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In Vitro Study: Kinetics and Mechanism Reaction of  
Fluoride with Enamel Apatite Structures

Ala Eldin Choukaife

ABSTRACT
Background: Many studies have focused on researching the way of fluoride (F-) ions uptake by dental enamel. But what is 

the real chemical role of F- in its interaction with hydroxyapatite (HAp)?
Objective: This work is assigned to explain the mechanism of F- interaction with the HAp. 
Design: Carbonate was removed from the apatite and moisture content was assessed. HAp was prepared in laboratory and 

let to react with F- solutions at different concentrations. The solid phase was characterised by infrared (IR), X-ray diffraction 
(XRD) and thermogravimetry (TG). 

Materials and Methods: F- ions were exchanged by the hydroxide (OH-) ions in the HAp. The pH of the supernatant layer was 
lowered, and then increased after HAp dissolution. The solid phase was collated at various stages of the cyclic operation and its 
content of F- and sodium (Na+) was assessed potentiometrically, while, the orthophosphate was determined by a modified molyb-
denum blue reduction complex method. 

Results: The moisture content of the solid matter was inversely proportional to the initial F- content of the supernatant solu-
tion and the TG results showed a small weight loss in a wide range of temperature. At an initial pH (7) of the supernatant layer, 
a noticeable F--OH- exchange was confirmed. Analyses by IR and XRD have also proved that the apatite was fluorohydroxyapa-
tite (FHAp) at pH 4 and the FHAp occurred by reaction of residual HAp with F- ions. 

Conclusions: The mechanism of the reaction is attributed to the HAp dissolution when pH decreases and the exchange ions 
between F- and OH- on the surface of the apatite.
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INTRODUCTION

The mechanism of the incorporation of fluoride (F-) ions into 
hydroxyapatite (HAp, Ca5(PO4)3(OH)) is of some potential importance 
as the understanding of the process may permit a greater insight into the 
uptake of fluoride ions by dental enamel1). The understanding may also 
result in the more effective use of those treatments designed to increase 
the fluoride content of dental enamel for prophylactic purposes. It is 
well-known that there is a continuous solid solution between HAp and 
fluorapatite (FAp, Ca5(PO4)3F) over much, if not all, of the range of 
composition Ca10Fx(OH)2-x (PO4)6. The formation of an ideal solid solu-
tion would imply that the substitution of fluoride ions within the 
hydroxyl column of the apatite structure2) occurs at random: that the 
solid solution is not ideal as indicated by the formation of fluoride-hy-
droxyl hydrogen bonds within the fluoride-substituted hydroxyl col-
umn3,4). These bonds, of two distinct types, inhibit the diffusion of fluo-
ride ions through the hydroxyl column, and may give rise to the 
observed departure from linearity of the variation of the free energy of 
formation of components of the solid solution5,6). This variation in the 
free energy of formation suggests that the apatite which is the most sta-
ble is one with some 25% substitution of fluoride for hydroxyl. The dif-
ference in free energy of this component of the solid solution is small 
(less than 10 K cal Mole-1) but it may be significant in systems where 
HAp is in equilibrium with supernatant containing a low fluoride ion 
activity.

Although there have been many studies on the uptake of F- by HAp 
or by dental enamel7), after exposure to fluoride-containing solutions, 
the mechanisms by which F- is incorporated into the apatite structure is 
still far from clear. In recent publications1,6), we have reviewed some of 
the proposals suggested for this reaction and the problem in relation to 
dental caries has more recently been discussed by Prof. Aljerf8,9) and oth-
ers10-12). 

MATERIALS  AND  METHODS

The chemical safety and purity of compounds for local dental pro-
cedures for samples obtainment were optimised as expressed before in 
previous studies13-21). 

HAp, with a Ca: P mole ratio after purification was imported by 
Sigma-Aldrich Company. The F- content was 24 ppm: some 90% of the 
material was of particle size below 1 μm. Any carbonate (CO3

-2) in the 
apatite was removed during the purification process1). The water content 
was typically 0.95-1.20%. 

RESULTS

This study has already been described by Niu et al.22). 
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Studies under fluctuating pH conditions

Table 1 shows the results of the study of the solid products after 3 or 
5 complete cyclic variations in the supernatant pH of a NaF solution 
over a HAp substrate. Additionally, results where the pH of the superna-
tant was not fluctuated are included in this table. The latter effect is 
known to occur with FAp prepared from KF solutions23). 

DISCUSSION

Studies under non-fluctuating pH conditions

Constant adjustment of pH to 7 with acid increased the F- content to 
over 20% replacement in the 5 x 10-2 M F- solution. This may be 
explained by the partition of F- and OH- ions in the apatite structure: 
recent studies have suggested a partition coefficient of 10-3, suggesting 
that there will be increased F- incorporation into HAp under acidic rath-
er than alkaline or neutral conditions24-26).

X-ray diffractometry and infrared studies

The X-ray diffractometric trace indicated the presence of the broad 
adsorption due to CaF2 which is consistent with the phase relations in 
the system27-29). The presence of F- (5 x 10-4 M or above) in the superna-
tant at pH 4 inhibits formation of secondary calcium orthophos-
phates30-33). 

The solid phase was re-examined after equilibrium had been 
achieved on raising the pH to 7. XRD indicated that the sample was an 
apatite, within the X-ray detection limits (DLs) for the other compo-
nents which might be present. The spectra showed an overall intensity 
diminution of the hydroxyl stretch at 3575 cm-1 from 54.5% to 19.4% 
adsorption, without splitting, even though the relative intensities of 
those bands in the IR attributable to P-O vibrations were essentially 
unchanged. The intensity of the OH stretch decreased to 28.2 and 46.7 
for the 2.5 x 10-2 and 1.25 x 10-2 M F- solutions respectively. 

Subsequent complete pH fluctuation cycles with the NaF solution 
(initially 5 x 10-2 M) resulted in the complete disappearance of the OH 
stretch without formation of a split doublet of FAp. With the lower F- 
concentrations, where there was insufficient F- present to yield FAp, the 
OH stretch mode split after the first fluctuation, indicating the formation 
of FHAp, as the solid phase became more homogeneous during succes-
sive pH fluctuations (Table 2).

The pH was allowed to rise, and the pH change was not corrected, 
there was some evidence of the formation of FHAp in the solid sample 
from the 1.25 x 10-2 M supernatant. 

Thermogravimetry studies

Thermogravimetric results tended to confirm the findings by the 
other techniques. There was a small weight loss, usually of the order of 
0.1% on the calcinated solid between 115°C-1000°C. The gradual 
weight loss could be due to the loss of moisture occluded in the apatite 
structure, or to the slow decomposition of secondary orthophosphate 
ions adsorbed on the surface of the apatite. There was no decomposition 
at 850°C indicating the absence of calcium carbonate and the lack of 
CO3

-2 bands in the IR (hexachlorobutadiene mulls) confirmed the 
absence of adsorbed or structural CO3

-2 ions.

Table 1. Percentage composition of solid phase after reaction of HAp with NaF solutions.
pHi(1) [F-](2) N(3)  pHf(4) PO4

-3 F- Na+ H2O(5)  H2O(6)  Solid(7)

7 5 3 6.90 5.88 3.78 0.97 1.02 0.07 FAp
7 2.5 3 7.10 56.2 1.71 0.94 1.14 0.13 FHAp
7 1.25 3 7.00 55.2 0.74 1.02 1.20 0.11 FHAp
7 5 5 7.05 54.2 3.87 1.36 1.21 0.12 FAp
7 2.5 5 7.00 55.8 1.92 1.30 1.01 0.08 FHAp
7 1.25 5 6.95 54.8 0.80 1.37 1.07 0.11 FHAp 
7 5 0 9.70 54.8 0.32 0.14 0.74 0.10 FHAp 
7 2.5 0 9.52 55.3 0.00 0.07 0.82 0.17 FHAp 
7 1.25 0 9.13 54.9 0.02 0.03 0.76 0.07 FHAp 
7 5 0 7.05 56.1 0.97 0.11 0.97 0.14 FHAp
7 2.5 0 7.20 55.7 0.35 0.05 0.63 0.11 FHAp 
7 1.25 0 7.05 55.9 0.11 0.03 0.84 0.17 FHAp 
7 5 0 5.97 47.6 4.27 0.05 6.87 0.19 FHAp /CaF2

7 2.5 0 5.21 50.6 2.97 0.03 5.73 0.13 FHAp /CaF2

7 1.25 0 5.17 51.7 1.41 0.03 4.16 0.07 FHAp /CaF2

7 5 0 4.05 41.7 4.12 0.02 8.47 0.05 HAp /CaF2

7 2.5 0 4.11 48.1 2.42 0.02 5.34 0.13 HAp /CaF2

7 1.25 0 3.95 51.2 1.63 0.01 4.28 0.12 HAp /CaF2

Key: FAp-fluoroapatite; FHAp -fluorohydroxyapatite; HAp-hydroxyapatite.

(1) Initial value

(2) M x 10-2

(3) Number of pH cycles

(4) Final value

(5) Lost between 25°C and 115°C

(6) Lost between 115°C and 1000°C

(7) Nature of material

Table 2. Analytical data obtained during course of cyclic pH 
fluctuation of 5 x 10-2 M NaF solution over HAp.

Stage of pH  Solid analysis (%)  Phases present
fluctuation

pH Na+ PO4
-3 F- Total H2O 

4 0.02 40.4 3.01 8.20 HAp/CaF2

7 0.47 55.7 3.47 1.26 HAp/FAp
4 0.24 48.1 3.49 6.24 HAp/FAp/CaF2

7 0.78 56.1 3.61 1.07 FAp/HAp
4 0.56 54.1 3.68 2.43 FAp/HAp/(mainly)
7 0.99 55.9 3.76 1.10 FAp
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Interruption of the pH fluctuation cycle

In a single experiment, the supernatant solution was removed after 8 
hr at pH 4 and replaced with F- solution 1.2 x 10-3 M at pH 4, which was 
of similar concentration to that of the removed solution. The pH was 
then raised to 7. After separation, examination of the solid indicated that 
CaF2 had been retained in the solid phase. This indicates that for the 
complete formation of FAp and the disappearance of the CaF2 formed at 
the lower pH, the Ca+2 and orthophosphate ions released into the solu-
tions are required to be present at the time the pH is raised.

Addition of citrate (C6H5O7
-3) to the supernatant at pH 4 immediately 

prior to raising the pH reduced the amount of apatite recovered, presum-
ably by complexing the Ca+2 ions and preventing the precipitation of 
FAp. No CaF2 was found in the solid, indicating that this phase had 
reacted with the orthophosphate ions present in the supernatant to form 
FAp.

Reaction mechanism

These findings suggest that the stages in the cyclic pH fluctuation 
reaction with HAp are:

1. Dissolution of HAp as the pH drops.
2. Reaction of the supernatant Ca+2 ions with F- ions to form CaF2, 

which may be accompanied by some measure of F-: OH- exchange on the 
surface of the apatite, the extent of which will be determined by the activ-
ities of Ca+2, primary orthophosphate, F- and H+ ions in the supernatant.

3. The reaction of CaF2 with primary orthophosphate ions as the pH 
is increased according to the reaction presented in Eq. 1:

CaF2 + 9Ca+2 + 6H2PO4
-   2Ca5F(PO4)3 + 6H+ (1) 

The addition of a calcium complex agent will inhibit this reaction.
4. The direct precipitation of FAp on residual HAp substrate. This 

reaction may be subject to the replacement of apatite calcium by alka-
li-metal cations. Alternatively, the latter may be incorporated by direct 
cationic exchange subsequently to the formation of FAp.

5. On successive drops in pH, there is an increased tendency for 
HAp to dissolve relative to

FAp (differences in solubility will tend to make HAp crystals of 
similar sizes more soluble than FAp).

6. On successive pH rises, the lower F- activity and lesser tendency 
for CaF2 formation at pH 4, together with F-: OH- partition in the apatite, 
will tend to yield a more homogeneous product, the exact composition 
of which will be determined by the initial mole ratio (to HAp) of the F- 
in the supernatant. The presence of F- totally suppresses secondary cal-
cium orthophosphate formation.

These experiments have been carried out at 25°C; we have a reason 
to suppose that similar results would be obtained at 37°C. Similarly, we 
would expect this pattern of results to be obtained with dental enamel, 
although the lower rate at which we have observed this material to come 
into equilibrium with fluoride solutions may render equilibrium difficult 
to obtain. This is especially pertinent in relation to Zn+2 and other divalent 
transition metal ions present in enamel which tend to encourage CaF2/
MF2 (M = divalent cation) formation and persistence as the pH is raised.

CONCLUSION

The current study suggests that the treatment of enamel with acidu-
lated phosphate fluoride systems at pH 4 may be improved by subse-
quent restoration of the interfacial pH to 7 in the presence of sufficient 
Ca+2 and HPO4

-2 ions to convert the CaF2 formed into a fluoride-contain-
ing apatite.
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