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The rate of growth of pure calcium fluoride crystals is controlled by a surface polynuclear
mechanism when the supersaturation is less than 4.4. The surface free energy is found to be
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Calcium fluoride crystals have important
industrial applications. These crystals, or
crystals contaminated with phosphate, are
also of interest in dentistry owing to their
possible anti-caries effects. Despite the
importance of these crystals, the mechanisms
controlling the dissolution and growth pro-
cesses appear not to be unambiguously
known. This is also the case for the surface
tension of the crystals in aqueous solution.
Gardner & Nancollas (1) studied the kin-
etics of both the growth and the dissolution
processes at 25°C and found the rate of
growth to be proportional to (S — 1), with
S being the supersaturation ratio C/C;. At
low supersaturation, § < 1.75, the value of
n was 3, and for 1.75 < § = 3, the reported
value of n is 2. The rate of dissolution was
proportional to (§ — 1), but with a rate con-
stant too small for the rate of dissolution to
be diffusion-controlled. Gardner & Nan-
collas (1) thus concluded that both processes
were controlled by surface processes. Shyu
& Nancollas (2) reported the rate of growth
of calcium fluoride crystals at 37°C to be

proportional to (S$—1)? in the supersa-
turation range 1.2=<5=<2.66. In these
experiments a constant composition method
was applied. Nielsen & Toft (3) studied the
rate of growth of calcium fluoride at 25°C
during direct crystallization and found the
rate of growth to be controlled by a poly-
nuclear mechanism, the rate being pro-
portional to (S—1)" with n>2 in the
supersaturation range 4 < § < 40. At lower
supersa2turation, the rate was proportional to
(-1~

The surface tension of crystals in aqueous
solution greatly influences the rate at which
processes can take place in the surface of the
crystals. Nielsen & Sohnel (4) reviewed the
literature and concluded the ‘best value’ for
the surface tension of calcium fluoride to
be o =280mJ/m2 de Jong et al. (5) used
contact angle measurements and obtained a
much lower value (= 40 mJ/m?).

In dentistry topical application of fluoride-
containing compounds normally causes
precipitation of calcium fluoride or calcium
fluoride-like material containing some
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phosphate. Dental application of such agents
is not unanimously accepted. The mor-
phology and structure of such precipitates
on enamel have recently been described in
detail by Nelson et al. (6,7). A generally
accepted physical model describing the inter-
action between dental enamel and topically
applied fluoride-rich agents has been given
by Higuchi et al. (8). In this model, calcium
fluoride precipitates on the enamel and,
owing to ion exchange, a layer of calcium
hydroxyapatite (HA) beneath the calcium
fluoride layer may be transformed into fluor-
apatite (FA). From a dental point of view
it is desirable to have HA in epamel trans-
formedinto FA, as the latter is more resistant
to acid attack than HA. The price for this
transformation, when topical fluoride-rich
agents are applied, appears to be that the
calcium ions precipitated originate from the
enamel. McCann (9) has described the inter-
action between HA, FA, and CaF, in detail
and reports that at low pH values calcium
fluoride is less soluble than FA. If this were
not the case, calcium fluoride-like material
could not be formed on ename} during top-
ical fluoride application. This means that a
model assuming that calcium fluoride-like
material precipitated on enamel can act as a
desirable fluoride buffer may not be quite as
acceptable as often considered. If acid can
penetrate the calcium fluoride layer, FA may
dissolve, and more calcium fluoride may be
formed.

The rates of growth (2) and dissolution
(10,11) of calcium fluoride crystals are
severely reduced if phosphate is present.
This inhibitory effect decreases with decreas-
ing values of pH (11). Lagerlof et al. (11)
report that, clinically, intermittent treatment
with high concentrations of fluoride is an
acknowledged caries-preventive measure.
This statement is based on the concept that
calcium fluoride inhibited by phosphate acts
at low pH as a slow-release device for fluor-
ide, which at higher pH can be reprecipitated
as FA or adsorbed onto HA in the underlying
enamel.

To help elucidate this subject, basic infor-
mation concerning solubility and kinetics of
growth and dissolution of pure calcium flu-
oride crystals and calcium fluoride-like crys-
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tals containing phosphate appears to be
required, as does information about the
multi-phase system consisting of HA, FA,
CaF,, and CaF,-like crystals suspended in
aqueous solution containing at least calcium,
hydrogen or dihydrogen phosphate, and
fluoride ions at various pH values.

The aims of the present work are to deter-
mine the rates of growth and dissolution of
pure calcium fluoride in aqueous suspensions
and possible mechanisms controlling these
processes, and to study the properties of
the calcium fluoride-like material formed by
adding fluoride to systems containing HA
crystals and/or dissolved calcium and phos-
phate, simulating the type of calcium fluor-
ide-like material formed on dental enamel
as a result of topical treatment with acidified
solutions of high fluoride content.

Materials and methods

Stock crystals, formation, and
characterization

All chemicals were of analytical grade.
The pyrophosphate content of phosphate
solutions was reduced by treatment with
alkaline phosphatase (Boehringer Mann-
heim, 108146), the enzyme subsequently
being removed by pressure-filtering through
a Diaflo PM10 ultrafiltration membrane.
Deionized water, further purified by a Mil-
lipore Milli-Q analytical water system, was
used.

Pure CaF,, called CaF,-0, was prepared
by mixing equal volumes of 0.02M CacCl,
and 0.04 M KF. The crystals were rinsed free
of KCl and the suspension concentrated to
approximately 100 mg/ml. These crystals,
shown in Fig. la, are characterized as
roughly cubic, approximately 1-2um in
length, and their specific surface area is
1.4 m?/g, determined by the single-point
(30% nitrogen, 70% helium) BET method
using a Quantasorb instrument.

Phosphate-contaminated CaF,, type 1,
called CaF,(P)-1, was prepared by adding
5.0ml 1 M KF to 11 solution, approximately
saturated with regard to HA at pH 5, con-
taining 4.0 mmol Ca(NQO;), and 2.4 mmol K-
PO, buffer. The pH decreased to 4 on
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mixing. Further details are given in Table
1, experiment 3. The globular precipitate
formed is shown in Fig. 1b. The agglom-
erates are characterized as roughly spherical,

Fig. 1a. SEM photograph of CaF,-0 stock crystals.
The line in the figure represents 1 um. 1b and c. TEM
photographs of CaF,(P)-1 and CaF,(P)-2, respect-
ively. The lines drawn in the figures represent 100 nm.

approximately 0.1 um in diameter, with a
specific surface area of 71 m?/g. Assuming a
spherical form and a density of 3.18 g/cm?,
the value of the surface area would indicate
a diameter of 0.03 um. We thus assume that
the ‘globules’ are composed of many smaller
crystals. The molar ratios of Ca/F and Ca/P
are 0.55 and 10, respectively. The com-
position of these crystals can be expressed
by the formula CaF, g (HPO,)y ;. The mass of
these crystals, measured in a Mettler TA3000
thermal balance, decreased by 3.2% during
heating from 100°C to 700°C, after being
dried for 2 h at 100°C.
Phosphate-contaminated CaF,, type 2,
called CaF,(P)-2, was prepared by adding
S0m! 1M KF to 11 metastable super-
saturated solution of HA at pH 5.0, con-
taining 40 mmol Ca(NOj;), and 24 mmol K-
PO, buffer. The pH decreased to 3.0 on
mixing. Further details are given in Table 1,
experiment 5. These crystals, shown in Fig.
1c, are characterized as roughly spherical
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Table 1. Formation of calcium fluoride-like materials
containing phosphate*®

Expt. t/h [Ca] {PO] [F]  pH rmua

i 0 4.0 2.4 1.0 50 173
0.1 0.6 4.2
2 3.7 2.3 0.6 4.0

2 0 4.0 2.4 1.0 5.0 0
0.1 4.8
20 3.7 2.36 0.4 4.5

3 0 4.0 2.4 5.0 4.8 0
0.1 0.7 3.8
100 1.4 2.2 0.4 3.8

4 0 4.0 2.4 10.0 50 175
0.1 2.7 4.2
2 0.09 2.6 2.6 4.9

5 0 40 24 50 5.0 0
0.1 3.0
100 11 21 0.15 3.0

* Concentrations in mmol/l; mass in mg/l.

and approximately 0.01-0.02 um in diam-
eter, which is about value that can be cal-
culated from the specific surface area,
123 m?/g. The molar ratios Ca/F and Ca/P
are 0.58 and 5.3, respectively. The com-
position of these crystals can be expressed
by the formula CaF,_-; (HPO4)0.1(H2PO4)0>1.
The mass of these crystals decreased by 4.3%
during heating from 100°C to 700°C, after
being dried for 2 h at 100°C.

The CaF,(P)-1 and CaF,(P)~-2 crystals
were further studied and compared with
CaF,-0 and a pure natural sample of fluorite
by roentgenography, electron diffraction,
and IR spectrometric techniques.

Kinetics of dissolution of pure calcium
fluoride

All experiments were carried out at 25°C
in an atmosphere of nitrogen. A portion of
stock crystals of CaF,-0 in suspension form
was added to an undersaturated solution, the
composition of which was kept constant by
using the signal from either a conductivity
meter or an electrochemical cell to control a
pH-stat regulating the addition of water from
a burette. Radiometer’s conductivity cell
PP1042, conductivity meter CDM3, fluoride
electrode F1052F, calomel electrode K102,
and pH-stat equipment were used. Experi-
ments were carried out in the saturation ratio
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range 0.2 < C/C, < 0.75, where C s the stoi-
chiometric concentration of CaF, kept con-
stant and C; is the solubility concentration.
Stock crystals, 9-34 mg, were added to
600 ml solution and titrated with approxi-
mately 400 ml water. Calcium concentra-
tions, measured by means of a Perkin-Elmer
4000 atomic absorption spectrometer, of the
initial solution, the filtrate after an exper-
iment, and the final acidified reaction mix-
ture were used to check the constancy of
the concentration and to calculate the initial
mass of stock crystals added.

Care was taken to ensure that the signal
at a given composition was independent of
the volume in the reaction vessel. As a
further check, some experiments were made
at constant volume by adding stock crystals
to water and following either the change in
fluoride concentration by electrode measure-
ments or the change in conductance.

The effect of phosphate on the rate of
dissolution was studied by adding 0.5 umol
phosphate solution to 11 reaction mixture
in which approximately 23 mg CaF,-0 was
dissolved in water at a saturation ratio of
about 0.2. Calcium concentrations were
measured in filtered samples taken just
before the addition of phosphate and at two
later times. This effect was studied at
pH3,4, and 5.

Kinetics of crystal growth of pure calcium
fluoride

These experiments were made at 25.0°C
by seeding a supersaturated solution with
CaF,-0 crystals and keeping the concen-
trations constant. The supersaturated solu-
tions were prepared by adding equal volumes
of 1072 M Ca(NO;), and 2 x 107 M KF from
Radiometer ABUS8O burettes to 700 ml
107> M KNO,; solution in a reaction vessel.
The composition of the reaction solution was
kept constant throughout an experiment by
means of Radiometer pH-stat equipment,
in which the two burettes were coupled by
means of a Radiometer Burette synchron-
izer, which ensured that equal volumes from
the two burettes were always added to the
reaction mixture. The fluoride and reference
electrodes specified in the previous section
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were used to control the pH-stat. The experi-
ments were made in an atmosphere of
nitrogen. Crystals, 19-36 mg in suspension
form, were used in experiments, and the
saturation ratio studied was in the range
2<C/C,<4.4. The constancy of the cal-
cium concentration was checked, and the
initial mass of crystals was determined by
acidifying the final reaction mixture and
measuring the total calcium content.

The effect of phosphate on the rate of
growth was investigated by adding 0.02-
0.2uM phosphate to the supersaturated
solution before the addition of crystals.

Reactions between calcium, phosphate, and
fluoride ions and HA

Potassium fluoride was added to 40 ml
solution approximately saturated at pH 5.0
with regard to HA (4 mM Ca(NO;), and
2.4mM K-PO,), containing 7mg HA, to
make a total concentration of 1 mM KF or
10mM KF. The pH and the fluoride con-
centration were measured over time, and
the calcium and phosphate concentrations
in filtered samples removed after 2h were
measured. Electron micrographs were taken
at various times during the reaction. The
experiment with 1mM KF was repeated
without HA. In this case the fluoride,
calcium, and phosphate concentrations in
solution were measured after 20 h. Details
of two further experiments, the preparations
of CaF,(P)-1 and CaF,(P)-2 have been given
in a previous section.

Electron and X-ray diffraction

Electron diffraction patterns were deter-
mined by means of a Carl Zeiss EM109 elec-
tron microscope at 80 kV. A sample of pure
natural fluorite was used as standard.

For the X-ray diffraction investigations a
Philips diffractometer was used, the X-ray
tube having a copper anode with nickel filter
{Cu K« radiation). For the determination of
the lattice parameter of CaF,-0 a very pure
silicon standard was applied in the form of a
flat slice of pressed silicon powder, provided
with two shallow rectangular cavities into
which the finely powdered sample was
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pressed with a glass slide, so that its flat
surface coincided with the surface of the
silicon slice. The quality of crystallization of
CaF,(P)-1 and CaF,(P)-2 was such that the
silicon standard could not be used, as the
broad reflections of the calcium fluoride
samples overlapped the sharp silicon stand-
ard lines. Therefore the values of the lattice
parameters of CaF,(P)-1 and CaF,(P)-2 are
less accurate than that of CaF,-0.

Solubility and dissolution rate of
phosphate-incorporated calcium fluoride

Approximately 30mg CaFy(P)-1 was
added to. 900 ml water, and approximately
30 mg CaF,(P)-2 was added to 900 ml water
and to 900 ml 2 mM phosphate buffer, pH 6

. (simulating saliva conditions). The change

in fluoride concentration with time was
measured by means of fluoride—alomel elec-
trode measurements. The calcium con-
centration in filtered samples was also
measured. Similar experiments with CaF,-
0 were done for comparison, but here the
phosphate concentration was 1 uM.

Results

Kinetics

The rate, J, of crystal growth and dis-
solution for seeded experiments can (12, 13)
be expressed by

J=\dne/dt| = K'm,F(m/m,)g(C) (1)

in which J is the rate, n_ is the amount of
substance in the crystals, tis time, K’ is arate
constant, m, is the initial mass of crystals, m
is the actual mass of crystals at time ¢, F(m/
m,) is a term representing the influence of
crystal morphology, size, and so forth on the
rate, and g(C) is a function representing the
influence of the solution composition on the
rate. In this work results of dissolution and
growth experiments are reported only for
m/m, = 0.9 and m/m, = 2, respectively. In
both cases the term F(m/m,) is a constant
and can be included in the rate constant,
K = K'F(m/m,).

For diffusion-controlled growth or dis-
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solution, the rate can be expressed as
J=m,DA(C, - C)/3 2

in which D is the diffusion coefficient, 4 the
area of the crystals, normally increasing with
m/m,, and & is the thickness of the diffusion
layer, here estimated to be of the order 1 um.
For very small crystals, & should be replaced
by the linear dimension of the crystals.

For spiral growth and dissolution, the rate
is normally proportional to (C;, — Cy with p
close to 2. The spiral growth or dissolution
mechanism seems not to apply to CaF,. Rate
expressions for these mechanisms have
recently been discussed (14, 15).

If the rate of crystal growth is controlled
by small nuclei (1slands) being formed on flat
crystal surfaces, and if these nuclei inter-
grow, the rate is said to be controlled by
a polynuclear mechanism. In this case, the
concentration term, g(C), in eqn. (1) can be
expressed (13) as

g(C) = C'/(S = 1)**B"S exp(—a/B) 3
= C)exp(—a/P),

in which S is the supersaturation ratio
C/C, and B is the growth affinity, B =
In(Y/K,)"”, Y being the ion activity product,
K, the solubility product, and v the number
of ions in a formula unit. B = InS for stoi-
chiometric solutions. « is given by

o = ma‘c?/3(kT)?, 4)

in which a is an average ion size, o is the
surface energy, and kT is the Boltzmann
constant times the (Kelvin) temperature. For
constant values of m/m, a plot of In(J/
m,f(C)) against ~1/B should give a straight
line if the rate of growth is controlled by this
mechanism.

Dissolution

Results of dissolution experiments are
given in Fig. 2, in which log-(J/m,) is plotted
against log(1 — §). A single experiment con-
tributes only one point to this plot. The
solubility product was taken to be
2.3 x 107" M?, from which the solubility in
water is 0.19mM. The slope of the line
drawn is 0.8+ 0.2. (Using the value
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Fig. 2. Logarithmic plot of the rate, J/m,, as a function
of (1 —§) for the dissolution of CaF,-0 in aqueous
solution. (@, O) Constant composition experiments
with (@) fluoride electrode or (O) conductance control.
(3, A) Constant volume experiments with () fluoride
electrode or (A) conductance measurement. The rate
is measured in each experiment when 10% of the initial
mass of crystals is dissolved.

2.8 X 107! M? for the solubility product (1)
and thus 0.20 mM for the solubility leads to
a slope of 0.85.) This could indicate that the
rate is diffusion-controlled, in which case the
slope of the line should be 1. However, the
rate constant obtained by extrapolation of
the line to § = 0 is too small to account for
the rate being diffusion-controlled. From the
rate constant an apparent value of the dif-
fusion coefficient, D,,, can be obtained from

D,, = K8/C, Ay, =2 x 1078 cm?/sec,  (5)

in which A is the specific surface area, C;
is the saturation concentration, taken to
be 0.19 mM, and J is the thickness of the
diffusion layer, here assumed to be 1pm.
Diffusion coefficients are normally of the
order of 1073 cm?/sec. A similar result was
obtained by Gardner & Nancollas (1). From
these results we may, as they did, conclude
that the rate of dissolution of pure calcium
fluoride is controlled by a surface process,
although such processes are normally
expected to give a higher slope than 1 in a
plot of the type shown in Fig. 2.
Phosphate-induced inhibition of disso-
lution of pure calcium fluoride crystals is a



ACTA ODONTOL SCAND 46 (1988)

15 Y —
pH=313
10k J/do=0.31 4
=2
~
S eres-o20
= ¢
‘{)o i
- 5F ,/' J1dg*017 PH =416
, C{Cs=017 PH =5.15
/ ,'—_’/—
,’/,j/, J/40=010
/.7 C/ICs=015
7,
J i
0 100 200 300
t/min

Fig. 3. Calcium ion concentrations in solution as a
function of time during experiments in which 23 = I mg
CaF,-0 is dissolved at constant pH in 11 dilute HNO,
solution with the addition of 0.5 umol phosphate (pH
adjusted) buffer at the time shown by arrows. 25°C.

well-established phenomenon (10, 11). This
effect is also shown in Fig. 3, in which the
calcium ion concentration for experiments in
which crystals were added to water with pH
adjusted to 3.13, 4.16, and 5.15 is plotted
against time. At time ¢ = 55 min, phosphate
buffer was added to give a total phosphate
concentration of 0.5uM. The calcium ion
concentrations in the time interval 0 to
55min are approximated by the stippled
lines. The rates of dissolution were deter-
mined just before, J,, and just after, J, the
addition of phosphate. The ratio J/J, is also
given on the plot. From this plot it can be
seen that the inhibitory effect of phosphate
decreases with decreasing values of pH, as
found by Lagerof et al. (11). The effect of
inhibitors for crystal growth and dissolution
processes normally increases as saturation is
approached (16). Since the ratio J/J, takes
the pH dependence of the rate of dissolution
of calcium fluoride into account, and as the
degree of saturation at the time the phos-
phate was added increases with decreasing
pH, we can conclude that the pH depen-
dence of J/J, can be a result of changes in the
ion speciation of phosphates, in agreement
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with the conclusion drawn by Chander et al.
from electrophoretic studies (17). Nothing,
however, can be concluded from Fig. 3 about
how phosphate will interfere with dissolution
of calcium fluoride-like material containing
some phosphate.

Growth kinetics

Results of growth kinetic experiments are
given in Fig. 4, in which log(J/m,) is plotted
against log(S§ ~ 1) (see eqn. (1)). In this
plot all points originate from separate
experiments. The rates were determined at
times when the crystals had grown to double
their original mass. When the value 0.22 mM
is used for the solubility, calculated from the
solubility product 2.3 x 10~ M?, with the
ionic strength of the solvent being 0.01 M,
the slope of the line is, as drawn, 3.0 + 0.1.
(The value 0.24 mM for the solubility, from
the solubility product 2.8 x 1071 M?, leads

J/mo
mol/s g

06

_7r 1 ] L
0

0.2 04

log (S-1

Fig. 4. Logarithmic plot of the rate, J/m,, as a function
of (S — 1) for growth of CaF,-0 in supersaturated solu-
tions with concentrations held constant by fluoride elec-
trode control. The rate is measured in each experiment
at the time when the crystals have doubled their original
mass.
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T T
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25°C
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-12F -4
HC)-C‘/S(S-HZBQ‘/G
_13 - —
| 1

-1.6 -10 -05

1/3
Fig. 5. The results shown in Fig. 4 plotted in accordance
with the polynuclear mechanism of crystal growth. From

the slope of the line, 3, a value for the surface free
energy of 120 mJ/m’ can be calculated.

to a line with a slope of 2.8.) This indicates
that the rate of growth of pure calcium flu-
oride crystals is controlled by a surface pro-
cess other than a spiral mechanism. The
results given in Fig. 4 are replotted in Fig.
5 in accordance with an expression for a
polynuclear mechanism; see eqns. (1, 3). As
a straight line is obtained, we can conclude
that the rate of growth of pure calcium flu-
oride crystals can be described by the poly-
nuclear mechanism being rate-controlling.
From the slope of the line in Fig. 5 the value
of the surface free energy, o = 120 mJ/m?,
can be calculated using eqn. (4) and
assuming a mean ion size of 2.4 A.

We found 0.16 umol phosphate to be suf-
ficient to inhibit severely the growth of 25 mg
CaF,-0 in 800ml supersaturated solution
with $=3.5, pH=7, in agreement with
earlier reported results (2).

Formation of calcium fluoride-like materials
containing phosphate

In Table I results are given for experiments
in which sodium fluoride solution was added
to calcium- and phosphate-containing solu-
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tions, some of which also contained HA . The
solutions produced were all supersaturated
with regard to calcium fluoride and FA. In
experiments 1-4 the solution was saturated
with regard to HA. In experiment 1 no cal-
cium fluoride material could be detected in
transmission electron micrography (TEM)
studies. The decrease in pH is apparently
caused by growth of FA on the apatite
crystals. In experiment 2, which is identicai
to experiment 1 except that HA was not
present, calcium fluoride material could be
detected after about 20 h. In experiment 3,
in which the initial fluoride concentration
was higher than in experiments 1 and 2,
calcium fluoride-like material was precipi-
tated quickly. The precipitate is that
described in the first section in Materials
and methods and called CaF,(P)-1. An elec-
tron micrograph is given in Fig. 1b. The
precipitate was not pure calcium fluoride,

Fig. 6. TEM photograph of the crystals present in exper-
iment 4, Table 1, 1 h after mixing. In connection with
the precipitation of CaF,-like material, lack of calcium
ions in solution as compared with the fluoride ion con-
centration causes calcium ions to be provided by HA
crystals, resulting in partial dissolution of HA. The line
drawn in the figure represents 100 nm.
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but a calcium fluoride-like material with Ca/
P=10. In experiment 4, in which the
fluoride concentration was further increased
and HA was present, calcium fluoride-like
material precipitated and HA crystals par-
tially dissolved (Fig. 6). Increasing the flu-
oride concentration to 50 uM caused com-
plete dissolution of the HA. In experiment
5, in which calcium, phosphate, and fluoride
concentrations were higher than in experi-
ment 3 by a factor of 10, a very fine precipi-
tate of calcium fluoride-like material with
Ca/P~5 was produced. This precipitate
was also described in the first section of Ma-
terials and methods and called CaF,(P)-2.

Infrared spectra and electron and X-ray
diffraction of calcium fluoride and calcium
fluoride-like materials

The infrared spectra of CaF,(P)-1 and
CaF,(P)-2 are very similar and clearly show
the presence of phosphate around 1100
cm™!, an absorption that is completely lack-
ing in the infrared spectrum of CaF,-0.

CaF,(P)-1 and CaF,(P)-2 give surprisingly
sharp electron diffraction patterns, which are
very similar to the electron diffraction pat-
tern of pure calcium fluoride. The electron
diffractogram of CaF,(P)-2 is shown in Fig.

Fig. 7. Electron diffraction pattern of CaF,(P)-2. In this
figure 1.0 cm represents 1.0 cm, and the d spacings can
be calculated from eqn. (6).
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7. In Fig. 7, 1.0 cm represents 1.0 cm. The
d spacings can be calculated from

d/A =3.2758/(D/cm), (6)

which was determined from the electron dif-
fraction pattern of pure calcium fluoride,
photographed under the same conditions. D
is a ring diameter. The d spacings calculated
from electron diffraction patterns of
CaF,(P)-1, CaF,(P)-2, and the X-ray dif-
fraction values of d for pure CaF, (18) are
given in Table 2. The electron diffraction
pattern of calcium fluoride-like material
deposited by fluoride treatment of enamel
has been shown to resemble that of pure
calcium fluoride (7).

The results of X-ray diffraction inves-
tigations are given in Table 3 as lattice par-
ameter values for the cubic lattice. CaF,-0
was found to be very well crystallized. The
lattice parameter is slightly larger than that
of other pure samples of CaF,. This may
indicate that CaF,-0 contains traces of
chloride. CaF,(P)-1 and Ca,(P)-2 are less
well crystallized, showing broader and less
intense reflections than CaF,-0. The lattice
parameters of CaF,(P)-1 and CaF,(P)-2 are
less accurately determined but very similar
to that of CaF,-0.

Table 2. d-spacings from electron diffraction patterns
of CaF,(P)-1 and CaF,(P)-2 and from X-ray diffraction
measurements for pure CaF, (18). d is given in A

CaF,(P)-1 CaF,(P)-2 CaF, (pure)
3.03vs 312 vs 3.155 vs
2.73 2.75 2.7314
1.92 vs 1.92 vs 1.9316 vs
1.60 vs 1.64 vs 1.6471 vs
1.56 1.56 1.5771
1.36 1.37 1.3656
1.25 1.25 1.2533

1.2216 vw
1.11 1.10 1.1152
1.05 1.04 1.0514
0.96 0.96 0.9658
0.92 0.92 0.9234

0.9105 vw
0.86 0.87 0.8638
0.84 0.84 0.8331
0.79 0.80 0.8236
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Table 3. The lattice parameter a for samples of CaF, and CaFy-like

materials calculated from X-ray diffraction

CaF, (18)

Fluorite mineral

Fluorite synthesized from meit
Fluorite suprapur

5.4635

5.46305/&8) A
+0.0002 A
5.4626 A + 0.0002 A
5.4624 A = 0.0002 A
5.4657 A + 0.0002 A

CaF,-0 7
CaF,-1 546 A = 0.01 A
CaF,-2 547A +£001 A

It thus seems difficult to find a quantitative
difference between pure calcium fluoride
and phosphate-containing calcium fluoride-
like materials from electron or X-ray dif-
fraction, the only difference appearing to
be the broadening of the X-ray diffraction
peaks.

Rate of dissolution of calcium fluoride-like
materials

Results of experiments in which approxi-
mately 26 mg CaF,, CaF,(P)-1, or CaF,(P)-

i |

0] 100 200

t/min

Fig. 8. Fluoride ion concentration plotted as a function
of time for the dissolution of CaF,-like materials and
pure CaF, in water and in phosphate buffers. A = 28 mg
CaF,(P)-2 dissolved in water; B = 30 mg CaF,(P)-1 in
water; C = 28 mg CaF,(P)-2 in 2 mM phosphate buffer;
D = 23 mg CaF,-0 in water; E = 25 mg CaF,-0 in 1 pM
phosphate buffer. pH = 6; volume = 900 m}; 25°C in
each case.

2 dissolved in 0.9] water or in phosphate
buffer with pH =~ 6 are shown in Fig. 8. In
these experiments the release of fluoride was
monitored. From this plot it can be con-
cluded that both CaF,(P)-1 and -2 crystals
initially dissolve faster than pure CaF, crys-
tals, for equal masses. The profiles of the
dissolution curves for the calcium fluoride-
like crystals are markedly different from that
for the pure CaF, crystals. For pure CaF, the
amount of fluoride released varies nearly
linearly with time. For the CaF,-like crystals,
the rate of fluoride release is initially very
fast but levels off. The initial rates for all
three types of crystals are comparable, if the
differences in the specific surface areas are
taken into account. From these we would
expect the rate of dissolution of CaF,(P)-2
to be of the order 100 times, and that of
CaF,(P)-1 50 times the rate of dissolution of
CaF,-0 for equal masses, and this is approxi-
mately the case initially.

From Fig. 8 it can also be seen that the
strong inhibitory effect of phosphate on dis-
solution of pure CaF, crystals is greatly
reduced for CaF,(P)-2. When the specific
surface areas are taken into account, a 100-
uM phosphate buffer should at least inhibit
dissolution of the CaF,(P)-2 crystals to the
same extent as a 1-uM phosphate buffer
inhibits the dissolution of CaF,-0. From Fig.
8 it can be seen that even a 2-mM phosphate
buffer does not inhibit CaF,(P)-2 dissolution
to this extent.

The smallest value for the ionic product
(Ca?*)(F~)? we have measured from precipi-
tation of calcium fluoride containing phos-
phate is 12 x 107! M? (experiment 3, Table
1). The greatest value of the ionic product we
have measured from dissolution experiments
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with this material is 10 X 107! M3. These
values indicate a solubility of 0.33 mM in
water, assuming the formula unit to be CaF,,
or 70% greater than the solubility of pure
Can.

Discussion

The results of seeded growth experiments
with pure calcium fluoride crystals show that
the rate of growth can be explained as con-
trolled by the polynuclear mechanism in the
supersaturation range 2 < S < 4.4, Thisisin
contradiction to the results reported in Refs.
1 and 2 but in agreement with resuits for
S >4 in Ref. 3. Rate constants, K,, for the
linear rate of growth, can be calculated (3)
when the surface area of the crystals is
known. In the present case,

K, = KM/pA,(m/m,)*? = 4 pm/sec,

)
where M is the molar mass and p is the
density of the crystals. The value 5 pm/sec
was reported (3) for calcium fluoride growing
in solutions of low supersaturation, and the
value 13 pm/sec can be calculated for results
of growth experiments at 37°C (2).

The value obtained for the surface tension
(Gibbs surface energy) o= 120mJ/m? is
smaller than the values discussed in Ref. 4
but greater than that reported for the (111)
plane in Ref. 5. The value obtained in this
work agrees well with that predicted from the
plot of surface tensions against solubilities in
Ref. 4.

The kinetic results for dissolution of pure
calcium fluoride crystals are not simple to
understand. The rate is proportional to
(S —1)?, with p close to 1, but the rate
constant is too small for diffusion to be the
rate-controlling mechanism. This result is in
agreement with the results reported in Ref.
1. In Fig. 8 it can be seen that the rate of
release of fluoride ions is practically linear
with time in the initial part of the dissolution
process. This could indicate that the fol-
lowing mechanism is important. Partial
hydration of calcium ions situated in the
crystal surface may cause bonds to fluoride
ions to be weakened, corresponding to the
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fact that hydrated calcium ions do not form
strong ion pairs in solution (their ion associ-
ation constant being about 10). When flu-
oride ions leave the surface, because the
neighbouring calcium ions have been par-
tially hydrated, steric effects due to further
hydration of surface calcium ions may hinder
fast return of fluoride ions. As the surface
tension is relatively high, the density of kink
sites or dissolution holes (nuclei) is not
expected to be very high, nor the surface to
be naturally rough, and so we see no other
mechanism that can explain the observed
rate of dissolution than that outlined above.

McCann (9) showed that at low pH cal-
cium fluorides are less soluble than FA. This
is also the case for calcium fluoride material
containing phosphate and is most important
for the formation of calcium fluorides on
dental enamel as a result of topical appli-
cation of acidified agent with a high con-
centration of fluoride. The rate of fluoride
release from such materials is much higher
in phosphate-containing solutions than is the
case for pure calcium fluoride, although less
than the rate of dissolution in water.

To describe the inhibitory effect of phos-
phate on dissolution of pure calcium fluoride
crystals, the following factors are most essen-
tial: density of crystals in suspension (g/1),
concentration of phosphate adsorbed onto
the crystal surfaces (mol/m?), concentration
of phosphate in solution, pH, and the degree
of saturation with regard to calcium fluoride.
The greater the total surface area of crystals
in suspension, the larger the fraction of
inhibitor adsorbed onto the crystal surface
and the lower the concentration of inhibitor
remaining in solution. From our results of
dissolution of pure CaF, in systems con-
taining phosphate it can be seen that 1 yM
phosphate has a dramatic effect on the rate
of dissolution of CaF,. Dissolution rates de-
termined (11) in a system containing 1 g/l
CaF,, with unknown specific surface area,
in an aqueous solution containing 10 uM
phosphate at pH 4 clearly show, when Figs.
4 and 2 (11) are compared, that also in this
relatively dense system phosphate severely
inhibits dissolution of CaF,. Such results do
not indicate that pure CaF, crystals pre-
cipitated on dental enamel could act as a
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slow fluoride release device. The calcium
fluoride-like materials containing phosphate
appear to be more likely candidates to serve
this purpose.
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