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Summary: The hydrolysis of previously prepared 
amorphous calcium phosphate (ACP) was studied 
in a solution " s a t u r a t e d "  with ACP: this elimi- 
nated the initial consumption of acid due to ACP 
dissolution. The procedure established that conver- 
sion of a high-concentration ACP slurry to an apa- 
tite involves two processes: the first process con- 
sumes acid and indicates the formation of a more 
acidic calcium phosphate intermediary with the sol- 
ubility of octacalcium phosphate (OCP); the second 
process consumes base and indicates the conver- 
sion of the intermediary to apatite and, possibly, 
direct conversion of ACP to apatite. The thermo- 
dynamic analysis of the solution composition data 
suggests that ACP converts into a nonstoichiome- 
tric apatite when the OCP-like intermediary is 
formed, and a stoichiometric apatite is formed when 
no OCP-like intermediary is involved. 

Key Words: Amorphous calcium phosphate - -  Apa- 
tite - -  Calcification - -  Hydrolysis - -  Octacalcium 
phosphate. 

The initial solid phase that precipitates from a cal- 
cium phosphate solution depends on the degree of 
its supersaturation [1]. In a solution of low super- 
saturation, hydroxyapatite (OHAp), CaI0(PO4)6- 
(OH)2, with Ca/P ratio of 1.67 is obtained without 
precursor phases [ 1, 2]. On the other hand, the first 
solid to form in highly supersaturated solutions is a 
noncrystalline amorphous calcium phosphate (ACP), 
approximating Ca9(PO4)6 in composition [2]. In a 
study of the transformation and crystal ripening of 
ACP that had been precipitated in highly supersa- 
turated and unbuffered media, initially adjusted to 
pH 7.4, Furedi-Milhofer et al. [3] demonstrated that 
crystalline precipitates were formed by a two-step 
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precipitation via (I) ACP and (2) a precursor, oc- 
tacalcium phosphate (OCP), Ca8(PO4)6H2 �9 5H20, as 
proposed by Brown et al. [4]. Eanes and Meyer [5- 
7] further showed that spontaneously precipitated 
ACP maintained at pH = 7.4 was converted to an 
OCP-like crystalline phase, which subsequently hy- 
drolyzed into apatite, with unusual inflections in the 
calcium and phosphate concentrations and the base 
consumption profiles. Similar inflections have been 
observed by Nancollas et al. [1] in the growth of 
calcium phosphate crystals at high supersaturation; 
these were attributed to the superpositioning of a 
number of kinetic processes which take place at 
different rates and with the involvement of more 
than one calcium phosphate phase in the formation 
of OHAp. They further showed, through dissolu- 
tion experiments [1, 8] and the constant composi- 
tion method [9], that OCP is one of the unstable 
precursor phases. 

The transformation of previously prepared ACP 
to OHAp in aqueous medium has been described as 
an autocatalytic conversion process [10, I1]. The 
dependence of this conversion process on the so- 
lution environment has been extensively studied [12, 
13]. In all the latter studies [10-13], the conversion 
of ACP is considered as a single process without an 
intermediary. The present work, therefore, was un- 
dertaken to study the nature of the hydrolysis pro- 
cesses in previously prepared ACE with emphasis 
on the formation and effects of an OCP-like inter- 
mediary. The results indicate that ACP in a high 
slurry concentration converts to a more acidic cal- 
cium phosphate intermediary with the solubility of 
OCP, which subsequently hydrolyzes to OHAp. 

A method, described here, was developed to study 
the kinetics of these two processes separately. A 
thermodynamic analysis was made on the solution- 
phase data to determine if the solution phase was 
in quasi-equilibrium with one of the solid phases. 
The analysis suggests that formation of nonstoi- 
chioimetric OHAp is due to the formation of an 
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O C P - l i k e  i n t e r m e d i a r y  as  p r o p o s e d  b y  us  [14]; th i s  

m e c h a n i s m  h a s  b i o l o g i c a l  r e l e v a n c e  s i n c e  n o n s t o i -  

c h i o m e t r i c  O H A p  h a s  b e e n  c o n s i d e r e d  as  a p r o t o -  

t y p e  c o m p o u n d  f o r  b o n e  a p a t i t e ,  a n d  t h e r e  is ev i -  

d e n c e  t h a t  O C P  [15, 16] m a y  be  a p r e c u r s o r  in h a r d  

t i s s u e  f o r m a t i o n .  

Materials and Methods 

Reagent grade materials were used in all experiments. All so- 
lutions were prepared with distilled water. The ACP used in this 
study was prepared by adding 225 ml of 0.335 M CaINO3)2 to 
650 ml of vigorously stirring 0.145 M ~NH4)2HPO4 solution at 
pH = 9.9. Immediately after the precipitation, the solid was 
vacuum filtered through a large filter paper (diameter = 25 cm) 
in 15 min. The precipitates were first thoroughly washed with 
pH 10 ammonium hydroxide to remove all unreacted and excess 
ions and then with acetone to remove the water. The samples 
were lyophilized and stored in a vacuum dessicator. 

Hydrolysis of ACP was carried out, with and without main- 
taining constant pH. by adding ACP powder to a calcium phos- 
phate solution previously "'saturated" with respect to ACE that 
is, there would be no additional dissolution when the ACP was 
added to the solution unless a new phase precipitated. Under 
this system, when ACP converts to a more acidic calcium phos- 
phate,  such as OCP or dicalcium phosphate  dihydrate  
(CaHPO4 �9 2H20, DCPD), OH and Ca 2+ ions are released to the 
solution; when ACP, OCP, or DCPD converts to OHAp. OH- 
and Ca 2+ ions are removed from solution and are incorporated 
into the apatite phase. Therefore the change of the pH in solution 
as function of time, or the consumption of acid or base in a pH 
star, will give the information about the new phase that is formed. 
The solutions which are "'saturated" with respect to ACP have 
been reported in two systems: (1) in the dissolution of previously 
prepared ACE Blumenthal et al. [12] reported that the maximum 
calcium and phosphate concentrations at pH 7.4 and 30~ were 
1.5 mM and 1 mM, respectively: and (21 in the precipitation of 
ACP from highly supersaturated solution, Meyer and Eanes [6] 
reported a solubility product ((Ca-' +)3(PO43- )2) of 10-25.23 for ACP 
at 37~ Conversion of ACP was studied by us in both of these 
solutions, and the results were similar. Since we were studying 
the conversion of previously prepared ACE we used the former 
solution (1.5 mM calcium nitrate and 1 mM potassium hydrogen 
phosphate pH = 7.4) in most of our experiments and refer to it 
as "saturated calcium phosphate" solution in this report. 

A pH stat (Radiometer pH meter 25, Titrator 11, Titragraph 
type SBR 2C) with two syringe burettes (type SBU la) was used 
to maintain a constant pH of 7.4: one titrated 0.1 N HCI and the 
other titrated 0.1 M KOH. Consumption of acid gives informa- 
tion about the conversion kinetics of ACP to a more acidic cal- 
cium phosphate intermediary, and that of base gives information 
about conversion of this intermediary to OHAp as well as direct 
conversion of ACP to OHAp. The reactions were carried out 
under ambient atmosphere at 25~ unless specified otherwise. 

Portions of the reaction slurry were withdrawn at regular in- 
tervals during the course of ACP conversion and filtered im- 
mediately through a Swinnex-13 filter unit (MiUipore Corp., Bed- 
ford, MA) equipped with 0.22 p,m GS filters. The filtrates were 
analyzed for calcium and phosphate, and the solid by chemical 
and X-ray analysis. Calcium concentrations were determined by 
the UV spectrophotometric method using Arsenazo reagent [17]. 

A miniature calcium electrode (product code 011-020-11S, Io- 
netics Inc., Costa Mesa, CA), which has a sensitivity of 1% at 
1.5 mM range, was used to monitor the calcium concentration 
in solution continuously during the course of the experiments. 
Total phosphate was determined by the vanado-molybdate spec- 
trophotometric method [18] or malachite green molybdate re- 
agent of Hess and Derr [19]. The X-ray powder diffraction pat- 
terns of the solids were obtained with nickel filtered CuK~ ra- 
diation. 

Two methods were used to calculate the thermodynamic prop- 
erties of the solutions from data obtained here and reported in 
the literature [13]. 

(1) The degrees to which the various solutions were saturated 
with respect to different pure calcium phosphate crystals were 
computed using the Gibbs energy expressions as follows: 

RT IP 
AG In 

N Ksp 

where R is the ideal gas constant, T is the absolute temperature, 
N is the number of ions in the ion product (IP), Ksp is the ther- 
modynamic solubility product. The values of Ksp used for DCPD 
[20], [3-tricalcium phosphate (Cas(PO4)2, f3-TCP) [21], OCP [22, 
23], and OHAp [24] were respectively 2.51 x 10 -7, 1.23 x 10 -29, 
8.25 • 10 -48, 2.79 x 10 -59 at 25~ and 2.45 • 10 -7, 0.77 x 
10 29, 5.0 x 10 -48, 2.58 x 10 -59 at 30~ A negative, zero, or 
positive value of Gibbs free energy signifies that the solution is 
supersaturated, in equilibrium, or undersaturated with respect 
to the indicated solid phase, respectively. The ionic products for 
DCPD, OCP, 13-TCP, and OHAp were calculated as follows: 

IP(DCPD) - (Ca2+)(H+)(po43-) 
IP(OCP) = (Ca2+)4(H+)(PO43 )3 

IP(I3-TCP) = (Ca2*j3(PO43 )2 
IP(OHAp) = (Ca2+)5(PO43-)31OH -) 

in which parentheses indicate the ionic activities. 
Calcium and phosphate ion activities were calculated from the 
total concentration by correcting ion pairs and activity coeffi- 
cients. The activity coefficients were estimated by the extended 
Debye-Huckel equations [25]. 

~2) The solid phase in equilibrium with the solution was ob- 
tained through the use of the "chemical potential" plot [26,27], 
- l o g  Ca2+(OH )2 vs. -Iog(H+)~(PO43 ): this plot can be de- 
rived from the expressions defining the solubility products used 
in the above method. The main advantage of this graphical ap- 
proach is that the stoichiometry of the solid phases in equilibrium 
with the solution can be obtained from the slope of the straight 
line in the plot of the solution phase data without any ass.umption 
regarding its stoichiometry. 

Results 

T h e  " ' s a t u r a t e d  c a l c i u m  p h o s p h a t e "  s o l u t i o n  i t s e l f  

at  25~ p H  = 7 .4 ,  w a s  m e t a s t a b l e  w i t h  no  c h a n g e  

in i ts  p H  f o r  2 h.  ( In  72 h,  t h e  p H  d e c r e a s e d  f r o m  

7 . 4 - 7 . 1 6  a n d  t h e  C a  a n d  PO4 c o n c e n t r a t i o n s  d e -  

c r e a s e d  b y  9 % . )  W h e n  64.2 m g  o f  A C P  w a s  a d d e d  

to  15 ml  o f  t h i s  s o l u t i o n ,  t he  p H  o f  t he  s l u r r y  in- 

c r e a s e d  f r o m  7 . 4 - 7 . 8 7  in t h e  f i r s t  45 m i n  a n d  t h e n  

d e c r e a s e d ;  t h e  c a l c i u m  c o n c e n t r a t i o n  in t h e  so lu-  

t i o n ,  m o n i t o r e d  c o n t i n u o u s l y  b y  a c a l c i u m  e l e c -  

t r o d e ,  i n c r e a s e d  a b o u t  5% in t h e  f i r s t  2 m i n  a n d  t h e n  

d e c r e a s e d ;  t h e  p h o s p h a t e  c o n c e n t r a t i o n  d e c r e a s e d  
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Fig. 1. Variation with time of the pH, calcium, and phosphate concentrations in solution when 64.2 mg ACP was added to 15 ml 
"saturated calcium phosphate"  solution (run 1). The curve for calcium concentration was obtained from the calcium electrode mea- 
surements,  the points from chemical analysis. Fig. 2. The pH of the solution vs. time. Curve 1 (run 1): 64.2 mg ACP added to 15 ml 
"saturated calcium phosphate"  solution (arrow indicates the time slurry was centrifuged). Curve 1A (run 1A): fresh 64.2 mg ACP 
added to the above supernatant. Curve 1B (run 1B): fresh "saturated calcium phosphate"  solution added to the filtered solid in run 1. 

initially, as shown in Fig. 1, and then increased after 
2.5 h. The increases in pH and calcium concentra- 
tion indicate that ACP converted to a more acidic 
calcium concentration intermediary and released 
OH and Ca 2+ ions into the solution. The initial 
decrease in phosphate and the decrease in calcium 
after 2 min indicate that precipitation of a calcium 
phosphate was induced by the addition of ACE 
These decreases also rule out the possibility that 
the increase in solution pH was due to the disso- 
lution of ACE The eventual decrease of pH after 
45 min indicates that conversion of the interme- 
diary, and possibly ACP to apatite, took place. A 
solution containing higher calcium (2.57 mM) and 
phosphate (1.71 mM) concentrations, under N2 at- 
mosphere pH 7.4 and 37~ was also used; the ac- 
tivity product of this solution was reported to be 
the "solubility" of ACP [6]. This solution was not 
stable and its pH decreased from 7.4-6.4 in 1 h 
under N2 atmosphere and 37~ When the 160 mg 
of ACP was added to 25 ml of this solution, the pH 
of solution increased to a maximum of 7.65 in 6 min 
and then decreased; this was similar to the results 
shown in Fig. 1 and indicates that conversion of 
ACP to a more acidic calcium phosphate interme- 
diary occurred at this temperature also. 

The initial increase in pH of the "saturated cal- 
cium phosphate" solution upon addition of ACP is 

not due to dissolution of ACE but instead is due to 
formation of an acidic intermediary. This was dem- 
onstrated as follows: ACP slurry (64.2 mg ACP in 
15 ml "saturated calcium phosphate" solution) was 
centrifuged and filtered after 40 min reaction when 
the pH of the slurry approached the maximum in- 
dicated by the arrow on curve 1 (run 1), Fig. 2; fresh 
ACP solid was then added to the supernatant and 
fresh "saturated calcium phosphate" solution was 
added to the filtered solid. If the increase in pH had 
been due to dissolution of ACE then the pH in the 
former slurry should not have increased because the 
solution was already "saturated" with ACE and the 
pH in the latter slurry should have increased be- 
cause of further dissolution of ACP in the fresh so- 
lution. The results, shown in Fig. 2, however, in- 
dicate the opposite. Curve 1A (run 1A) shows the 
change in pH of the slurry after the fresh ACP was 
added to the supernatant; the pH of this slurry in- 
creased with time in the first 55 min. This indicates 
further release of OH from the fresh ACP added 
to the supernatant, and that this ACP converted to 
a more acidic calcium phosphate intermediary. 
Curve 1B shows the changes in pH of the slurry 
when fresh "saturated calcium phosphate" solution 
was added to the filtered solid (there was a time lag 
between addition of fresh solution and filtration of 
the solid); the pH of this new slurry decreased. This 
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Fig. 3. Time variation in the degree of saturation, AG, of run 1A solution at 25~ with respect to the calcium phosphate phases OHAp 
(�9 TCP (0), OCP (+), and DCPD (x). The horizontal dashed line at AG = 0 is the position at which the solution is saturated with 
respect to the solid phase. Region above this line represents supersaturation; below this line undersaturation. (1 kcal = 4.184 kjoules.) 
Fig. 4. The lower diagram gives tee amount of acid and base needed to maintain constant pH at 7.4, 25~ as function of time when 
167 mg ACP was added to 25 ml "saturated calcium phosphate" solution. The upper diagram gives the variation of calcium (Ca) and 
phosphate (P) concentrations in solution with time during the transformation period. The curve for calcium concentration was obtained 
from the calcium electrode measurements, the points from chemical analysis. 

indicates that the previously formed intermediary 
in the filtered solid converted to apatite and con- 
sumed O H -  ions. 

The degrees of saturation of the solution in run 
1A with respect to pure crystalline OHAp, [3-TCE 
OCP, and DCPD, as expressed by AG, are shown 
as functions of time in Fig. 3. In the first 3 h, the 
solution was always supersaturated with respect to 
OHAp and [3-TCE The solution appeared to be in 
equilibrium with DCPD at zero time before the ACP 
was added, and was undersaturated with respect to 
DCPD after 50 min, making it highly improbable 
that DCPD could have been the acidic calcium 
phosphate intermediate phase under the studied 
condition. Most interestingly, the •G curve indi- 
cates that the solution was supersaturated with re- 
spect to OCP initially, but became saturated with 
OCP after about 80 min and remained so for at least 
another 80 min. This shows that the calcium phos- 
phate intermediary which determined the solution 
properties had the solubility of OCE We refer to 
this intermediary as "OCP-like" because, as is often 
the case for OCP-like materials, the 100 and 200 
lines were not present in the X-ray diffraction pat- 
tern [5]. 

The conversion kinetics of 167 mg ACP in 25 ml 
"saturated calcium phosphate" solution at a con- 
stant pH of 7.4 (run 2) is shown in Fig. 4. Clearly, 
there were two processes: the first one consumed 
acid and the second one consumed base. In the first 
process the calcium concentration, monitored con- 
tinuously by a calcium electrode, increased about 
10% and reached its maximum when the consump- 
tion of acid reached its maximum, implying that the 
C a  2+ and O H -  ions were released simultaneously 
from the ACP in the first process. This is in accord 
with conversion of ACP to an OCP-like interme- 
diary and can be tentatively expressed as follows: 

Ca9(PO4)6(amorphous) + 7H20 
Ca8H2(PO4)6 �9 5 H 2 0 ( c r y s t a l )  (1) 
+ Ca 2+ + 2OH-  

In the first process, the concentration of phosphate 
decreased; this again rules out the possibility that 
the increase of C a  2 + and OH ions was due to the 
simple dissolution of ACE and indicates that pre- 
cipitation from the solution was induced by the ad- 
dition of ACE In the second process, which is in- 
dicated by the consumption of base, the calcium 
concentration decreased and phosphate eventually 
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Fig. 5. Time variation in the degree of saturation, AG, of the solution in ACP transformation at 25~ and maintaining constant pH of 
7.4 (run 2) with respect to the calcium phosphate phases OHAp, f~-TCP. OCP, and DCPD. (1 kcal = 4.184 kjoules.) Fig. 6. Chemical 
potential plot of p(CaZ+)(OH-) 2 vs. p(H-)3(PO43-) for ACP transformation; the lines for solution in equilibrium with OHAp, ~-TCP, 
OCP, and DCPD are shown. The arrows drawn with the broken lines indicate movements of the solution's chemical potential with 
time in the transformation of the ACP without maintaining constant pH (run IA); the numbers indicate times of reaction; point A 
indicates the solution of run 1 after 100 rain. The solid arrows indicate movements of the chemical potential with time in pH stat study 
at 25~ and pH = 7.4 (run 2). 

increased after 100 rain. This indicates that the OCP- 
like intermediary (eq. 2), and possibly ACP (eq. 3), 
converted to an apatite approximately as follows: 

C a 8 H z ( P O 4 ) 6 "  5 H 2 0  + (2 - x)Ca(OH)2--~ 
Cal0_xH(2x_y~(PO4)6(OH)(2_y ) �9 nH20 
+ (7 + y - n - 2x)H20 (2) 

w h e r e 0 < ~ x < ~ 2 a n d 0 ~ <  y~<2. 

Ca9(PO4)6(amorphous) + (1 - x)Ca(OH)2 
+ (2x - y + n)H20---, Cal0_xH(2x_y)(PO4)6- 
(OH)(2_y)  �9 n H 2 0  (3) 

w h e r e 0 ~ x ~ <  l a n d 0 ~ < y ~ < 2 .  
The reaction was stopped after 24 h, and the final 

product was nonstoichiometric, Ca/P = 1.56, and 
apatitic, as indicated by chemical analysis and X- 
ray diffraction, respectively. The degree of satura- 
tion of the solution with respect to the calcium 
phosphate phases OHAp, [3-TCP, OCP, and DCPD 
in the constant pH study (run 2) is shown in Fig. 5. 
The solution was supersaturated with respect to 
OHAp and 13-TCP in the transformation period and 
was undersaturated with respect to DCPD except 
in the first 10 rain. The solution was slightly super- 
saturated with respect to pure crystalline OCP in 

the first 2 h, when ACP converted to the interme- 
diary; it became slightly undersaturated with re- 
spect to OCP and moved approximately parallel to 
the OCP line after 2 h. This again implies that the 
calcium phosphate intermediary which determined 
the solution properties had solubility approximately 
that of OCE 

Figure 6 is a chemical potential plot, p(Ca 2+) 
(OH)2  vs. p(H+)3(po43-); the lines for solutions 
saturated with OHAp, [3-TCE OCE and DCPD are 
shown and the numbers on the points indicate the 
times of reaction. The arrows drawn with the broken 
lines indicate changes of the solution's chemical po- 
tentials in the transformation of ACP without main- 
taining constant pH (run 1A); at zero time the point 
is below the OCP, [3-TCE and OHAp lines and 
slightly above the DCPD line, indicating that the 
solution was supersaturated with respect to OCP, 
[3-TCE and OHAp, and undersaturated with respect 
to DCPD. As the transformation proceeded, the so- 
lution changed to and along the OCP line, indicating 
that the solution was nearly saturated with respect 
to OCP from 1.5 h to 3 h. Point A, the solution of 
run 1 after 100 min, is also near the OCP line. The 
solid arrows indicate changes of the solution's 
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chemical potentials in the transformation of ACP 
maintained at pH = 7.4 (run 2), at zero time the 
solution was supersaturated with respect to DCPD, 
OCP, [3-TCE and OHAp; as the transformation pro- 
ceeded, the solution changed along the saturation 
line of OCP with slight apparent undersaturation in 
the period of 3 to 5 h. 

Discussion 

Our new procedure for studying the conversion of 
previously prepared ACP in "saturated calcium 
phosphate" solution confirms that the conversion 
involves two processes: the formation of a more 
acidic calcium phosphate intermediary which sub- 
sequently converts to apatite. This procedure is also 
useful in studying the kinetics of these two pro- 
cesses separately and the effects of inhibitors and 
accelerators of biomineralization on these two pro- 
cesses. A recent report of Williams and Sallis [127] 
indicates that inhibitors for ACP to OHAp trans- 
formation can be grouped into two classes: one class 
acts mainly as a hydroxyapatite crystal growth in- 

hibitor and the other acts mainly by decreasing the 
lability of ACE We believe that these inhibitors may 
have different effects on the rate of ACP to OCP- 
like conversion and the rate of OCP-like to OHAp 
conversion; these effects cause the differences in 
base consumption, calcium ion depletion, and tur- 
bidity. 

It has been reported previously that in the trans- 
formation of spontaneously precipitated ACP to 
OHAp, the first crystalline material to form has a 
solubility similar to OCP [5-7]. It is, therefore, ex- 
tremely unlikely that the above results indicating 
that the ACP slurry is in quasi-equilibrium with OCP 
during the transformation period is a coincidence. 

Blumenthal et al. [13] studied the transformation 
of ACP to OHAp in different slurry concentrations. 
A thermodynamic analysis of their data made by us 
is shown in the form of a chemical potential plot 
(Fig. 7). The equilibrium lines for OHAp, [3-TCE 
OCP, and DCPD are shown, and the numbers on 
the points indicate the times of reaction. The arrows 
drawn with the broken lines indicate changes of the 
chemical potentials in the transformation of low ACP 
slurry concentration (50 mg ACP/120 ml) from zero 
time to 4 h; at zero time the point is below the OCP 
line, where the solution is supersaturated with re- 
spect to OCE As the transformation proceeded, the 
chemical potential values changed to above the OCP 
line in 30 min, where the solution is undersaturated 
with respect to OCE The solid arrows indicate 
changes of the chemical potential values in the high 
slurry concentration (800 mg ACP/120 ml); at zero 
time the solution was supersaturated with respect 
to OCP; as the transformation proceeded, the 
chemical potentials of the solution changed along 
the saturation line of OCP indicating the solution 
was in equilibrium with OCE The broken line, in- 
dicated as the -experimental curve," is the least 
square fit for the data from 1/4 to 3 h in the high 
slurry concentration; the slope is -0.725, repre- 
senting a Ca/P ratio of 8.26/6 for the solid in equi- 
librium with solution as compared with 8/6 for OCE 
The results clearly show that in low ACP slurry 
concentration the solution was undersaturated with 
respect to OCP after 30 min, and in high ACP slurry 
concentration the solution was in quasi-equilibrium 
with OCP during much of the transformation pe- 
riod. 

They further reported that the CaJP ratios of the 
final OHAp products depended on the ACP slurry 
concentration; the low concentration ACP slurry 
converted to a nearly stoichiometric OHAp with 
Ca/P ratio of 1.64, and the high concentration ACP 
slurry converted to a nonstoichiometric apatite with 
Ca/P ratio of 1.52. The above thermodynamic anal- 
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ysis of  thei r  data  there fore  indicates  that  in the 
transformation of low concentration ACP slurry, the 
solution was undersaturated with respect  to OCP 
and. hence,  there was no OCP-like intermediary ex- 
cept in the first 30 min; the product  was nearly stoi- 
chiometric OHAp.  On the other hand, in high con- 
centrat ion ACP slurry, the solution was in quasi- 
equilibrium with a material having the solubility of  
O C P  dur ing  m u c h  of  the c o n v e r s i o n  pe r iod ,  re- 
vealing the format ion of  an OCP-like intermediary;  
this intermediary then hydrolyzed to a nonstoi- 
chiometric apatite. 

Based on this analysis,  published results [1, 2, 
28], and structural considerations,  we propose  that 
a stoichiometric O H A p  is formed when there is no 
OCP-like intermediate phase,  and a nonstoichio- 
metric apatitic product  is formed when an OCP-like 
intermediate phase occurs.  At constant  pH,  the for- 
mation of  the OCP-like phase  depends on the ion 
product  of  the calcium and phosphate  in solution. 
In a highly concentra ted  ACP slurry with high solid 
to liquid ratio, the surface area available for disso- 
lution is large, and therefore the dissolution rate is 
fast, and the calcium phosphate  ion products  in so- 
lution are high; the solution can become supersat-  
urated with respect  to OCP and form an OCP-like 
intermediary, which then hydrolyzes  to nonstoi- 
chiometric apatite. In an ACP slurry of  low con- 
centration, the surface area available for dissolution 
is small; therefore the dissolution rate is slow, and 
the calcium phosphate  ion products  in solution are 
relatively low. The solution is undersaturated with 
respect  to OCP and direct precipitation of  stoichio- 
metric O H A p  occurs  except  possibly in the initial 
period. 

The above mechanism appears  to be consistent  
with the published data; the O H A p  obtained from 
low supersaturat ion is stoichiometric O H A p  with 
Ca/P ratio of  1.67 [1, 2], whereas the apati te ob- 
tained f rom high supersaturat ion is nonstoichio- 
metric [28]. Octacalcium phosphate  is structurally 
related to OHAp;  it can and usually does hydrolyze 
in situ to apatite [29]. It is during this in situ con- 
version step that the as yet poorly-defined nonstoi- 
chiometric apatitic phase can form, which may  in- 
clude incompletely hydrolyzed OCP and/or Ca-de- 
ficient apatite [30]. In ter layered structures of  OCP 
and O H A p  [29] and " ' sesquiapat i te"  [14] have been 
proposed  as some of  the possible models  for this 
apatitic product;  OCP is a necessary  intermediate 
phase in these two models.  

Blumenthal  et al. [13] also reported that Ca-de- 
ficient O H A p  is obtained when excess  phosphate  is 
added to solution before the ACP conversion,  and 
attributed the formation of Ca-deficient O H A p  to a 

mass  action effect of  excess  phosphate .  According 
to our model ,  the solution with the initial addition 
of phosphate  will be supersaturated with respect  to 
OCP at lower calcium concentrat ions than without 
additional phosphate ,  and therefore precipi tated the 
nonstoichiometr ic  apatitic product  through an OCP- 
like intermediary.  Using the calcium concentrat ions 
reported in Table 3 of  reference 13, our  calculations 
indicate that solution was supersa tura ted  with re- 
spect to OCP, even in the low concentra t ion ACP 
slurry, when I mM of  phosphate  was added initially. 
There fo re ,  the effect  of  the initially added  phos-  
phate in an ACP slurry, besides the mass  action 
effect p roposed  by Blumenthal  et al. [13], can be to 
make the solution supersaturated with respect  to 
OCP at the lower calcium concentrat ions and form 
an OCP-like intermediary,  which then hydrolyzes  
to nonstoichiometr ic  OHAp.  

The X-ray  p o w d e r  diff ract ion pa t t e rns  of  pure  
OCP and apatite crystals  are very similar; the major  
differences are in the 100 and 200 lines (at 18.7 and 
9.36 .~ respect ively for OCP). The 100 and 200 lines 
of  OCP are absent  in the X-ray pat terns  of  solid 
samples obtained during the ACP transformation.  
This, however ,  does not rule out OCP as the inter- 
mediary since the ex t reme thinness of  the effective 
crystal ,  twinning, partial hydrolysis,  and interlay- 
ering [14] could account  for their absences .  On the 
other  hand, our data f rom the convers ion  of high 
concen t r a t ion  ACP slurries do not es tabl i sh  the 
presence  of an OCP intermediate phase,  but they 
do show that an acidic ca lc ium p h o s p h a t e  inter-  
mediary with the approximate  solubility and stoi- 
ch iometry  of OCP was present.  
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