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Precipitation and precipitate transformation in the system sodium phosphate (pre-ad- 
justed to pH 7.4)--calcium chloride (25 ~ was studied by means of radiometric analysis using 
~sCa and ~P as tracers. Changes in the pH and the total concentrations of calcium and phos- 
phate were followed during solid phase formation and the data were used to calculate compo- 
sition changes of the precipitates and their supernatants. In all investigated systems two-step 
precipitation was observed, the precursor being more basic than the secondary precipitate. 
The composition of the latter was mostly within the range of the composition of octaealcium 
phosphate. The course of further chemical changes was dependent on the pH established during 
secondary precipitation. The heterogeneous exchange of the radionuclides between the solid 
phase and their supernatant solutions was also followed as a function of time. The results 
indicate that recrystallization through the mother liquid accompanied by composition changes 
is the dominant mechanism of equilibration of the solid phases. 
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Introduction 

Bones and  t ee th  as l iving sys tems  are  in cons tan t  communica t ion  wi th  the  
sur rounding  l iquids and  as such are  sub jec t  to  cont inuous  changes.  F o r  th is  reason 
s tudies  of the  processes resul t ing  in the  fo rma t ion  and  subsequent  t r ans fo rma t ion  
of bone minera l  and /o r  i ts  ma in  components ,  calc ium phospha tes  have  been 
d rawing  considerable  a t t en t i on  [4, 9-16, 18-20, 25, 26, 28-31] .  

W h e n  calc ium phospha t e  is p r ec ip i t a t ed  f rom a lka l ine  [9] and  neu t ra l  
[4, 30] solut ions a noncrys ta l l ine ,  h igh ly  h y d r a t e d  [18] precursor  ( " a m o r p h o u s  
calc ium p h o s p h a t e " ,  ACP) is f r equen t ly  formed.  Considerable  a t t en t i on  has  been 
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given to  the  mode and  mechan i sm of the  conversion of ACP into  crys ta l l ine  a pa t i t e  
[4, 11, 14, 25]. I t  has  been d e m o n s t r a t e d  t h a t  the  crys ta l l ine  p rec ip i t a t es  m a y  
in i t ia l ly  show character is t ics  of oc taca lc ium phospha te  [4, 14, 15] and /o r  calcium 
defic ient  apa t i t e s  wi th  low Ca/P  ra t ios  [15, 28] and  t h a t  such p rec ip i t a t es  are  
sub jec t  to  subsequent  changes in con tac t  wi th  the  s u p e r n a t a n t  l iquid [4, 27, 28]. 
The  mechanisms  of these  aging processes have  no t  y e t  been e lucidated .  

I n  previous  papers  f rom this  l a b o r a t o r y  [4, 14, 15] the  resul ts  of solid phase  
analysis ,  showing morphological ,  composi t ional  and  s t ruc tu ra l  changes of cal- 
cium phospha t e  p rec ip i t a t es  in con tac t  wi th  the  s u p e r n a t a n t  l iquid  were repor ted .  
I n  th is  work  a t t en t i on  is p r imar i l y  given to  changes in solut ion composi t ion  
dur ing  the  fo rma t ion  and  t r ans fo rma t ion  of the  prec ip i ta tes .  Some recen t ly  
ob ta ined  X - r a y  da ta ,  concerning the  conversion of ACP in to  crys ta l l ine  a p a t i t e  
are  also given.  Besides, s tudies  of the  heterogeneous  exchange  of calc ium and  
phospha te  ions be tween  the  solid and  l iquid  phase  y ie ld  in fo rmat ion  on the  
mechan i sm of the  t r ans fo rma t ion  of t he  p rec ip i t a tes  in con tac t  wi th  the  super-  
n a t a n t  solutions.  

Mater ia ls  and Metheds 

Chemicals 
Analar grade chemicals (Merck p.a.), and twice distilled water were used. Samples were 

prepared by mixing calcium chloride solutions with equal volumes of sodium phosphate 
solutions (H3PO 4-~ NaOtt  adjusted to pH 7.4) under constant stirring by a magnetic stirrer 
and were kept at all times in a water bath at 25 ~ The acidity of the systems was determined 
by a Radiometer M 4 pH-meter. 

The distribution and heterogeneous exchange of calcium and phosphate ions between the 
supernatants and the respective precipitates were studied on double labelled systems using 
45Ca and 32Pa as tracers. Radioisotopes were added to the reactant solutions before mixing 
(for radiometric analysis) or at time intervals t A (tA--aging time) after sample preparations 
(for heterogeneous exchange studies). At given time intervals the supernatant was separated 
from the solid phase by a T 20 Janetzki centrifuge (7000 g) and acidified to stop further pre- 
cipitation. The radioactivity of the liquid phase was measured by a Nuclear-Chicago Liquid 
Scintillation Spectrometer Mo 720. The scintillator solutions were prepared by dissolution 
of 5 g of 1,4bis-2(4-methyl-5-phenyloxazolyl)benzene (POPOP) and 100 mg of 2,5 diphenyl- 
oxazol (PPO) in 1000 ml of toluene. 

For X-ray diffraction analysis samples were prepared by mixing equimolar solutions of 
the precipitating components and were kept in contact with the mother liquid for 150 min. 
After that time the precipitates were collected on 220 nm Millipore filters and one part (D) 
was dried for 1 h at 100 ~ The other part (W) was used unaltered, i.e. wet with the residual 
mother liquid. X-ray powder patterns of dried and wetted samples of stoichiometric hydroxy- 
apatite (prepared after Bet te t  al., 1967) were recorded as controls. A Philips diffraetometer 
with a scintillation counter and a single-channel pulse height analyser was used for X-ray 
analysis. The radiation was Ni-filtered Cu-Ka. 

Treatment  o / D a t a  
The results of the measurements of the distribution of radionuclides are expressed as changes 

of the molar concentrations of calcium and phosphate in the supernatant as shown in Eq. (1): 

C(x)z = C(x). (A t/Ao) (1) 

C(x)l and C(x)0 are the molar concentrations of calcium (x = Ca) or phosphate (x ~ P )  in the 
supernatant at times t and t o respectively. A t represents the radioactivity of the liquid phase 
at time intervals t, while A 0 is the radioactivity of the whole system which was measured as a 
standard at the same time intervals. 
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The sum of the molar concentrations of hydrogen containing species in the supernatant 
solution at time t (C(H)I, in the following text referred to as " t o t a l  hydrogen") was calculated 
from the experimental results according to the relation [13]: 

C(~)l = 3 [I-I3PO4] + 2 [H2POi] + [HPO~]  + [CaHPO~] + 2 [CaHsPO~] + 

+ [ H + ]  _ [OH-] (2) 

or in the pH range considered in this paper: 

C(H)l = 2 [H2PO~] + [HPO~ 2] + CaHPO~] + 2 [CaH2PO~] (2 a) 

The molar concentrations of the ionic species listed on the right hand side of Eq. (2a) were 
obtained from the experimental data (pH and total molar concentrations of calcium and 
phosphate in solution) by means of a computer program using previously defined equations 
[16, 31]. For these calculations quasi-equilibrium in each point was assumed. 

Ten subsequent determinations of the concentrations of calcium, phosphate and " total  
hydrogen" in the liquid phase of a precipitation system (3 mM in calcium and phosphate, 
aging time 150 min) gave the following results and standard deviations: 

C(ca) / = 1.80 mM a = 0.09 

C(p)z = 2.23 mM a = 0.08 

C(H)I -----2.97 mM ~--0 .14 

The numbers of moles of calcium, phosphate and " total  hydrogen" in the precipitates ob- 
tained from 1 I of sample at time t are: 

N (~)s = C tz)  o - -  Ctz)l  (3) 
where x ~ C a ,  P or H 

The zero time concentration of " total  hydrogen", C(H)0 is expressed [13] in terms of the 
molar concentrations of the reagents constituting the initially added sodium phosphate 
solution: 

C(H)o = 3 [I-I3P04] --  [NaOH]. (4) 

Values for C(H)t and N(]t) s are the resultant values, showing the balance of hydrogen and 
hydroxyl ions in the supernatant and the precipitate respectively. If C(H)t > C(H}o hydroxyl ions 
are being incorporated into the precipitate (Fig. 2). 

The results of heterogeneous exchange studies are expressed as the fraction exchange P 
for homogeneous distribution of radionuclides. 

.F = (A  o - -  A t) / (Ao - -  Aoo) (5) 
where: 

A~o = A 3 (1 + cr -1 (6) 
and 

= n s / n ~ .  (7) 

The subscript letters correspond to exchange times t E. ~ is the ratio of the amount of ex- 
changeable ions in the solid (ns) and liquid phase (nL). 

If the amount of the precipitate changes with time, as was the case in some of the in- 
vestigated systems the corrections after Wolf [32] are introduced. 

In  the case of nonhomogeneous distribution of the radionuclides F becomes [8]: 

1 < _ ~ <  1.3 

Resul t s  

A n  ear l ier  p u b l i s h e d  [15], 24 h p r e c i p i t a t i o n  d i a g r a m  of t h e  s y s t e m  s o d i u m  
p h o s p h a t e  (pH 7 . 4 ) - - c a l c i u m  chlor ide  (25 ~ se rved  as t he  o r i e n t a t i o n a l  basis  to  
select  sys t ems  for e x a m i n a t i o n s .  T h e  c o n c e n t r a t i o n  p r o d u c t s  of t he  chosen sys- 
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Fig. 1. Schematic presentation of the 24 h (25 ~ precipitation diagram of the system sodium 
phosphate (preadjusted to pH 7.4)--calcium chloride after refl 15, ]:)of~s denote concentration 

products of systems studied in this work 

terns (Fig. 1) lie mostly within the concentration region where octacalcium phos- 
phate (OCP) and calcium deficient apatites (DA) with low Ca/P ratios were 
obtained 24 h after sample preparation. Besides, two systems were selected from 
the concentration region where mixtures of dicalcium phosphate dihydrate 
(DCPD) and DA were identified. 

The results obtained may be conveniently divided into three parts. The first 
part  comprises radiometric measurments and calculations of changes in solution 
concentrations (total reactant concentrations and concentrations of ionic species) 
resulting from the formation and transformation of calcium phosphate precipi- 
tates. In  the second part  some recently obtained X-ray diffraetometry data con- 
cerning the transformation of ACP into crystalline apatite are shown. Finally, 
in the third part some results of heterogeneous exchange studies elucidating the 
mechanisms of further precipitate transformation in contact with the super- 
natant  solution are described. 

Part  I 

In  all investigated systems changes in the pH and the concentrations of 
calcium and phosphate were followed as a function of time. Changes in the con- 
centrations of free and complexed ionic species and of " to ta l  hydrogen" [Eq. 
(2a)] in the supernatant solutions were calculated from the experimental results. 
An example is shown in Fig. 2 (the concentrations of soluble calcium phosphate 
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Fig. 2. Time dependent changes of the pH, the total molar concentrations of calcium (Catot), 
phosphate (Ptot) and hydrogen containing species (Htot) and of free H2PO~, HPO~- and 
Ca 2+ ions in the supernatant solution during precipitation. Initial reactant concentrations 

as indicated 

complexes are not represented). In Fig. 3 time dependent changes of the molar 
Ca/P and H/P ratios of the precipitates formed in three systems with different 
initial reactant concentrations are shown. In the upper part of the diagram the 
respective ptI curves are given for comparison. 

In all investigated systems precipitation took place in two distinct steps, the 
initial formation of a metastable precipitate and secondary precipitation (Fig. 2). 
Precipitate formation, causing displacement of the phosphate containing species 
brought about significant changes of the solution pH [4, 15, 25]. In Fig. 2 the 
corresponding shift in ionic equilibria is represented. 

In most  systems the composition of the initial precipitate could not be deter- 
mined by analysis of the supernatant since the expected changes in the total 
concentration of at least one of the components were within the experimental 
error. However, it was established that the first formed precipitates were always 
more basic than the secondary ones, discontinuous changes in composition oc- 
curring at the time of secondary precipitation (Fig. 3). 

The stability of the initial and the composition of the secondary precipitates 
were dependent on the initial reactant concentrations. In most  systems Ca/P 

2 Calc i f .  T i s s .  l~es., Vol. 18 
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Fig. 3. Changes of the molar Ca/1 ) and H/l) ratios of the precipitates and the acidity (pH) 
of the precipitation systems as a function of time. Initial reactant concentrations as indicated 

and H/P  ratios of the secondary precipitate were in the region of those of 0CP 
(Fig. 3). 0nly  at initial reactant concentrations C a t o  t : 8 mM, Ptot = 5 mM H/P 
values of about 0.7, i.e. between those for OCP and DCPD were obtained. Further 
composition changes were dependent on the pH established during secondary 
precipitation. If this was within 5.8 ~ pH ~ 6.5 composition changes were slow 
or negligible. At pH ~ 6.5, precipitates became increasingly basic and at pH ~ 5.8 
increasingly acid with time (Fig. 3). 

Par t  I I  

There are indications in the literature [24], that  pretreatment of preparations, 
such as drying and other methods, might substantially alter X-ray diffracto- 
merry data obtained from calcium phosphate precipitates. For this reason some 
of our earlier results [4] were re-examined by a different technique as shown in 
Fig. 4. Curves A and B in Fig. 4a show X-ray diffraction powder patterns of a 
precipitate isolated shortly after secondary precipitation had taken place. Curve A 
which was taken from a dried precipitate shows a higher order of crystallinity 
than curve B which was taken while the precipitate was in contact with the super- 
natant  solution. Apparently the structure of the precipitate significantly changed 
during drying. The controls, dry and wetted stoichiometric hydroxyapatite gave 
identical X-ray powder patterns (Curves C and D in Fig. 4b). 

Par t  I I I  

Figs. 5 and 6 and Table 1 show some results of measurements of the kinetics 
of heterogeneous exchange of calcium and phosphate ions (labelled with 45Ca 
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a b 

Fig. 4. Diffractograms of calcium phosphate precipitates taken 150 min after sample prepara- 
tion (4a, Curves A, B) and of stoichiometric hydroxyapatite (4b, Curves C, D). Diffracto- 
grams A and C were obtained from dry (D) precipitates while B and D were obtained from 

precipitates which were in contact with the supernatant solution (W) 

Fig. 5. The fraction exchange of 45Ca (Fca) and 82p (Fp) as a function of the exchange time 
t E (log scale). Initial reactant concentrations and aging times indicated in the diagram 

and  32p) be tween calcium phospha te  p rec ip i t a tes  and  the i r  supe rna t~n t  solutions.  
I n  Fig.  5 the  exchange fract ions Fca and  F p  are  p lo t t ed  as funct ions  of the  ex- 
change t ime t~, for a r e la t ive ly  fresh ( t  A = 300 min) crys ta l l ine  p rec ip i t a te  and  
one t h a t  was aged for a considerable  t ime  ( t  A ~ 30000 rain) before labell ing.  
I n  bo th  cases charac ter i s t ic  m a x i m a  and  min ima  are observed,  the  exchange 
capac i ty  of the  p rec ip i ta tes  obvious ly  decreasing wi th  aging. W h e n  syn the t i c  

2* 
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Fig. 6. The fraction exchange of 4sCa(Fca) and a2P(Fp) as a function of the aging time t n 
(log scale). Initial reactant concentration and exchange time as indicated in diagram 

(prepared after Ncwesely, 1960) previously dried octacalcium phosphate was 
rcequilibrated with near neutral solutions (pit 6-6.5) similarly shaped Fca and 
F~ v.s. t E curves were obtained, only the maxima and minima were much less 
expressed. 

In  Fig. 6 the dependence of the same parameters on the aging time, t A is 
shown. A complete set of data obtained from two characteristic experiments 
(system A : Ptot 3 mM, Cato t 3 raM, Figs. 5, 6 ; system B : Ptot 8 mM, Cato t 3 raM, 
Figs. 2, 3) is listed in Table 1. I t  is apparent from the Table that  calcium ions are 
exchanging faster than phosphate ions. 

Discussion 

I t  has been shown (compare also ref. 13) that in unbuffered systems the pH 
can be used as an additional parameter to calculate composition changes of 
precipitates which incorporate hydrogen containing species and/or hydroxyl ions. 
Although the values of " t o t a l  hydrogen" obtained in the kinetic experiments 
must be considered approximate and show only overall concentration changes, 
valuable additional information on the calcium phosphate system could never- 
theless be obtained. 
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The data pertaining to the initially formed precipitates (Figs. 2, 3) indicate 
that  in most systems either equal amounts of HPO42- and OH-  ions or no hydrogen 
containing species at all were incorporated. 

Since earlier experiments [4] showed the presence of HPOa z- ions in amorphous 
calcium phosphate obtained under similar conditions, it follows that  the compo- 
sition of the precursor might be Cag (ttPO4) x (P04) ~ z (OIt)x (x < 0.5) as proposed 
by Heughebart  and Montel (1973). We have found no evidence that  dicalcium 
monohydrogen phosphate is a precursor [12] even to precipitates with Ca/P 
and H/P  molar ratios between those of OCP and DCPD. 

In  accordance with earlier findings the composition of the secondary preci- 
pitates obtained in most of the experiments was in the range of the composition 
of OCP. I t  is thus confirmed, tha t  in the neutral pH range this compound is 
likely to be a transient to apati te formation provided that  the pH is allowed to 
change freely during the reaction. The range of the corresponding reactant  con- 
centrations has been previously given [15] and is also shown in Fig. 1. X-ray  
diffractometry data (Fig. 4, indicate, that  the amorphous/crystalline conversion 
may not be completed during secondary precipitation. I t  is therefore feasible 
that  calcium phosphates of different crystallinity and/or composition may  persist 
for some time after secondary precipitation. The X-ray data seem to confirm the 
observations made by Pautard (1973) who suggested only recently tha t  X-ray  
data obtained from pretreated bone mineral may lead to erroneous conclusions. 

In  order to obtain more information on the mechanisms of the equilibration 
processes, which take place after the conversion of ACP into crystalline apatite, 
heterogeneous exchange studies [7], were also performed. The heterogeneous 
exchange of constituent ions between solids and supernatant solutions may  be 
controlled by different processes, such as recrystallization through the super- 
natant  liquid in the sense of the Gibbs-Kelvin rule (Ostwald ripening and others), 
chemical transformation of the solid or liquid phase or both, chemical and physical 
surface reactions, self-diffusion into the crystal lattice and into the bulk of the 
solution etc. Plots of the fraction exchange, F, against the exchange time, rE, 
indicate the dominant mechanisms of equilibration of precipitates with their 
supernatants. 

In  Fig. 7 a schematic F, tE plot, indicating Ostwald ripening as the dominant 
mechanism in a system containing a large (L), a medium sized (M), and a small 
(S) crystal is shown. At the time of labelling, to, the fraction exchange, F, is zero. 
In  the time interval from t o to t I crystals L and M grow incorporating radioacti- 
vi ty while the smallest crystal S will be completely dissolved. Thus the fraction 
exchange increased and reaches its first maximum. From time t 1 to t a the radio- 
active crystal layer of crystal M will dissolve while L grows, the net results being 
increasing solution radioactivity and decreasing fraction exchange. After a mini- 
mum has been reached (the radioactive layer of crystal M completely dissolves), 
only crystal L continues to grow incorporating radioactivity. The course of the 
exchange process then increases as a monotonous F, t E function up to F ~ 1. In  
real systems F, t E plots mostly show several minima and maxima, stemming from 
a wide size distribution and/or the contribution of other equilibration processes 
(structural and composition changes, etc.). 
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Fig. 7. Schematic presentation of the fraction exchange F versus the exchange time t E function 
for the case when recrystallization in the sense of Ostwald ripening is the dominant mechanism 

determining the heterogeneous exchange process in the "solid-liquid" system 
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Fig. 8. Schematic presentation of the F vs. t E function for real systems when recrystallization 
in the sense of Ostwald ripening is the dominant mechanism determining the heterogeneous 

exchange process 

A schematic presenta t ion is given in Fig. 8. If  the system is labelled at  t 1 
(starting time), the exchange process is at  the  start ,  and  F = 0 (point 1 in  Fig. 8). 
Recrystal l izat ion takes place and  after t x (time of equil ibrat ion) the radionuclide 
is homogeneously dis t r ibuted between the l iquid and  solid phase (F ~ 1, poin t  x, 
in Fig. 8). 

I n  systems labelled a t  t imes t2...  t~ the course of the heterogeneous exchange 
processes is qua l i ta t ive ly  equal as in  systems labelled a t  t I bu t  the max ima  and  
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minima are shifted to higher exchange times and total F values are different. 
Thus the equilibrium time t x is reached after longer exchange times as the system 
is aged for longer periods (tA) before labelling. In  extremely aged precipitates in 
which particles are in morphological, crystallographic and dispersity equilibria, 
x points can occur at  times corresponding to the rate of autodiffusion of the con- 
stituent ion used for systems labelling. In  such cases the function F ,  t s corres- 
ponds to the simple linear dependence in a form F ,  V t [33]. 

Between extremely aged and fresh precipitates lie all real systems, which were 
investigated in this study. The curves Fp, t E and Fca , t e in Fig. 5 are an example 
showing that  the dominant mechanism of equilibration of calcium phosphate 
precipitates under the given experimental conditions is recrystallization through 
the liquid phase. The driving force of this process is obviously the tendency of 
the system to minimize its energy by reducing the surface to volume ratio and/or 
by chemical transformation of the less stable phases. Plots of Fca and Fp vs. 
the aging time (Fig. 6) show curves of different shapes for calcium and phosphate 
ions indicating different exchange rates as is also apparent  from Table 1. Thus 
chemical transformation may  be considered a major event in this system as 
also follows from Figs. 2 and 3 and from the relevant literature [4, 27, 28]. The 
Gibbs-Kelvin effect is probably of minor importance as indicated by pre- 
liminary experiments on similar systems (J. M. Holmes, Lj. BreSevi5 and H. 
Fiiredi-Milhofer, unpublished results), which show that  the surface area of the 
precipitates might increase with aging time. 

The large Fen values obtained in system B even for extremely aged preci- 
pitates (t A up to 100000 min) and for very short exchange times (t E 5-10 min; 
Table i), are ascribed to the preferential adsorption of calcium ions in the hydra- 
tion layer [19] and/or at the surface of the precipitate. Similarly Pak and Skinner 
(1969) have shown tha t  calcium ions preferentially accumulate in the liquid film 
adjacent to synthetic apatites and octacalcium phosphate. 

The importance of recrystallization in bone growth and transformation has 
been widely recognized (2, 5, 20, 25, 26], but the mechanisms of the processes 
involved are still subject to discussion. Interpretat ions range from the diffusion 
of ions mediated by lattice defects [20] to the Gibbs-Kelvin effect [2, 25, 26] 
and chemical changes [5, 26]. Clearly, the results of our experiments cannot be 
directly extrapolated to any biological system. However, some correlations 
might be relevant especially to phenomena considered in young bone formation 
and transformation. 

Earlier investigations of heterogeneous exchange of radionuclides with calcium 
phosphates relate only to synthetic compounds and bone salts [5, 6, 20, 22, 23]. 
Investigations on the interaction of freshly-formed calcium phosphates in contact 
with supernatant  solutions have not been reported previously. 
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