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Abstract 

 

Qualitative Analysis on  

Crystal Growth of Synthetic Hydroxyapatite  

Influenced by Fluoride Concentration  

 

 

Sumi Kang, D.D.S 

 

Department of Dentistry  

The Graduate School, Yonsei University 

 

 

Fluorides are known to be a significant factor that promote remineralization and 

stabilize hydroxyapatite crystals within the enamel. In spite of many studies about the 

effect of fluoride on remineralization of tooth enamel, its mechanism has not yet been 

established. This study was designed to examine the effect of fluoride concentration on 

crystal growth of synthetic hydroxyapatite (HA) particles in pH 7.0 supersaturated 

solutions with different fluoride concentrations (0, 1, 2, 4, 8, 16, 32 and 64 ppm) by 

means of FE-SEM, FE-TEM, x-ray diffraction (XRD) and FT-IR. 
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Eight groups of pH 7.0 calcium phosphate supersaturated solutions were prepared 

with different fluoride concentrations (0, 1, 2, 4, 8, 16, 32 and 64 ppm). Each solution 

was introduced into the reactive column containing the synthetic HA (Sigma Aldrich) by 

using a peristaltic pump for constant reaction rate (2.5 mL/h) for 48 hours. Calcium 

phosphates precipitated on the synthetic HA surface while solutions flew through the 

reactive column. The resulting products were prepared for FE-SEM and FE-TEM to 

evaluate the morphological changes on the crystals and examined by XRD and FT-IR to 

identify the crystals.  

The FE-SEM examination revealed various morphological changes of the crystals, 

where the size and the number of new crystals on the surface of the seed HA increased as 

the fluoride concentration was raised, with additional less-ordered crystallites at relatively 

high concentrations of fluorides. FE-TEM examination showed an additional amorphous 

layer on the surface of the crystals with the existence of fluoride, whereas definite lattice 

structures completely reached the surface of the crystals without fluorides. XRD data 

showed that all crystals had the same patterns as the unreacted synthetic HA, regardless 

of fluoride concentration. With FT-IR results, the intensity of the OH-libration mode 

decreased when adding fluoride, compared to that of pristine HA.  

This study found that fluorides had an effect on crystal growth of the synthetic 

hydroxyapatite, depending on the concentration of the fluorides. The introduction of 

fluoride promotes the growth of HA, resulting in crystal growth on the surface of seed 

HA at relatively low concentrations of fluoride and additional less-ordered HA crystallites 
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at relatively high concentrations of fluoride. The resulting crystals were considered to be 

partially fluoridated HA under room temperature and pH 7.0 supersaturated solutions, 

regardless of the concentration of the fluoride. Under the experimental conditions in this 

study, fluorides mainly react with the surface of the seed HA and have impact on the 

growth of HA in a less effective manner as the concentration of fluoride increases. 

 

 

 

 

 

 

 

 

 

 

Keywords: fluoride, synthetic hydroxyapatite, crystal growth 
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I. INTRODUCTION 

 

Teeth are exposed to a continuous de- and remineralization process in the oral 

environment. The current concept regarding cariogenesis is that a caries lesion is the 

accumulation of numerous episodes of de- and remineralization.
1,2

 If the demineralization 

progresses predominantly, or the rate of demineralization exceeds the rate of 
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remineralization, the net result is a loss of tooth mineral, leading to cavity formation. 

However, in the opposite situation where the rate of remineralization (or crystal growth 

on the existing crystal surfaces) exceeds that of demineralization, the surface layer can be 

continuously restored. Human salivary fluids are well known to be metastable or 

supersaturated in regard to hydroxyapatite, providing a driving force for 

remineralization.
3
  

Hydroxyapatite (HA), Ca5(PO4)3OH, is generally considered as the prototype for the 

mineral found in teeth and bones. The hydroxyapatite of tooth enamel is primarily 

composed of phosphate and calcium ions. Under normal conditions, there is a stable 

equilibrium between the calcium and phosphate ions in saliva and the crystalline 

hydroxyapatite that comprises 96% of tooth enamel. Thus, the precipitation of HA has 

been the subject of several investigations.
4,5

 Crystal growth studies 
6-9

 using HA seeds in 

well-defined, supersaturated solutions have enhanced our understanding of the process 

and mechanism involved in seeded crystal growth.
10

 From these studies, it has become 

apparent that the precipitation rate of HA onto the seed crystals is highly dependent on the 

initial driving force, for example, the degree of supersaturation regarding hydroxyapatite 

and on the seed surface area as well.
10

 Therefore, it is essential to investigate the 

mechanism of crystal growth of HA by using synthetic hydroxyapatites as seed crystals to 

study the remineralization of the HA of tooth enamel. 
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Fluoride can substitute in the hydroxyapatite structure, and if fluoride ions substitute 

completely for hydroxyl ions on the hexagonal axis, they give rise to fluorapatite, with 

the formula Ca5(PO4)3F.
11

 Fluorapatite (FAp) is known to have a much lower solubility 

than HA because FAp possesses a greater stability than HA, both chemically and 

structurally, by reducing the volume of unit cell. Additionally, substitution of OH
-
 groups 

in HA by F
-
 ions decreases the dissolution rate of apatite and increases the rate of 

remineralization. As a result, an increase in crystallinity, a decrease in crystal strain, and 

an increase in thermal and chemical stability are obtained.
12

  

The fact that fluoride can be incorporated readily into the crystalline lattice of tooth 

mineral, resulting in a tissue less soluble in an acid environment, has been the scientific 

cornerstone for caries prevention.
13

 Free fluoride ions in solution can react with apatite 

crystals depending on their concentrations and the solution composition.
14

 In a 

supersaturated solution where fluoride is available together with calcium and phosphate 

ions, fluoride ions are incorporated into the apatite lattice through precipitation and 

participate in growth of the apatite. The exchange of hydroxide for fluoride in the lattice 

occurs even at low fluoride levels. In this context, fluoride is considered to be an  

important factor of crystal growth in the apatite.  

Octacalcium phosphate (OCP) has been known to be a precursor to HA crystals.
15

 The 

hydrolysis of OCP to HA is thermodynamically favored and, once initiated, is likely to be 

spontaneous and irreversible.
16,17

 Thermodynamic studies have further indicated that 
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soluble amorphous calcium phosphate (ACP) is formed from highly supersaturated 

solution first and then transformed into HA through an OCP-like intermediate phase.
18-20

 

Thus, OCP is considered to be a direct precursor in HA formation.
21

 

It is becoming clear that the incorporation of impurities such as fluoride into HA 

crystals is promoted during the hydrolysis of OCP into HA.
22,23

 The degree of fluoridation 

of HA affects its physicochemical properties, such as the adsorption affinity of enamel 

proteins.
23,24

 Thus, fluoride is recognized as an important element in bone and tooth 

mineralization. However, the effect of fluoride on the growth of the crystals remains 

unclear.  

Various in vitro precipitation systems have been used to elucidate the processes of 

precipitation and growth of calcium phosphates. Among the systems, the ‘seeded crystal 

growth’ model was regarded as a useful method of evaluating crystal growth of HA in 

vitro.
8,10,25,26

 In this study, the author employed Muragalelli’s model,
27

 which simulates 

the remineralization process occurring at a local region of enamel crystals and the oral 

environment by flowing fluids at a constant rate. The model, which is comprised of two 

vessels, a reaction column and a peristaltic pump, has been verified as useful by some 

studies.
28-31

   

In previous studies,
29,31,32

 the effect of fluoride on crystal growth was indirectly 

evaluated by calculating the weight gain of crystal and then analyzing quantitatively the 

chemical composition of the experimental solutions before and after the reaction. 
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However, the resulting crystals were not identified, and the mechanism of fluoride 

incorporated into the HA crystals was not clear. Thus, this study was performed with the 

same experimental model as the previous study
32

 to investigate the resultant crystals by 

FE-SEM, FE-TEM, XRD and FT-IR to suggest the role and the effect of fluoride on 

synthetic HA.       
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II. MATERIALS AND METHODS 

 

1. Synthetic hydroxyapatite 

The synthetic hydroxyapatite used in this experiment was commercially available 

powder (Sigma-Aldrich Co., Product number 289396). 

 

2. Preparation of experimental solutions 

 

2.1 Preparation of stock solutions 

0.1M calcium was prepared by using calcium chloride powder (CaCl2∙2H2O,  

molecular weight (MW) 147.01, Sigma-Aldrich Co., St. Louis, MO, U.S.A.) and 0.1M 

phosphate was prepared by using potassium phosphate powder (KH2PO4, MW 136.09, 

Sigma-Aldrich Co., St. Louis, MO, U.S.A.). Concentrations of each ion were analyzed by 

790 Personal Ion chromatography (Metrohm, Herisau, Switzerland) and prepared as the 

stock solutions.  

100 ppm (5.26 mM) fluoride was prepared by using sodium fluoride powder (NaF, 

MW 41.99, Sigma-Aldrich Co., St. Louis, MO, U.S.A.) as a stock solution and 

concentration of fluoride ion was analyzed by fluoride combination electrode (model. 

9609, Thermo scientific, Waltham, MA, U.S.A.).    
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2.2 Preparation of experimental solutions 

Eight groups of pH 7.0 calcium phosphate supersaturated solutions were prepared 

with different fluoride concentrations (0, 1, 2, 4, 8, 16, 32 and 64 ppm). Experimental 

solutions contained supersaturated 1 mM calcium and 3 mM phosphate, which were 

prepared from 0.1M calcium and 0.1M phosphate stock solutions respectively, and 

3.08mM sodium azide (NaN3, Sigma-Aldrich Co., St. Louis, MO, U.S.A.). Each 

concentration of fluoride ion (0, 1, 2, 4, 8, 16, 32 and 64 ppm, 8 groups in total) in 

experimental solutions was prepared from the 100ppm stock solution and added to the 

supersaturated calcium phosphate solutions. Potassium hydroxide (KOH) was added to 

each experimental solution to adjust pH of the solutions to 7.0 when using a pH meter 

(Model 920A, Orion Research Inc., Beverly, U.S.A.). Initial composition of the 

experimental solutions was analyzed before reaction with the synthetic hydroxyapatite 

(Table 1). 

  



 

８ 

 

Table 1. Initial composition of experimental solutions 

 

Composition 

Fluoride 

(ppm) 

Calcium 

(mM) 

Phosphate 

(mM) 
pH 

Group 1 0.00 1.01 3.00 7.02 

Group 2 1.00 1.02 3.02 7.00 

Group 3 2.01 1.00 3.02 7.00 

Group 4 4.02 1.01 3.00 7.01 

Group 5 8.02 1.02 3.01 7.00 

Group 6 16.00 1.02 3.02 7.01 

Group 7 32.02 1.03 3.04 7.00 

Group 8 64.01 1.01 3.01 7.02 

 

 

 

3. Experimental model for crystal growth of synthetic           

hydroxyapatite 

The experimental model of synthetic hydroxyapatite (HA) was the same as that of 

Muragalelli’s,
27

 shown in Fig. 1.
31

 Each experimental solution from ‘Vessel A’ was 

introduced into the reactive column containing 5 mg synthetic HA (Sigma Aldrich) by 

using a peristaltic pump for constant reaction rate (2.5±0.3 mL/h) for 48 hours at room 

temperature. Calcium phosphates precipitated on the synthetic HA while solutions flew 

through the reactive column.  
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Figure 1. Schematic illustration of experimental set-up 

4. Analysis of the resulting crystals  

The amount of mass increase of the crystals of each group (n=25) was calculated 

quantitavely by chemical analysis and analyzed by One-way ANOVA, and its significant 

variables were tested by Tukey test (IBM SPSS Statistics 23, IBM Corporation, Chicago, 

IL, U.S.A.). The crystals were prepared for evaluating morphological changes and 

structures by using a Field Emission Scanning Electron Microscope (FE-SEM, JSM-

6700F, JEOL Ltd., JAPAN) and a Field Emission transmission electron microscope (FE-

TEM, JEM-2100F, JEOL Ltd., JAPAN). For analysis of surface composition of the 

crystals, especially Ca, P ions, energy dispersive spectroscopy (EDS, JEOL, JSM-6700F) 

was used during FE-SEM examinations, and Ca/P ratio was calculated from the EDS 

results. Identification of the crystals was performed by using X-ray diffractometer (XRD, 

Rigaku, SWXD Ses, 18kW) and a Fourier Transform Infrared spectroscope (FT-IR, 

Thermo Scientific™, Nicolet™ iS™10).  
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III. RESULTS 

 

1. The amount of mass increase of the crystals 

The amount of mass increase of the synthetic crystals after precipitation reaction was 

calculated by the difference of the crystal mass before and after the reaction (Table 2 and 

Fig. 2). The differences in the crystal mass were analyzed by One-way ANOVA, 

resulting in a significant difference between the concentration of the fluoride ion and the 

mass increments of the crystals (p < 0.05), and Tukey test was performed as a post-hoc 

analysis (Table 2).  

 

Table 2. Chemical analysis of experimental solutions before and after the reaction 

and the mass increments of the synthetic hydroxyapatite after crystal growth (Mean 

± S.D., n=25, Tukey test). Different letters denote results are statistically different  

(p < 0.05). 

 

Groups ΔCa (mmol) ΔPO4 (mmol) ΔF (ppm) Δ crystal mass (mg) 

1 0.020 ± 0.06 0.012 ± 0.10 N.M. 1.96 ± 0.10
a
 

2 0.042± 0.12 0.025 ± 0.08 0.01 ± 0.00 4.08 ± 0.15
b
 

3 0.076 ± 0.11 0.046 ± 0.12 0.03 ± 0.01 7.40 ± 0.11
c 

4 0.087± 0.09 0.052 ± 0.18 0.11 ± 0.01 8.52 ± 0.17
d
 

5 0.119 ± 0.11 0.071± 0.14 0.27 ± 0.02 11.8 ± 0.07
e
 

6 0.120 ± 0.04 0.072 ± 0.10 0.35 ± 0.02 11.97 ± 0.19
e,f

 

7 0.122± 0.18 0.073 ± 0.14 0.42 ± 0.02 12.22 ± 0.13
e.f

 

8 0.125 ± 0.17 0.075 ± 0.06 0.68 ± 0.01 12.77 ± 0.09
f
 

N.M. : Not measurable, no fluoride was added to the experimental solutions 
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Figure 2. Mass increments of the hydroxyapatites after crystal growth. 

 

2. FE-SEM analysis 

The resulting hydroxyapatite crystals were prepared for evaluating morphological 

changes by using a FE-SEM. The FE-SEM examination revealed that the number and the 

size of the crystals from each group varied depending on the fluoride concentration (Fig. 

3). The SEM images of all experimental groups showed that small, sharp and needle-like 

crystals were observed on the surface of the hydroxyapatite particles at relatively lower 

fluoride concentrations (1, 2 and 4 ppm [F], Fig. 3 (c-e)). Comparing crystals from 
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pristine HA with those from Group 1 (0 ppm [F]), some surface changes, such as small 

bumpy protrusions, were observed on the edge of the crystals from Group 1 (Fig. 3 (a) 

and (b)). In addition, bigger and hexagonal structures were observed at relatively higher 

fluoride concentrations (8, 16, 32 and 64 ppm [F], Fig. 2 (f-i)).  
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Figure 3. SEM images of hydroxyapatite crystals of HA pristine (a) and reacted with 

experimental solutions containing: (b) 0 ppm; (c) 1 ppm; (d) 2 ppm; (e) 4 ppm; (f) 8 

ppm; (g) 16 ppm; (h) 32 ppm and (i) 64 ppm fluoride ion. The precipitates gradually 

transformed from needle-like material grown on the seed (c) to long rod-like 

crystallites (d-f) and finally to highly ordered hexagonal structures (g-i), depending 

on the fluoride concentration.   
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Morphological changes of crystals from Group 1 (0 ppm [F]) were generally the same 

as those from the pristine hydroxyapatite (unreacted synthetic hydroxyapatites), but some 

plate-like crystals, which were considered as OCP, were observed as well (Fig. 4).   

 

 

 

 

 

 

 

 

Figure 4. SEM image of hydroxyapatite crystals reacted with experimental 

supersaturated solutions without fluoride ion showed some plate-like crystals within 

the resulting products, which are considered to be octacalcium phosphates. 

 

The FE-SEM examination also found that other kinds of crystals around the 

hydroxyapatite particles were observed in experimental solutions containing fluoride 

more than 8 ppm (Fig. 5 (b) and (c)). They did not appear at relatively lower fluoride 

concentrations (0, 1, 2 and 4 ppm [F], Fig. 5 (a)) and apparently differed from those on 

the hydroxyapatite particles. For example, as shown in Fig. 5(d), they were radial and 
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more acute than those on the surface of the HA particle, aggregated in spherulitic 

structures, and had no morphological changes, such as hexagonal columns, regardless of 

the fluoride concentration. 

 

 

Figure 5. SEM images of the synthetic hydroxyapatite particle reacted with 

experimental solutions containing: (a) 0-4 ppm and (b) 8-64 ppm. (c) A low 

magnification image ( 1,400) of the resulting hydroxyapatite and (d) a high 

magnification image ( 10,000) of the crystals outside the seed HA.  
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Energy dispersive spectroscopy (EDS) was performed during FE-SEM examination to 

look at the difference between the crystals on the hydroxyapatite particle and those 

outside the seed HA. The mean Ca/P ratio was calculated from the EDS results and 

showed that the ratio of crystals outside the seed HA was slightly lower than that of 

crystals on hydroxyapatite particles (Table 3). 

 

Table 3. The average Ca/P ratios of the crystals on HA particles and those outside 

the seed HA after crystal growth obtained from EDS.  

 Ca/P ratio 

[F] (ppm) 

Crystals on HA particles 

(n=10) 

Crystals outside the seed HA 

 (n=5) 

HA pristine 1.45 - 

0 1.44 - 

1 1.5 - 

2 1.51 - 

4 1.49 - 

8 1.41 1.34 

16 1.43 1.34 

32 1.46 1.31 

64 1.45 1.32 
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3.  Results from FE-TEM 

Although general morphological features of the hydroxyapatite crystal growth were 

examined by FE-SEM, details of individual crystals in each group can be investigated by 

FE-TEM. Findings from the FE-TEM examination are summarized in Fig. 6. With 

crystals of unreacted hydroxyapatite and reacted hydroxyapatites with the experimental 

solution without fluoride, as shown in Fig. 6 (b) and (c), the organized lattice structures 

reached to the surface of each crystal. However, with crystals reacted with experimental 

solutions containing fluorides, as shown in Fig. 6 (d), an additional amorphous layer of 

2.5nm in width lay only on the surface of each crystal, not altering the inner lattice 

structures of the crystals.  
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Figure 6.  (a) A soild red line indicate an example of the focused area on the surface of a HA particle when 

examining FE-TEM.  FE-TEM images of individual hydroxyapatite crystals from (b) HA pristine, (c) 1ppm [F] 

and (d) 32 ppm [F], respectively. White arrows indicate the additional amorphous layer on the surface of the HA 

crystals, which was observed only in crystals reacted with fluoride containing experimental solutions. 
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4.  XRD spectra of the crystals 

X-ray diffraction (XRD) was performed to identify the resulting crystals. The XRD 

spectra of the crystals from all experimental groups were similar to that of the 

hydroxyapatite pristine (Fig. 7). The lattice constants of unreacted and reacted crystals 

were calculated from some prominent peak values (indicated by ‘*’ in Fig. 7) and are 

displayed in Table 4.    

  

Table 4. Lattice constants of pristine hydroxyapatite and Group 2 (1 ppm [F])  

  Lattice constant 

(Å ) 
 HA (pristine) 

Crystals from Group 2  

(1 ppm [F]) 

a 9.449 9.451 

b 9.449 9.451 

c 6.888 6.895 
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Figure 7.  XRD spectra of all experimental groups. The XRD patterns of resulting crystals from all groups were 

the same as those of HA pristine. ‘HA pre’ means HA pristine. 2θs are shown on the X-axis and the corresponding 

peak values are shown on the Y-axis.  
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5. FT-IR patterns of the crystals 

Evaluating substitution of hydroxyl groups in hydroxyapatites by fluorides was 

performed by a Fourier transform infrared spectroscope (FT-IR) using KBr pellets. The 

FT-IR patterns of all experimental groups have O-H stretching mode at 3570 cm
-1

 (Fig. 8). 

However, reduced intensities of O-H libration mode at around 630 cm
-1

 were shown in 

resulting crystals reacting with experimental solutions including fluorides (Table 5).    
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Figure 8. FT-IR spectra of crystals from (a) HA pristine; (b) Group 1 (0 ppm [F]); and (c) Group 8 (64 ppm [F]). 

The wavenumbers are shown on the X-axis and intensities of absorbance are shown on the Y-axis. Dotted boxes 

indicate the O-H stretching mode at around 3570 cm
-1

, which are observed in all experimental groups and pristine 

HA. The intensities of absorbance of O-H libration mode at around 630 cm
-1

, which are indicated by black arrows, 

decreased when reacting with fluoride containing experimental solutions, compared with those of pristine HA.     
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Table 5. The intensities of absorbance of O-H libration mode at around 630 cm
-1

  

Crystals Intensity 

HA pristine 0.90 

1 ppm [F] 0.13 

2 ppm [F] 0.15 

4 ppm [F] 0.22 

8 ppm [F] 0.26 

16 ppm [F] 0.27 

32 ppm [F] 0.29 

64 ppm [F] 0.31 
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IV. DISCUSSION 

 

The previous study found that weight gain of resultant HA crystals increased as 

fluoride concentration in pH 7.0 supersaturated experimental solutions was raised.
32

 

Under the same experimental conditions, this study also confirmed the tendency of 

weight increments and was designed to identify the precipitates and to investigate the role 

and effect of fluoride on HA growth by using FE-SEM, FE-TEM, XRD and FT-IR. When 

analyzing the weight increments of each group, the rate of weight increments decreased 

in solutions containing more than 8 ppm (Table 2 and Fig. 2), which also occurred in the 

previous study.
35

  

The morphology of the precipitates was examined by scanning electron microscopy 

(SEM), and typical images of each group were illustrated in Fig. 3. The SEM images 

showed morphological changes of the precipitates depending on the fluoride 

concentration. In particular, plate-like crystallites in Fig. 4 only appeared in the 

solutions without fluoride (Group 1). They were considered as octacalcium phosphate 

(OCP),
30

 which was the most plausible precursor of grown HA crystals because OCP is 

generally prepared as platelets under supersaturated solutions
33

 and finally transforms 

to HA through hydrolysis. Brown
15

 also proposed a mechanism for the crystal growth of 

biological apatites that incorporated OCP as a transitory phase during the growth of 

apatite crystals. Nelson and Barry
34

 explained that the reason that the formation of HA 
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was preceded by an OCP is that the surface energy of HA is greater than that of OCP 

and the energy barrier for nucleating OCP is lower than that for HA. One study found 

that precipitation of plate-like crystals occurred in media containing fluoride up to 0.3 

ppm and concluded that precipitation of OCP-like precursors and their rapid hydrolysis 

take place in enamel fluid microenvironments containing low concentrations of 

fluoride
27

. Moreover, the fact that plate-like crystallites were not observed in solutions 

with fluorides confirmed the effect of fluoride on HA crystal growth by promoting 

hydrolysis of OCP.
35

  

Adding fluoride into the supersaturated solutions modified the morphology of the 

precipitates and affected the structure of the HA crystallites assembly. The precipitates 

gradually transformed from needle-like material grown on the seed (Group 2) to long rod-

like crystallites (Group 3-5) and finally to highly ordered hexagonal structures (Group 6-

8), depending on the fluoride concentration. The crystallites were also observed outside 

the seed HA in solutions containing more than 8 ppm fluoride (Group 5-8) and had radial 

and sphere-like structures. Wang et al. revealed that the concentration of fluoride plays a 

key role in the formation of an ordered assembly of rod-like HA crystallites.
36

 They 

suggested that fluorides are adsorbed on the surface of the nucleation seeds and inactivate 

some of them in the nucleation process of the HA growth. The rise of fluoride 

concentration results in the decrease of the nucleation seeds and triggers the formation of 

spherulites due to the fact that the fast nucleation and growth of HA crystallites occurs in 

limited nucleation seeds.
37

 Therefore, at relatively low concentrations of fluoride, an 
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ordered assembly of rod-like crystallites similar to the structure of enamel could be 

obtained by the self-epitaxial nucleation-mediated assembly.
38

 However, at high 

concentrations, fluoride may lead to the formation of spherulites as shown in Fig. 5(d), 

which could deteriorate the ordered assembled structure of HA crystallites.  

Existence of fluoride affected only the surface of the resultant HA crystals, not 

disturbing inner lattice structures, as shown in TEM examination (Fig. 6). Amorphous 

layers on the surface of the crystallites were defined when HA reacted with solutions 

containing fluoride, which were absent on the surface of pristine HA and the precipitates 

in Group 2 (without fluoride). A previous study
39

 revealed that the fluorides were not 

randomly distributed throughout the HA, rather they had replaced the first two to three 

layers of the hydroxyl ions along the X-channels, namely via the ion-exchange process, 

which are exposed on the surface in the a,b plane. Plus, Young
40

 pointed out that the 

hydrogen bonding of fluoride to hydroxyl ions reduces the mobility for diffusion of a 

hydroxyl ion along the X-channel. Thus, it is likely that fluoride ion diffusion at room 

temperature is not very facile and some sorts of energy, such as temperature, will be 

needed for the diffusion of fluoride ions originating from different sites within the lattice. 

A computer modeling study
41

 of uptake of fluoride ions at the hydroxyapatite surface has 

shown that hydroxyl groups are easily replaced by fluoride ions on thermodynamic 

grounds, but the fluoride is not expected to penetrate deeply into the apatites, resulting in 

fluorinated apatite in the surface layers only. An examination of a fluoridated surface 

layer by XPS and NanoSIMS indicated that a fluoridated surface layer is formed in a 
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thickness of 3-4 nm in neutral pH solutions.
42

 Therefore, the result of the TEM 

examination in the present study confirmed that fluorides react only with the surface of 

the HA on the growth of the crystals.   

Some literature suggested possible mechanisms for fluoride uptake on HA: adsorption 

on the surface, substitution into the crystal lattice, and (dissolution-) precipitation. In 

adsorption mechanism, fluoride has high affinity for the HA surface, leading to exchange 

of water (at acidic pH) or hydroxide ions (at neutral pH).
43

 Fluorides sorbed onto the HA 

surface can substitute for hydroxide within the HA crystal structure. This substitution is 

favored because fluoride has smaller ionic radius than hydroxide (fluoride: 0.133 nm, 

hydroxide: 0.137 nm) and fits better into the crystal structure of apatite.
13

 Under acidic 

conditions, HA dissolution can result in an increase of calcium and phosphate 

concentrations in solution, which makes the solution supersaturated to precipitate solids 

such as FAp or fluorite (CaF2).
44,45

     

The reacted HA crystals were examined with XRD and FTIR to identify the crystals 

and to investigate the mechanism of fluoride incorporation into the HA crystals. It is 

speculated from the results of Ca/P ratios in Table 3 that foreign calcium phosphates, 

other than HA, were produced when reacted with experimental solutions containing 

fluoride more than 8 ppm because the ratios of crystals outside the original HA were 

different from those on seed HA. In this study, however, the XRD patterns of all 

experimental groups are the same as that of pristine HA (Fig. 7), which meant that no 
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other calcium phases (such as tricalcium phosphate [TCP], brushite [DCPD] and CaF2) 

besides the HA structure were found in the precipitates.  

The extent of fluoride exchange for hydroxide was estimated by comparing the FTIR 

spectra of the pristine HA with the spectra from all experimental groups. The O-H 

stretching mode at around 3570 cm
-1

 and the O-H libration mode at 630 cm
-1

 were used to 

distinguish between HA and FAp, which are present in HA but absent in FAp.
46

 The 

libration mode corresponds to an infinitely long chain of hydroxide ions located in the 

calcium phosphate channels of the HA crystal. This chain decreased in length if fluoride 

substituted for hydroxide, which resulted in a decrease of the O-H libration intensities.
42

 

The O-H stretching mode and libration mode were found in the pristine HA and all 

experimental groups in this study. However, the intensity of O-H libration mode reduced 

in groups containing fluoride, compared with that of pristine HA (Table 5), which led to 

the conclusion that fluoride substituted for hydroxide to some extent. In this regard, it is 

more likely for fluoride to adsorb to the surface of HA and to substitute for some 

hydroxide residing on the surface of HA, rather than to replace hydroxide within the HA 

structure under the experimental conditions.  

It is concluded that fluoride promoted crystal growth on HA, depending on the 

concentration of the fluoride in this study. A previous study’s finding that the amount of 

crystal growth gradually accelerated until 6 ppm fluoride
28

 meant that there is a limitation 

on the effect of the concentration of fluoride on HA crystal growth. Under the 
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experimental conditions of pH 7.0 supersaturated solutions at room temperature in the 

present study, fluorides only had impact on the surface of the seed HA. As the 

concentration of fluoride increased, less-ordered and spherulitic crystallites were 

additionally grown outside the seed HA, which may lead to the weakening of the HA 

assembly structure and overall mechanical property. This may be regarded as the reason 

for the deterioration of the teeth structure during the formation of teeth in an environment 

with high concentration of fluoride.   
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V. CONCLUSION 

 

In conclusion, fluorides have an effect on crystal growth of synthetic HA, depending 

on the concentration of fluorides. The introduction of fluoride promotes the growth of HA, 

resulting in crystal growth on the surface of seed HA in solutions containing fluoride less 

than 8 ppm, based on the result from this study. The resulting crystals were considered to 

be partially fluoridated HA under room temperature and pH 7.0 supersaturated solutions.  
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Abstract (IN KOREAN) 

 

불소 농도에 따른 합성 수산화인회석의  

결정 성장에 대한 정성 분석 

 

강 수 미 

연세대학교 대학원 

치의학과 

(지도교수 이 찬 영) 

 

 

불소는 법랑질의 주요 구성 성분인 수산화인회석의 재광화를 증진시키고 

수산화인회석 결정을 안정화시킨다는 연구들이 많이 발표되었지만 그 기전에 

대해서는 정확히 밝혀진 바 없었다. 따라서 본 연구는 pH 7.0 과포화용액에 다

양한 농도의 불소를 포함시켜 (0, 1, 2, 4, 8, 16, 32, 64 ppm [F]) 합성 수산화인회

석과 반응시킨 후, FE-SEM, FE-TEM, XRD, FT-IR을 이용한 정성분석을 통해 반

응한 결정 산물을 알아보고, 수산화인회석 결정 성장에 미치는 불소의 영향과 

역할에 대해 알아보고자 한다.  
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pH 7.0의 과포화 인산칼슘 용액에 불소 농도를 다르게 첨가하여 (0, 1, 2, 4, 8, 

16, 32, 64ppm [F]) 총 8군의 실험 용액을 제조하였다. 각 실험군의 용액은 합성 

수산화인회석을 포함한 반응주(reactive column)에 일정한 유속(2.5ml/hr)으로 48

시간 반응시켜 수산화인회석의 결정 성장이 일어나도록 하였다. 반응 후 생성

된 결정들은 동결건조 후 질량 증가량을 측정하고, FE-SEM, FE-TEM, XRD, FT-

IR 로 정성분석하였다.   

불소 농도가 증가할수록 생성된 결정의 질량이 증가하는 양상을 보였다. 

FE-SEM 검사 결과, 불소 농도에 따라 다양한 결정 형태가 나타났는데, 불소를 

포함하지 않은 과포화 용액에서는 수산화인회석의 전구 물질로 생각되는 

octacalcium phosphate가 보였다.  불소 농도가 높아짐에 따라 새로 생긴 수산화

인회석 결정은 작은 기둥형태에서 점점 성장하여 육각기둥 형태를 보였다. 또

한, 상대적으로 높은 농도의 불소를 포함한 용액에서는 (8ppm [F] 이상) 기존 

수산화인회석 결정 표면에서 새로운 결정이 생길 뿐만 아니라 덜 치밀한 새로

운 결정들이 seed 수산화인회석 결정 바깥쪽에 생성되었다. FE-TEM 검사 결과, 

불소를 포함한 과포화 용액과 반응한 결정들은 결정 표면 쪽에만 격자구조를 

보이지 않는 새로운 층이 생겨났고, 결정 안쪽의 격자 구조는 변함이 없었다. 

반면, 불소를 포함하지 않은 과포화 용액과 반응한 결정은 결정 안쪽과 동일

한 격자 구조가 결정 표면까지 이어져있었다. XRD 결과, 반응한 결정들은 불

소 농도와 상관없이 비슷한 패턴을 보여주었다. FT-IR 에서는 불소를 포함한 
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용액과 반응한 결정의 O-H libration mode의 세기가 순수한 수산화인회석의   

O-H libration mode 세기보다 작게 나와 수산기 일정부분이 불소로 치환되었음

을 알 수 있었다. 

이번 연구를 통해 불소의 농도가 합성 수산화인회석 결정 성장에 영향을 

미침을 알 수 있었다. 상온에서 pH 7.0의 과포화 인산칼슘 용액과 반응한 합성 

수산화인회석의 결정 성장은 불소의 첨가로 인해 증진되며, 8 ppm 이하 농도의 

불소에서는 기존 수산화인회석 결정 표면에서 새로운 결정이 생성되었다. 따

라서, 이번 연구를 통해 불소는 합성 수산화인회석의 표면에 결정성장을 유도

하고 수산화기 일정부분을 치환하여 결정을 안정화시키며, 불소의 농도가 높

아질수록 수산화인회석 결정 성장 증가율이 감소되는 것을 알 수 있었다.  
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