 33 
(AH* = 3 5 kJ mol-‘), (2) Ca P = 2 79 (AH* = 2 5 kJ mol-‘), (3) Ca P = 0 33 (AH* = 3 5 
kJ mol-‘) 

formation of intermediate phase, corresponds to a penod of decreasing pH 
of the muted solution as shown m Fig 4 This heat effect for a preclpltatmg 
solution obtamed at the same lmtlal condltlons, but m the presence of Mg*+ 
ions, IS also shown m Fig 4 for companson. Thus process occurs under a 
urlde range of experimental condltlons Figure 5 shows the plot of the 
change m heat power, W, for B effect urlth time of ths process for a 
preclpltatmg solution with &fferent values of the Ca P molar ratio at pH 
7 40 and temperatures 310 K From Fig 5 it IS seen that the B heat effects 
for different Ca P ratios appear at different times 

DISCUSSION 

Our earlier studies [14,15] showed that HAP crystals are formed mthout 
intermediate phases m the lqh lmtlal pH range and at molar ratio Ca P = 
1 67 At very lqh values of pH m solution there exists a Hugh concentration 
of PO:- and OH- ions At a Ca P molar ratlo m solution such as that 
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required for HAP crystals at the time of rmxmg of the mltlal solutions, these 
ions gve the appropnate condltlons for HAP crystalhzatlon Expenmental 
data m this study show that at an lmtlal pH > 11 74 there are no measured 
heat effects connected with HAP crystalhzatlon 

From Table 1 it follows that m the pH range 9-10 at Ca P = 167 the 
formation of calcium phosphate 1s associated with the strongest endotherrmc 
heat effect In ths pH range the condltlons are appropnate for the forma- 
tion of amorphous calcium phosphate [4] When the value of the mltlal pH 
decreases, the value of total heat endothernuc effect, AH, of calcium 
phosphate formation also decreases Tlvs decrease m AH may be attnbuted 
to the formation of phases wth higher crystalhmty Ths view 1s also 
consistent with Heughebaert’s concept [4] that endotherrmc effects of calcmm 
phosphate formation are connected mth the interaction of water mth ACP 
and exothernuc effects associated with the crystalhzatlon process From Fig 
2 it follows that at the lmtlal pH 7 40 and Ca P = 1 67, B effects connected 
with the transformation of the first precipitated phase are revealed clearly 
and occur m two stages The value of the B effect 1s h&est when the pH of 
the mltlal rmxture 1s 7 40, Ca P = 1 33 (stolchlometnc Ca P ratlo for OCP) 
and the process 1s carned out at 303 K (Table 1, and Fig 3, curve 2) 

The experimental data presented m ths work show that the formation of 
calcium phosphate from lllghly supersaturated solution 1s associated mth the 
repeated heat effect (B effect) connected with the conversion process under a 
wide range of Ca P ratios (0 33-2 79) when the lmtlal pH 1s 7 40 The 
mductlon penod for ths conversion decreases wth an mcrease m tempera- 
ture (Fig 3) Ths transformation may be explamed from a conslderatlon 
that a rmxture of OCP-hke and HAP-hke phase 1s formed durmg the 
amorphous to crystalline transition It seems unhkely that the lmtlal trans- 
formation 1s simply ACP to stolchometnc OCP because a balanced reac- 
tion, such as 

7 Ca,(PO,), + HPOZ- + 4 H+ + 5 Ca,H(PO,), + Ca*+ (4 

proposed by Meyer and Eanes [16] requires an uptake of hydrogen ions, 
whch 1s contrary to the observed facts shown m Fig 4 Additional evidence, 
which supports our view, 1s provided by Feenstra and de Bruyn [17] who 
found that OCP 1s present as an intermediate m the conversion of ACP to 
an apatltlc calcium phosphate. The curves of heat power versus time for the 
B effect at different Ca P ratios (Fig 5) show that the mductlon penod 1s 
the shortest for Ca P = 1 33 and Ca P = 1 67, 1 e at the stolchlometnc 
composltlon of OCP and HAP m the solution, respectively 

We observed that magnesium ltiblts mslgmflcantly the mductlon period 
of the B effect when the Mg Ca ratio m solution 1s hgher then 0 04. 
Lundager Madsen et al [18] and Boskey and Posner [6] also observed that 
the effect of Mg*+ 1s to stablhze ACP, once it 1s formed 
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Deta.& of our results on the influence of magnesmm on calcium phos- 
phate formation will be reported m a subsequent pubhcatlon 
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