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A number of light scattering experiments was performed on calcium and phosphate containing 
solutions at pH 8.33 and 26°C. Supplementary information was obtained by means of dynamic light 
scattering, scanning electron microscopy, and transmission electron microscopy. The measure- 
ments prove that during the period in which amorphous calcium phosphate is present, coagulation 
is the dominant process that gives rise to the observed changes in the scattering intensity. 

INTRODUCTION 

The formation of  hydroxyapat i te  (HAP), 
Cal0(PO4)6(OH)2 from supersaturated solu- 
tions has been studied extensively, largely 
because of the occurrence,  in dental enamel 
and bones, of  a compound which resembles 
HAP very much. These investigations 
pointed out that the precipitation of HAP 
from aqueous solutions is preceded by the 
formation of  a precursor  phase commonly 
referred to as an amorphous calcium phos- 
phate (ACP) (1). 

Many attempts have been made to eluci- 
date the nature of ACP. Several authors 
believed it to be identical in composit ion 
to other  calcium phosphates ,  notably  
brushite (DCPD) (2), octacalcium phosphate 
(OCP) (3), and tricalcium phosphate (TCP) 
(6-8).  However ,  more recent work by 
Termine and Eanes (9) indicated that the 
chemical composition of ACP is pH-de- 
pendent  and that at most short-range order  
is to be expected. They therefore suggested 
that ACP best be considered a glass-like 
substance. Lateron Betts and Posner  (10) 
concluded from an X-ray radial distribution 
study of  ACP that this material is bet ter  
viewed as an amorphous clustering of micro- 
crystallite material than a random network 
structure. 

Other investigations pointed to the exist- 

ence of  OCP as an intermediate in the trans- 
formation process which eventually results 
in the precipitation of HAP (11-13). At low 
supersaturations the precipitation of  HAP 
has been found to proceed without forma- 
tion of a precursor  phase (5, 14). 

In this investigation which was primarily 
undertaken to get more information about 
the first stages of the HAP precipitation 
process we have made use of light scatter- 
ing measurements.  The great advantage of 
this technique is that an in situ study of  the 
system is possible. 

EXPERIMENTAL 

Two types (I and II) of experiments were 
performed, In type I experiments the early 
stage in the precipitation process was fol- 
lowed by light scattering measurements and 
in type II experiments the same process was 
observed by registering the amount of alkali 
consumed at constant pH as a function 
of  time. 

In both series of  experiments the super- 
saturation was built up by injecting sepa- 
rately a solution containing 0.200 M Ca- 
(NO3)2 and a solution of 0.060 M K2HPO4 
and 0.060 M KH~PO4 into 3 liters of a solu- 
tion either 0.150 M (I) or 0.164 M (II) in 
KNO3 and of pH 8.33 + 0.02. A detailed 
description of  the apparatus and injection 
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procedure is given elsewhere (13). In these 
experiments reagent-, analytical-, and puris- 
simum-grade (Merck suprapur) KNOa were 
used but no significant effect of the purity 
was noted on the experimental results. All 
other reagents were of analytical grade and 
the water was twice distilled. During an 
experiment nitrogen was bubbled through 
the solution to prevent uptake of COe. The 
system was thermostatted at 26.0 + 0.2°C. 
The stirring speed was 550 rpm. Changing 
the speed by as much as 250 rpm did not 
affect the results. The initial concentration 
of calcium in the supersaturated solution 
varied between 1.99 and 2.10 mmole/liter 
and the total phosphate concentration be- 
tween 1.20 and 1.37 mmole/liter. The ratio 
of these concentrations (Ca/P) attained 
values between 1.51 and 1.67. 

In the type I experiment the solutions 
were made as dust-free as possible by filtra- 
tion through 0.45-tzm Millipore filters prior 
to being introduced into the closed reac- 
tion vessel which was also made dust-free. 
The KNO3 concentration in these tests was 
0.15 M. A 0.033 M Tris-HNO3 buffer was 
present to maintain a pH of 8.33 _+ 0.02 for 
2 hr after injection of the calcium and phos- 
phate solutions. The time required to build 
up the supersaturation was always less than 
10 rain. A 10-ml sample was then taken for 
light scattering measurements in a FICA 50. 
These measurements were done with un- 
polarized light at a wavelength of 436 or 
546 nm as a function of time. 

Only those experiments which showed 
no effects due to spurious dust particles 
were used in the analysis. Quasielastic light 
scattering measurements (15) with an argon 
ion laser (X = 514 nm) were done with one 
sample. With this technique the diffusion 
coefficient of the scattering particles can be 
evaluated from the fluctuations in the scat- 
tered light intensity due to Brownian motion. 

In type II experiments the pH was kept 
constant at 8.33 with a Mettler pH-stat by 
using an Ingold 465-35 combination electrode 
which was calibrated with Electrofact buf- 

fer solutions. The 0.025 M CO2-free KOH 
solution was injected by the same procedure 
as used for the calcium and phosphate solu- 
tions. To reach the same ionic strength as 
in type I experiments the KNOa concentra- 
tion was 0.164M. Samples (250 ml) for solid- 
state analysis were taken from the reaction 
vessel. These were rapidly filtered through 
100-nm Millipore filters and subsequently 
freeze dried. Photographic Debye-Scherrer 
patterns of the solid material were recorded 
with an Enraf-Nonius diffractometer us- 
ing CuK~ radiation. Scanning electron 
microscopy was performed in a Cambridge 
Stereoscan 150. For transmission electron 
microscopy two sample preparation tech- 
niques were used. With the first technique 
the sample was sprayed on freshly cleaved 
mica and then a carbon replica was made. 
In the second method the freeze dried pre- 
cipitate was redispersed in acetone. A drop 
of this dispersion was then allowed to dry 
on a parlodion carbon-coated grid and after- 
ward viewed in a Philips EM 201. Sedimen- 
tation experiments were done in a Beckman 
Spinco (model E) ultracentrifuge. 

R E S U L T S  

The uptake of alkali as a function of time 
as recorded in a typical type II experiment 
is displayed in Fig. 1. The parameter a de- 
notes the degree of advancement of the reac- 
tion (0 ~< a ~< 1) based upon the assumption 
that HAP is the most stable solid phase. 
The magnitude of a is evaluated by dividing 
the experimental amount of alkali consumed 
by the total amount necessary to precipitate 
HAP and to yield a solution saturated with 
respect to this compound. In making these 
calculations the presence of the complexes 
CaH2PO +, CaHPO°4, CaPO4, and CaOH + 
in the solution phase was also considered. 

A detailed description of the calculation 
procedures is given elsewhere (13, 16). The 
precipitation curve in Fig. 1 may be divided 
into three regions (A, B, and C). 

As pointed out previously (13) this division 
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correlates with the turbidity curve given by 
Termine and Eanes (9) and allows one to as- 
sign to each region a characteristic feature. 
In region A amorphous calcium phosphate 
is present. Region B is correlated with the 
amorphous-crystalline conversion whereas 
in region C the growth of apatitic crystals 
takes place. The light scattering data of 
type I experiments were gathered in region 
A. Solid samples taken in this region gave 
a Debye- Scherrer pattern of an amorphous 
calcium phosphate (17). The solution ap- 
peared slightly colloidal. No coarse precipi- 
tate could be observed. 

All light scattering measurements showed 
an angular dependence as depicted in Fig. 2 
where the reciprocal scattering intensity in 
arbitrary units is plotted as a function of 
sin 2 ½0. This observation implies that the 
angular dependence of the scattered light 
did not alter with time, i.e., the two curves 
in Fig. 2 coincide on multiplying the in- 
tensity with an appropriate scale factor. The 
maximum at high angles was noted in all 
experiments but we are not sure whether it 
has any real significance. This maximum in 
Fig. 2 correlates with low I values (ordinate 
in figure is reciprocal intensity) which could 
not be measured with the precision possible 
at higher intensities (lower sin 2 ½0). Prob- 
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FIG. 1. Alkali uptake curve for a type lI  experiment: 
pH = 8.33, T = 26°C, 0.164 M KNO~, total calcium 
= 1.98 mmole/liter, total phosphate = 1.21 mmole/ 
liter. 

ably it is due to a systematic error. Figure 
3 displays the dissymmetry at 75 °, i.e., the 
ratio of the intensities at 75 ° and 105 ° . We 
chose the dissymmetry at 75 °, Z(75°), in 
preference to that at 45 ° because both in- 
tensities (at 75 and 105 ° ) fall on the straight 
line portion of the 1-1 vs sin 2 ½0 curve. 

The dissymmetry was evaluated at two 
different wavelengths to determine if the 
observed fluctuations in dissymmetry could 
not originate from convection due to small 
temperature differences between the meas- 
uring cuvette and the surroundings. As can 
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FIG. 2. Reciprocal scattering intensity as a function of  sin 2 ½0 at two times for a sample taken in 
region A; X = 546 nm. The data are corrected for the scattering of the pure liquid. @, t = 10 min; 
O , t  = 40min.  
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FIG. 3. Z(75 °) as a function of time for a sample taken 
in region A at two different wavelengths. The data are 
corrected for the scattering of the pure liquid. 

be seen f rom this figure the fluctuations at 
546 nm are larger than those at 436 nm. This 
observat ion leads to the conclusion, as will 
be amplified in the discussion, that convec-  
tion is not responsible for the fluctuations. 

From the figure we also note that the ex- 
perimental  errors in the evaluated dissym- 
metry  are fairly large but the indicated 
sinusoidal fluctuations were quite repro- 
ducible. 

In Fig. 4 the scattering intensity at 75 ° 
and 436 nm is shown as a function of time. 
This curve was more  difficult to reproduce 
(shape and height above  the zero intensity 
datum) than those plots in the previous 
figures. However ,  in all the experiments  the 
increase in intensity accompanying the 
progress  of  the process  was found to be 
small as may be seen in Fig. 4. 

The t ime to reach region C (Fig. 1) was 
always shorter  in the well-stirred reaction 
vessel  than in the unstirred cuvet tes  used 
in the light scattering experiments ,  while 
type I and type I I  exper iments  in the reac- 
tion vessel  had the same time scales. This 
t ime difference is readily established be- 
cause the beginning of region C is char- 
acterized by visible precipitation. Ultra- 
centrifugation and transmission electron 
microscopy measurements  on liquid samples 
taken in region A were not possible because  
of the low concentrat ion of the colloidal 
particles formed in this region. 

Scanning electron microscopy  on solid 
samples gave no useful information because  
Journal of Colloid and Interface Science, Vol. 73, No. 2, February 1980 

the particles were too small. Only when 
the p H  (and thus the supersaturation) was 
increased to a value of  8.45 could spherical 
particles identical with those described by 
Nylen  et al. (18) be observed.  Transmis-  
sion electron micrographs of redispersed 
solid samples revealed circular flat particles 
of  diameter  up to 0.5 /zm. These particles 
displayed the electron lucent holes char- 
acteristic of  ACP (18). However ,  we are not 
sure that we were not perhaps looking at 
artifacts. 

Dynamic  light scattering revealed that the 
apparent  diffusion coefficient of  the par- 
ticles in region A decreased f rom 4.4 x 10 -13 
to 2.3 x 10 -13 m2/s. The fact that the par- 
ticles are growing during these measure-  
ments  prevented us f rom extrapolating the 
measured values of  D to sin 2 ½0 = 0 to 
obtain the real diffusion coefficient. 

DISCUSSION 

In the interpretation of  the light scattering 
data we shall be guided by two important  
experimental  observat ions.  We noted a 
small increase in scattering intensity with 
time (Fig. 4) whereas  an increase of  the 
particle radius by about  a factor  two may be 
derived from the dynamic light scattering 
measurements .  The latter conclusion fol- 
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FIG. 4. Intensity as a function of time for the same 
experiment as in Fig. 3. X = 436 rim, 0 = 75 °. The data 
are corrected for the scattering of the pure liquid. 
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lows from the Einstein relation 

kT 
D - [ll 

f 

which shows that the diffusion coefficient 
(D) varies inversely with the friction factor 

f which in turn is assumed proportional to 
the particle radius. 

Now it is possible to account for both 
these observations if coagulation is the 
dominant process that occurs in region A 
(see Fig. 1). Furthermore, the observed 
effect of stirring on the length of region A 
can then be interpreted as an example of 
orthokinetic ftocculation (19). This sugges- 
tion is reasonable in view of the rather large 
particle diameters (in the order of 1 /zm). 

The light scattering data should therefore 
provide us with information about the na- 
ture of the coagulates that are being formed 
in the solution. For a number of reasons, 
the interpretation of the results is however 
complicated. First, the dynamic light scat- 
tering study indicates the particles to be 
quite large; one may therefore question 
whether the Ray le igh-Gans -Debye  theory 
may be applied in the analysis. Second, 
from studies of Nylen et al. (18) we know 
that the ACP phase in solution is quite poly- 
disperse. Third, an observed angular de- 
pendence of scattering is not uniquely re- 
lated to one specific particle form. 

We now proceed to demonstrate that 
taking cognizance of these complications, 
the observed scattering behavior of our 
system may be accounted for by assuming 
the coagulate to exist as polydisperse, ran- 
domly oriented thin disks. 

The particle scattering function for the 
above mentioned disks is given by Porod (20) 

P(O) = 2/u2I I - ( 1 ) j a ( 2 u ) ]  [2] 

where 
4rra 

u - sin (0/2) = ha 

and where a designates the radius of the 

disk, X the wavelength in the medium, 0 
the angle of observation. Jl(x) is a Bessel 
function of the first kind and of order one. 

In the following we shall show that we 
may indeed apply the Ray le igh-Gans -  
Debye theory and thus Eq. [2] to the anal- 
ysis. Distortion of the wavefront of the light 
beam may become important if it has to pass 
through a considerable length of the particle. 
The fraction of orientations with the disk 
parallel to the incident light beam is pro- 
portional to 6/a, where 6 is the thickness 
of the particle. For reasonably thin disks 
this fraction should be small and therefore 
also the distortion of the wavefront. The 
effects of interparticle interference and in- 
teractions between the particles will be 
small because of the small weight fraction 
of the calcium phosphate solid in the begin- 
ning of the process (see Fig. 1). 

The effect of polydispersity will be con- 
sidered by introducing a log normal dis- 
tribution function because of its frequent 
encounter in analyses of particle size dis- 
tributions (21). Such a distribution function 
as given by the relation (22) 

1 (lna - lnam) 2 
p(a) - exp - [3] 

(27r) l~2ao- 2o -2 

where In am is the mean value of In a and o- 
is the standard deviation of the distribution 
of In a. 

The dissymmetry at 75 ° is then deter- 
mined by the expression 

Io °P(a)P(75°)a6da 
Z(75 o) = [4] 1 

o~ P( a')P( lO5°)a'6da ' 

In Fig. 5 calculated Z(75 °) curves for dif- 
ferent values of o- are given as a function of 
am. On comparing the curves in Fig. 5 with 
the experimental curves (Z(75 °) versus time) 
in Fig. 3, it should be noted that an increase 

' H e r e  we  s u p p o s e  the  t h i c k n e s s  of  the pa r t i c l e s  to  

be  p ropo r t i ona l  to the i r  radius .  

Journal of  Colloid and Interface Science, Vol. 73, No. 2, February !980 



436 F E E N S T R A  A N D  D E  B R U Y N  

z (7~ 

1.8 

1.4 

1.0 • 
0 0.2 0.4 0 6  

- -  ~ r a d i u s  (g tml  

FIG. 5. C a l c u l a t e d  Z(75 °) as  a funct io l ,  o f  the  r ad iu s  

of  a v e r y  th in  c i r cu la r  d i sk ;  X = 546 nm,  n = 1.3344. 

Di f fe ren t  c u r v e s  r e p r e s e n t  d i f fe ren t  logar i  ~hmic n o r m a l  

d i s t r ibu t ions .  (1) c~ = 0.5; (2) cr = 0.25; (3) (r = 0.10; 
(4) o- = 0.001. 

in time is equivalent to an increase in mean 
particle radius. The limiting dissymmetry 
value at high am (see Fig. 5) equals [sin 2 
x (105°/2)I/[sin z (75°/2)] = 1.698 because 
under this condition the Bessel function in 
Eq. [2] approaches a value of zero. From 
Fig. 5 we furthermore note that this limiting 
value is reached earlier at high values of  o-, 
i.e., with increased polydispersity. This 
result implies that the broader  the distribu- 
tion function, the smaller the mean loga- 
rithmic particle size for which a plot of 1-1 
as a function of sin 2 (g20) will approach a 
straight line (see Fig. 2). 

We also calculated the P(O) and Z(75 °) 
for randomly oriented thin square platelets. 
These calculations show a striking resem- 
blance to those for the disk. The detailed 
form of  the platelets is therefore not im- 
portant to this analysis. According to Eq. 
[2] u is proportional to a/X. The calculated 
dissymmetry curves should therefore be 
shifted toward the left hand-side in the dia- 
gram (e.g., Fig. 5) at smaller wavelengths. 
This also implies that if large fluctuations 
are observed at 546 nm, for example, smaller 
ones are expected at 436 nm. The experi- 
mental results at these two wavelengths 
(see Fig. 3) are in accordance with our 
analysis. 

At this point in the discussion we should 
Journal of Colloid and Interface Science, Vol. 73, No. 2, February 1980 

mention that the radius of the particles at 
the start of the precipitation process as 
estimated from Fig. 5 should lie at most be- 
tween 0.3 and 0.4 tzm. Insertion of  the ex- 
pression for the friction factor of a sphere in 
Eq. [1] yields a radius of about 0.5 tzm for 
the particles at the beginning of region A 
When using the measured diffusion coeffi- 
cients. However ,  as the friction factor of 
thin circular plates is about two-thirds of 
that of  a sphere of the same radius, the 
radius calculated from the measured dif- 
fusion coefficients could even be as high 
as 0.75 t~m. 

The above calculations do, however ,  not 
prove that the coagulates have a platelike 
habit. In fact Nylen et al. (18) showed the 
primary particle form for ACP to be that 
of a sphere. The radius of the ACP spherules 
was observed to range from 100 to 600 ]k. 
The same authors noticed that these spheres 
coagulate into branched chainlike struc- 
tures. In the light of these experimental  
facts we can only conclude that the flocs 
mimic disks in their light scattering prop- 
erties. This means that there is some resem- 
blance between the characteristic function 
for disks and the characteristic function of  
the coagulates. This characteristic function 
was introduced by Porod (23) and can be 
represented by the following relation: 

y0(r) = l?(r)/V [5] 

where V represents a volume and V(r) is 
a volume common to the particle itself and 
the particle when it is displaced over  a vec- 
tor  r. One can also say that y0(r) represents 
the probability that a point at a distance r 
in an arbitrary direction from a given point 
in the particle will itself also be in the par- 
ticle. An interesting feature in calcium phos- 
phate systems is the fact that after the con- 
version of ACP, thus after region B, Eanes 
and Meyer  (11) found lamellar particles. 

Eanes et aI. (25) also observed in dried 
samples disk-like ACP particles but con- 
sidered them to be artifacts. It is possible 
that the formation of branching chains as 
was found by Nylen et al. (18) represents 
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a form of oriented flocculation which plays 
a role in the conversion process. 

Now oriented flocculation may occur if 
due to the anisotropy of the primary par- 
ticles the strength of the interaction varies 
with the orientation of one particle with 
respect to another (26). This explanation is 
hardly to be expected to apply in the case for 
ACP. A second alternative is oriented floc- 
culation as a result of differences in inter- 
action in different directions between a 
secondary and a primary particle (27). Both 
theoretical considerations and experimental 
facts indicate that in the latter case oriented 
flocculation leads to chain formation. 

CONCLUSIONS 

In the early stages of the precipitation 
of HAP from solutions supersaturated in 
calcium and phosphate a number of inves- 
tigators have shown ACP to be present. 
From light scattering measurements per- 
formed on these solutions it may be con- 
cluded that the dominant process at this 
stage is coagulation of ACP particles. An 
analysis of the light scattering data sug- 
gests a resemblance between the charac- 
teristic function for the coagulates and the 
characteristic function for thin randomly 
oriented disks. This conclusion is of impor- 
tance for the elucidation of the conversion 
mechanism of ACP to OCP as an inter- 
mediate phase in the formation of HAP. 
OCP is generally known to have a plate- 
like habit (24, 28). 
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