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Dissolution of human dental enamel and of synthetic hydroxyapatite pellets in completely
unsaturated acetate buffer solutions was previously shown to follow a model in which a single
dissolution site was employed. The present investigation reports similar studies carried out
under the clinically more relevant conditions of dissolution into solutions partially saturated with
respect to hydroxyapatite, and it is shown that under these conditions the dissolution kinetics may
be described by a site which has properties different from the site responsible for dissolution
into completely unsaturated solutions. The properties of this second site were consistent with
experiments in which bulk solution conditions (degree of partial saturation, Ca/P ratio) and effective
diffusion layer thickness were varied. Thus, dissolution kinetics studies indicate that hydroxyapatite
crystals have at least two different types of sites that are important in dissolution.

INTRODUCTION

In previous investigations we have stud-
ied the dissolution rate behavior of human
dental enamel and synthetic hydroxyapatite
in weak acid buffers. These investigations
included studies of the influences of pH,
common ion, fluoride, and trace elements on
the dissolution rate behavior (3, 4, 6).

Most of the previous studies were con-
ducted under sink conditions; that is, satura-
tion of the acidic media with respect to
hydroxyapatite was not permitted to exceed
about 1%. Under these conditions it was
found (9) that the dissolution rate behavior
of hydroxyapatite (NBS?) could be de-
scribed quantitatively and mechanistically
by two parameters. The first of them is an
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3 NBS hydroxyapatite is synthesized by the slow
addition of pure phosphoric acid solution into a boil-
ing CO,-free, CaO solution. The resulting precipitate
is then digested for 2 days in the boiling reaction
solution. The residue is washed, filtered, and then
dried at 105°C.
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activity product function:

Kuar = (aca++)*apo,=)%aon-)

of 107'25*1 which expresses the apparent
solubility driving source for the dissolution
under sink conditions and the second
parameter is a first order rate constant k
which is the measure of the rate of ion
disengagement at the crystal surface. Essen-
tially all of the experiments conducted
under sink conditions have been quanti-
tatively explainable by a physical model
consisting of this dissolution site, along
with the appropriate considerations of
multicomponent diffusion and rapid chemi-
cal equilibrium in the diffusion layer.

Although these studies were a major step
in the understanding of enamel and syn-
thetic HAP (NBS) dissolution under sink
conditions, it was apparent that they could
not provide an explanation for the more
complex process of in vivo caries forma-
tion. This process occurs in an oral environ-
ment partially saturated with respect to
hydroxyapatite and is characterized by an
initial ‘“‘white spot’’ formation involving
subsurface demineralization throughout a
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‘‘zone”’ of dissolution rather than simple
surface dissolution characterized by reces-
sion of the surface.

It is the purpose of the present com-
munication to describe the results of the
investigations of the dissolution rate be-
havior of the (NBS) hydroxyapatite under
moderate partial saturation conditions in
acidic buffers using the rotating disk method
and following the physical model recently
developed by Wu et al. (9) for data analysis.
As will be seen, under partial saturation
conditions, corresponding to a bulk solution
activity product of Kysp = (@caz+)%(dpo,o)°
X (agy-)? = 107%7 to 107'¥7, the dissolution
rate is largely governed by a second new
site different from that which dominates
the dissolution rate under sink conditions.

Physical Model for Dissolution
of HAP Pellets

We employed the physical model de-
veloped by Wu et al. (9) for hydroxyapatite
dissolution under sink conditions. In this
model an enamel block or a compressed
hydroxyapatite pellet is treated as a matrix
of hydroxyapatite crystals separated by
intercrystalline spaces that are permeated
with water. The matrix is separated from
the bulk acid buffer solution by a diffusion
layer, and the effective diffusion layer
thickness # is calculated from hydro-
dynamic considerations using a treatment
developed by Levich (5) and corrected for
the rotating disk experimental system (9).
Essentially the model consists of solving
the problem of simultaneous diffusion and
crystal dissolution in the matrix and
aqueous diffusion layer. The treatment
used here is similar to that used by Wu,
the only difference being the fact that the
bulk solutions used here were partially
saturated.

EXPERIMENTAL PROCEDURE
Hydroxyapatite Synthesis

Radiolabeled and nonradiolabeled syn-
thetic hydroxyapatite samples were pre-
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pared using the procedures developed by
Moreno et al. (7). A phosphoric acid
solution is slowly added to a boiling CO,-
free CaO suspension. The resulting pre-
cipitate is then digested for 2 days in the
boiling reaction solution. The residue is then
washed with boiling double-distilled water
for a few hours, filtered, rinsed with ace-
tone, and then dried at 105°C for 24 hr.

Hydroxyapatite Pellet Preparation

About 40 mg of hydroxyapatite pre-
equilibrated in a humidity chamber con-
taining saturated potassium nitrate aqueous
solution was directly compressed in a 0.25"-
diameter die with a force of 10,000 Ib using
a laboratory press. The pellet was then
gjected from the die and mounted on a
pellet holder with melted paraffin so that
only one flat surface of the apatite pellet
was exposed.

Preparation of Buffers

The acid buffer solutions were prepared
by mixing calculated quantities of the acid
and their salts. Partially saturated buffer
solutions were made by adding predeter-
mined amounts of calcium chloride or
sodium dihydrogen phosphate. In both
cases, calculated amounts of sodium chlo-
ride were added to maintain constant ionic
strength of 0.5 um. The pKyap of these
solutions were calculated by a computer
program developed by Fox (1).

Analytical Chemistry Procedures

Methods for the analysis of phosphate
and calcium used in the present work have
already been described (6). Calcium was
determined by atomic absorption spectro-
photometry and phosphate by a colorimetric
procedure. ¥Ca was analyzed by a scintil-
lation counter (Beckman liquid scintillation
system. Beckman Instruments, Inc., Fuller-
ton, California).
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Experimental Procedure

Rotating disk apparatus. Figure 1 is a
schematic representation of the experi-
mental rotating disk dissolution apparatus.
The pellet was fixed in the center of the
disk by melted paraffin. Prior to an experi-
ment this pellet was soaked in double-dis-
tilled water overnight. This disk assembly
was connected to a constant speed ro-
tating mechanism. The motor was firmly
suspended by means of clamps from a
series of bars which were rigidly fastened
to the laboratory bench. The ratio of the
flask diameter to disk diameter was 2.5
which exceeded the minimum 2.4 ratio
recommended by Riddiford (8). The dis-
tance from the disk to the walls and
bottom of the flask exceeded 0.5 cm, and
the disk was immersed to a level which
exceeded 0.5 cm (8).

The dissolution rate experiments were
run as follows. An acid buffer solution or
the partially saturated buffer (50 ml) was
accurately measured and placed into the
jacketed 100-ml beaker and allowed to at-
tain thermal equilibrium at 30°C. Then the
flask containing the solution was raised,
using a lab jack, until the pellet surface
was immersed. At the moment of contact,
the motor and a timer were simultaneously
started. Then the pellet holder was lowered
to its final position. An aliquot of sample
(about 1 ml) was withdrawn by pipet at
suitable intervals. The solution was re-
placed by an equal volume of the same buf-
fer solution maintaining a constant volume.
The samples were diluted and analyzed
for calcium and/or phosphate.

General Considerations of the
Experimental System

In these studies three different samples
were employed. The first was an authentic
(NBS) hydroxyapatite sample (received
from the National Bureau of Standards).
This was used to standardize the other
two samples synthesized in our laboratory
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F1G. 1. Rotating disk experimental set up: a, con-
stant speed motor; b, cover; c, hydroxyapatite
pellet; d, paraffin; e, jacketed glass beaker.

following the procedure described by
Moreno et al. (7).

The samples prepared in our laboratories
were *Ca-radiolabeled (NBS) hydroxy-
apatite and cold (NBS) hydroxyapatite.
These samples were compared with the
authentic (NBS) hydroxyapatite using in-
frared, X-ray, and elemental analysis to
ensure that the experimental results would
not be dependent on the source of hydroxy-
apatite used. In addition to these tests, the
three samples were compared under our
experimental conditions on a regular basis
and all these pairs of comparable experi-
ments showed an excellent agreement be-
tween our sample and the authentic (NBS)
hydroxyapatite sample.

In most of the studies reported in this
communication, the radioactive sample was
used to insure high accuracy in measuring
the rate of dissolution under partial satura-
tion conditions. The error for the analysis
in these experiments was consistently found
to be less than +1% of the amount
being measured.
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Experimental Results

The data obtained from dissolution ex-
periments were plotted as amount of hy-
droxyapatite dissolved (mg) in 50 ml of
buffer vs time. The amounts of hydroxy-
apatite dissolved were calculated on the
basis of both calcium and phosphate
analyses whenever both were possible.
Good stoichiometry, i.e., congruent dis-
solution, was found in all the experiments.
However, because of the somewhat better
precision of the radiolabeled **Ca analysis,
the data obtained by this method were
used to calculate dissolution rates whenever
possible.

A typical set of data showing the effect
of changing the rotation speed on the
dissolution rate is shown in Fig. 2. As can
be seen from this data, there is only a very
weak dependence of dissolution rate on
rotation speed. The weakness of this de-
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pendence indicates that the dissolution rate
is not limited purely by the diffusion proc-
ess, but that surface solution kinetics also
plays a rate-limiting role, more so than in
the sink conditions of Wu ef al. (9) where
this kinetic limitation was of lesser im-
portance.

Also, each of these pellets was examined
visually and mechanically after its dissolu-
tion run and was found to have the
softened texture indicative of zonal dis-
solution rather than simple surface dis-
solution. This zone softening was observed
with all three samples of hydroxyapatite
used in these studies and was more pro-
nounced under conditions of higher partial
saturation, although no quantitation of the
softening was attempted in any of the
experiments.

Because of the long-time periods re-
quired for each experiment and the zonal
softening produced during the course of a
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FiG. 2. Effect of rotation speed on the dissolution rates of *Ca—HAP pellets (A = 0.317 cm?).
Bulk solution conditions: 0.1 M acetate buffer at pH 4.5 and 0.5 M ionic strength, TCa = TP
= 3.524 x 10-3 M (16% saturation). @, 900 rpm; (I, 500 rpm; %, 250 rpm; O, 100 rpm; %, 50 rpm.

Journal of Colloid and Interface Science, Vol. 67, No. 2, November 1978



308

TABLE 1

The Values of the Parameters Obtained under Sink
and Partial Saturation Conditions

Bulk solution Kyas® kDb
Sink conditions® 10125 44 x 10~
Partial saturation conditions  10~121.8 1.5 x 10-¢

® Kuap = (aca®)s" (apo,_)s6 @on)s*

® k = apparent first order rate constant; D' = dif-
fusivity in the enamel or HAP pellet.

¢ Wu et al. (9).

single experiment, a new hydroxyapatite
pellet was used for each dissolution run.
It was found however, that repeat runs
on the same pellet were always within
experiment error of the first run. The pellet-
to-pellet variations were also small, as dis-
solution rates with different pellets under
the same experimental conditions were al-
most always within 4% of each other.

The dissolution rate data were treated in
a manner similar to that described by Wu
et al. (9), and the values obtained for
the dissolution site parameters were con-
siderably different than those he obtained
under sink conditions using identical experi-
mental techniques. Since the uncertainty

TABLE II

The Relationship between the Bulk Solution Activity
Product and the Actual Total Calcium and Phosphate
in Solution

Bulk solution Concentration Nominal
activity Solution percentage

product as Cato TP TCa TP saturation®
PKuar® ratio X 1M x 1P M (%)
138.2 1 0.852  0.852 4
135.8 1 1.3 1.3 6
132.9 1 1.704 1.704 8
128.4 1 3.524 3.524 16
128.4 10 8.356  0.8356 16
128.4 0.1 1.48 14.80 16
128.4 100 19.8 0.198 16

2 All these solutions are acetate buffer of 0.1 M
acetate, pH = 4.5, and their ionic strength is adjusted
to 0.5 M by adding NaCl.

® 100% saturation here is the thermodynamic K,
determined by Moreno ef al. (7).
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of the values of these parameters was
much smaller than the difference between
these parameters and those obtained by
Wu, it appeared that there was a new,
second dissolution site on hydroxyapatite
crystals with values of Ky,p and kD’ as
shown in Table I. Because this idea of a
second dissolution site marked such a
radical departure from previous thinking,
a series of experiments were designed to
critically test this idea.

Dissolution experiments were performed
under varying degrees of partial satura-
tion and varying Ca/PO, ratios. The de-
gree of partial saturation is denoted by the
ion activity product [(aca2+)'"%apo=)%(aou-)1,
of the bulk solution. For a bulk solution
with a Ca/PO, ratio of unity, ion products
of 1071282 10-1358 10-1329 apd 10-128+4
correspond to solutions that are approxi-
mately 4, 6, 8, and 16% saturated, re-
spectively, with respect to the equilibrium
solubility of hydroxyapatite (see Tables II and

TABLE 1II

Selected Parameter Values used in the Calculations®

Ionic Ionic

activity activity
coefficient coefficient
Species (y) Species (6%
H,PO, 1.0 Ca?*t 0.33
H,PO, 0.44 CaAc* 0.80
HPO,~ 0.15 CaHPO, 1.0
PO,= 0.029 CaH,PO,* 0.44
HAc 1.0 H* 0.8
Ac” 0.80 OH~- 0.69
Equilibrium constant
K, pK.
(thermo- (corrected
Reaction dynamic) for ys)
H;PO, = H,PO,~ + H* 6.98 x 103 1.70
H,PO,~ <= HPO,~ + H* 6.40 x 108  6.63
HPO,~ = PO, + H* 4.73 x 1073 11.51
HAc = H* + Ac™ 1.75 x 1075 4.56
CaAct = Ca®* + Ac~ 0.295 0.0485
CaHPO, =Ca?* + HPO,~ 3.92 x 102 1.10
CaH,PO,* = Ca®* + H,PO,~ 1.98 x 10~  0.220
HOH =H + OH 1.8 x 10-'¢ 15.49

2 Jonic strengths adjusted to 0.50 with NaCl.



A SECOND SITE FOR HAP DISSOLUTION 309

/:8,
3.5 2/
e
3
A//
B s
g sk Y oA/
g /
£ A
2.0 A =
WS % o
H] g ﬁ >
e}
1.5k i /9
x o
1.of ¥ : ®
®
0.5§
] ] [ 1 s
0 5 10 15 20 25 30
(x:pm)l/2

Fi1G. 3. Comparison between the observed and the predicted effect of stirring speed on the dis-
solution rate, J, of ¥Ca-HAP pellets (A = 0.317 cm?). Bulk solution conditions: 0.1 M acetate
buffer at pH 4.5 and 0.5 M ionic strength. (——) partial saturation site prediction; (- --)
deviation from partial saturation prediction.

% saturation

O® TCa =TP = 8.52 x 10* M 4
AA TCa=TP = 1.30 x 1073 M 6
® TCa = TP = 1.704 x 10* M 8
Yo% TCa = TP = 3.524 x 10* M 16
O TCa = 8.356 x 10* M, TP = 8.356 x 104 M 16
O TCa =148 x 10*M, TP= 148 x 102M 16

III). Experiments were done at each of the experimental results were consistent with
above partial saturations with Ca/PO, ratios the single Ky,p and kD’ pair (see Fig. 3).
varying from 0.1 to 10. This represented some 30 different sets of

For the 8 and 16% partial saturation experimental conditions. The fact that ex-
conditions for all the Ca/PO, ratios and for periment and theory were consistent (i.e.,
the entire range of rotation speeds, the agreed well) does not necessarily indicate

Journal of Colloid and Interface Science, Vol. 67, No. 2, November 1978



310

that the parameters used in the model
are accurately known, however. The two
parameters are, in fact, quite dependent
on each other so that there is some un-
certainty in their values.

For the 4 and 6% partial saturation the
dissolution rates at the lower rotation
speeds employed (<200 rpm) were con-
sistent with these same parameters. At
higher rotation speeds, however, the dis-
solution into the 4 and 6% solutions was
consistent with the parameters of the sink
site described by Wu et al. (9). This break
in the dissolution rate vs rotation curve
for 4 and 6% partial saturation is indicative
of a transition from one-site only dis-
solution kinetics to two-site kinetics and is
fully consistent with the postulated proper-
ties of the dissolution sites. A detailed
discussion of the two-site model appears
in a separate paper by Fox et al. (2).

DISCUSSION

The experimental data indicate that under
the higher partial saturation conditions em-
ployed in this study the rate of dissolu-
tion is governed by a site distinctly different
from that found by Wu and co-workers
(9) to govern dissolution under sink con-
ditions. In determining the pKy,p for this
site, it was found that the value that
gave the best fit when considering all the
data was about 121.8. It was found that
values in this range were always obtained
independently of what reasonable values
were chosen for the effective diffusivity
and the activity coefficients. However, if
only the 16% data were used in obtaining
these parameters, an equally good fit is
given by a pKy,p value of 120. The inclusion
of the 8% data makes the fit sharper with
a value of about 121.8. Extensive manipula-
tion of these parameters (2) shows that
although exact values for the pKy,ps for
the two sites are elusive at this point, the
end result of any fitting procedure is the
conclusion that the pKy,ps of the sites
differ by several units.

Journal of Colloid and Interface Science, Vol. 67, No. 2, November 1978

FAWZI ET AL.

Dissolution experiments in both 16 and
0% saturated solutions have shown that
block enamel and the NBS hydroxyapatite
used in this study exhibit essentially the
same dissolution behavior (Fawzi et al.,
unpublished). It is therefore probable that
the two sites responsible for dissolution
of the synthetic hydroxyapatite are also
responsible for the dissolution of human
dental enamel. In particular, the single site
responsible for dissolution of hydroxy-
apatite under partial saturation conditions
is very likely the site that is important
in the clinical development of carious
lesions. The properties of this site lead to
the expectation that dissolution in partially
saturated solutions would occur from
a zone extending from the surface to a
depth of about 50 um. In synthetic
hydroxyapatite this is manifested as a zone
of softening, while in clinical dentistry the
zonal dissolution leads to the formation
of white spots, which have long been
known to be the precursors to cavitation.

The implications of the discovery of this
second dissolution site are great. Any
studies which are done in an effort to
test possible treatment regimens for the
clinical reduction of caries must include
experiments done under conditions of par-
tial saturation so that the clinically active
site is the one being observed. In par-
ticular, the effects of fluoride and trace
metal ions on enamel dissolution must
be studied under conditions of partial
saturation to have any clinical meaning.

The discovery of this second site will
guide researchers in the right direction in
choosing future experiments to better
understand the behavior of dental enamel
under clinical conditions and hence to
develop better regimens for caries preven-
tion and treatment.

SUMMARY

Previous studies (9) showed that under
sink conditions dissolution of human dental
enamel and synthetic hydroxyapatite pellets
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could be reasonably well described by a
model employing a single dissolution site.
This site was not in instantaneous equilib-
rium with the adjacent solution, but rather
had a rate of dissolution characterized by a
first-order rate constant. The present in-
vestigation reports similar studies carried
out under the clinically more relevant con-
ditions of dissolution into partially saturated
media, and it is shown that under these
conditions dissolution may be described by
a site which has properties different from
the sink site (9). The properties of this
site were consistent with a great number of
experiments in which bulk solution condi-
tions were varied. Hence the available
evidence indicates that hydroxyapatite
crystals have at least two different types
of sites that are important in dissolution.
A detailed discussion of the two-site model
and its implications is contained in a sepa-
rate paper (2).
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