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ABSTRACT 

Purpose 

The synthesis of fluoridated apatite consists of several stages, among which the heat treatment has 

a significant impact on the physical and chemical properties. The present study aims to elucidate the 

influence of two different sintering methods on fluoride-substituted apatite properties. 

Methods 

For this purpose, a two F-substituted apatites were produced by heat treatment in different ways 

called “rapid sintering” and “slow sintering”. Physicochemical properties of the obtained materials were 

analyzed using infrared spectroscopy, scanning electron microscopy with energy dispersive spectrometry, 

X-ray diffraction, and mercury intrusion porosimetry. Cytotoxicity of materials was assessed using MTT 

test. 

Results 

Sintering conditions significantly influenced some porosity parameters of the materials. The 

samples subjected to “rapid sintering” showed a larger total pore area and mercury intrusion volume, while 

the samples subjected to “slow sintering” showed higher average pore diameter. Other porosity parameters 

did not differ significantly between the tested materials. The crystalline phases and chemical compositions 

of both materials were the same. Both materials appeared to be non-toxic since their extracts did not caused 

reduction in the viability of MC3T3-E1 cells compared to control cells and the results obtained were similar 

for both materials. 

 

Conclusions 

Sintering is an important step in the apatite synthesis process. The way apatite is sintered is a factor 

that influences its physicochemical properties. The study performed on fluoride-substituted apatite showed 

that sintering conditions influenced some porosity parameters but had no effect on composition, chemical 

structure or crystalline phase. The cytotoxicity of both materials was at the same level, indicating that both 

were non-toxic. 
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INTRODUCTION 

Hydroxyapatite (HAP) is one of the most important component of bone tissue. It builds tooth hard 

tissues, bones of vertebrates and some invertebrates and pathology calcified tissues like urinary calculi [27]. 

Synthesized bioceramics are widely used in regenerative medicine, mainly for filling bone defects [9]. They 
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are applied through surgeries as bioactive materials [12]. Moreover apatites are useful in dental surgeries as 

coatings of dental implants, addition for toothpastes and more [21]. Material used in refilling defects of bone 

tissues should not only be durable but also interact with bone cells, therefore, promising apatite implants 

have to be porous. Optimal sizes of pores are not clearly verified, some research show that the most efficient 

sized are about 300-400 µm which results in a large amount of bone tissue formed [36]. While other claim 

that it is important to be in the range of 100-200 µm, as too large pores can lead to osteon development, 

while too small lead to the poor integration of the material with the bone. [14,30].  

HAP can be subjected to various modifications by substituting another ions in place of the hydroxyl 

groups, changing its properties to some extent. Comparison of hydroxyapatite and fluorapatite shown that 

fluoride ions substitution decreased apatite solubility and increased its chemical stability. By exchanging 

the hydroxyl ion (OH-) with the fluoride ion (F-), the stability of apatite translates into lower acid solubility, 

which is quite an important factor in protecting e.g. tooth enamel against caries [11,33]. The aim of 

developing a fluorinated biomaterial is to achieve greater mechanical strength, which significantly 

distinguishes it from hydroxyapatite. What is more, fluoridated apatite has a positive impact on osteoblastic 

proliferation, differentiation, their functional activity and increase level of alkaline phosphatase (ALP) 

activity [17,40].  

Synthetic apatites for biomedical application can be produced by various methods [5,7,13]. In this 

work, we focus on the co-precipitation method, which was used for the synthesis of the studied apatites. In 

this method, apatite precursor is typically sintered in furnace up to 900 ºC. Further heating of the apatite 

above 1000 °C would lead to its dehydration into the tricalcium phosphate (TCP) phase. Tredwin et al., 

proved that the temperature, as well as the concentration of fluoride ions in apatite, affects dissolution rate. 

Also noted that the higher the heating, the smaller the amount of released Ca2+ and PO4
3- ions. Such a 

decrease in the dissolution rate of an apatite driven by the temperature to which the apatite has been heated 

might be explained by the structural stability (higher crystallinity and lower the crystal size) of the 

HA/FHA/FA discs. In terms to F-substitution, the more fluoride, the slower the dissolution rate of apatite 

[34]. The fluoride ion is smaller than the hydroxyl one, this provides the molecule with a more compact and 

ordered structure which results in higher viscosity and lower the crystallization temperature. Moreover, 

there is a correlation between the porosity of a material and dissolving ability, due to the fact that solubility 

depends on the surface area, which in turn is related to the porosity of the material. It was also proven that 

porosity of implants may affect drug release, therefore every material should be tested for chemical 

reactivity [28].  

In this study, fluoride-doped apatite precursor was synthesized and sintered at 800 ºC under two 

various conditions to verify how its physical, chemical and biological properties will be influenced. We 

used 2 different approaches to sintering the apatite. In the first, the apatite precipitate was placed in an 
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unheated muffle furnace (at room temperature, RT) and then gradually heated to a given temperature. After 

a given sintering period, the material was cooled in the furnace. In this approach, the material was avoided 

from being subjected to a large temperature difference (“slow sintering”). In the second approach, the 

material was placed in a previously heated furnace at high temperature (800 ºC), and after a given sintering 

period, it was removed from the hot furnace to cool at RT. In this approach, the material was subjected to a 

large temperature difference, which resulted in sudden, rapid and exponential sintering (“rapid sintering”). 

Both materials were then analyzed to determine the influence of sintering conditions on the material 

properties. Physicochemical and microstructural properties were evaluated by X-ray crystallography 

(XRD), scanning electron microscope coupled with energy dispersive spectroscopy (SEM-EDS), Fourier-

transform infrared spectroscopy (FTIR), and mercury intrusion porosimetry (MIP). The study of biological 

properties included determining the cytotoxicity of the materials against MC3T3-E1 preosteoblasts.  

 

2. MATERIAL AND METHODS 

2.1. Preparation of research material 

Fluoride-substituted apatite granules were synthesized in laboratory of Chair and Department of 

Biochemistry and Biotechnology (Medical University of Lublin, Poland) according to the procedure 

described in Polish Patent no. 235803 [2]. Briefly, material was synthesized by the co-precipitation method 

using the following reagents: calcium hydroxide (Ca(OH)2; Acros Organics, Spain), orthophosphoric acid 

(H3PO4; Chempur, Poland) and sodium fluoride (NaF; Chempur, Poland). Apatite precursor was dried at 37 

°C for 24 h and then at 90 °C for another 24 h. Finally, precipitated material was divided into 3 parts that 

have been treated in different methods (Figure 1). 

 

During study, materials were labelled and treated as follows: 

FAP-0 – precipitate stored at room temperature (RT), not sintered. 

FAP-G – the furnace was heated to 800 ºC, then the precipitate was placed in it and heat treated for 2 

hours. Then the material was removed to cool on the table at room temperature - we have named this 

method as “rapid sintering”. This material was sintered according to method described in Polish Patent 

no. 235803 [2]. 

FAP-Z – the sintering was made at 800 ºC using a heating rate of 200 ºC/h with 3 hours residence time 

at 800 ºC, followed by natural cooling inside the furnace - we have named this method as “slow 

sintering”. This method was chosen based on our own research due to the good biological properties 

(low cytotoxicity) of the obtained material. 
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Sintered ceramics were crushed in a mortar and sieved in order to obtain granules with a diameter 

in range of 0.2- 0.3 mm. In order to wash off the apatite dust from the surface of the granules, they were 

rinsed in deionized water and dried at 37 °C. 

 

Figure 1. Scheme of temperature treatment of fluoridated apatite 

 

2.2. Characterization of granules 

2.2.1. SEM-EDS evaluation 

SEM images were obtained using Nova NanoSEM 450 (FEI) in low and high vacuum conditions. 

The EDS analysis were taken from the whole visible area of the specimen and the chemical analysis were 

accomplished at the acceleration voltage of 5 kV, using the Octane Pro detector (Edax, UK).  

The chemical composition (presented in atomic % and mass %) was calculated automatically by 

software on the basis of EDS spectra. The results from four independent repeats (n=4) were expressed as 

mean values ± standard deviation (SD). 

 

2.2.2. FTIR analysis 

The FTIR-ATR spectra (diamond crystal) were obtained using an IR spectrometer model Vertex 70 

(Bruker Corporation, Billerica, MA, USA), 64 scans, 4 cm-1 resolution. Data were analyzed by the Opus 7.0 

software (Bruker Corporation, Billerica, MA, USA). 

 

2.2.3. XRD analysis 

X-ray diffraction data were acquired using the HZG-4 diffractometer (Carl Zeiss, Germany) 

equipped with conventional X-ray tube with copper anode (operated at 40 kV and 20 mA) and Ni filter 

applied. The X-ray tube, sample and detector were positioned in a Bragg-Brentano geometry. Diffraction 
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data were collected by step counting in the range 2 = 20÷50° at 0.01 deg. intervals for 2 seconds per data 

point. Identification of phases contained in tested materials were done using the PDF-4 database (ICDD, 

USA) based on diffraction patterns. 

 

2.2.4. Determination of pore size distribution by mercury porosimetry  

The most frequent porosimetric parameters were measured according to the ISO 15901-1:2005 

standard with Autopore IV 9500 mercury porosimeter (Micrometrics Inc., Norcross, GA, USA). Before the 

experiment, the samples were dried at 37 ºC. Mercury intrusion was performed at pressures up to 228 MPa. 

The range of the examined pores was 5 nm to 360 µm. Statistically significant results were considered at p 

< 0.05 according to an unpaired t-test (GraphPad Prism 7.04 Software, San Diego, CA, USA). 

 

2.3. Cytotoxicity assessment  - in vitro cell culture test 

In vitro cytotoxicity studies were conducted using a mouse calvarial preosteoblast cell line 

(MC3T3-E1 Subclone 4; ATCC-LGC, standards, Teddington, UK). Cells were cultured in Minimum 

Essential Medium alpha  (MEM alpha) (Gibco, Life technologies, Carlsbad, CA, USA) supplemented with 

10% fetal bovine serum (FBS; Pan-Biotech GmbH, Aidenbach, Bavaria, Germany) and antibiotics: 100 

U/mL penicillin (Sigma-Aldrich Chemicals, Warsaw, Poland) and 0.1 mg/mL streptomycin (Sigma-Aldrich 

Chemicals, Warsaw, Poland). Cells were cultured at 37 °C with 5% CO2 in air atmosphere. 

The test assessing the cytotoxicity of biomaterials was performed in indirect contact with the 

material according to the ISO 10993-5 (2009) standard [29]. The experiment used liquid extracts of the 

biomaterials, obtained by incubating 100 mg of granules in 1 ml of complete culture medium for 24 hours 

at 37°C. The cells were seeded at a density of 2 × 104 cells per well in the culture medium,  into a 96-well 

plate and then cultured for 24 hours. After this time, the medium was replaced with the appropriate 

biomaterial extract, and the cells were cultured for another 24 or 48 hours. Cell viability was determined 

using the MTT test according to the procedure described in the previous article [24]. The test results were 

presented as a percentages of the absorbance value obtained for the control. The experiment was performed 

in three independent replicates. The determination of statistical differences was made using one-way 

analysis of variance (One-way ANOVA) with Tukey’s post hoc test (GraphPad Prism 7.04 Software, San 

Diego, CA, USA). 

 

3. RESULTS  

SEM images of FAP-0, FAP-Z and FAP-G samples were presented in Figure 2. The surface of the 

samples FAP-Z and FAP-G was significantly different from the rough surface of the sample FAP-0, while 

the samples FAP-Z and FAP-G were smooth, homogeneous and not very different from each other. 



 

7 
 

 

 

 

Figure 2. SEM micrographs of samples: A) FAP-0, B) FAP-Z, and C) FAP-G. 

 

According to EDS analysis (Figure 3), apatites FAP-Z and FAP-G contained comparable amounts 

of calcium (Ca), phosphorus (P), oxygen (O), and fluoride (F) while non-sintered FAP-0 contained 

significantly higher amount of O and F, and lower amount of Ca. P content has been found to be 

insignificantly higher in FAP-G and statistically significantly higher (P <0.05) in FAP-Z compared to FAP-

0 (Fig. 3A).  
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Figure 3. Elemental content of tested apatites based on EDS analysis. Composition of materials was expressed 

as percentage of elements by atoms (A) and masses (B). Statistically significant differences in the element content 

between different materials according to One-way ANOVA followed by Tukey´s test (P <0.05) were indicated 

with *, ns – no significant. 

 

Figure 4 shows the FTIR spectra of fluoride-substituted apatite which was heated at 800 ºC (FAP-

Z and FAP-G) and non-heated (FAP-0). In FAP-0 strong bands of phosphate groups observed at 561 cm-1, 

603 cm-1 and 964 cm-1, 1024 cm-1, 1091 cm-1, low intensity peaks of carbonate groups were identified at 

1458 cm-1, 1419 cm-1 and 873 cm-1, and vibration assigned to H2O was found as wide band near 3470 cm-1. 

In FAP-Z and FAP-G phosphate bands were observed as above, CO2 peaks were in the same positions but 
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had lower intensity, while presence of OH− groups was demonstrated at 679 cm-1 and 3539 cm-1. Moreover, 

sintered apatites differed from FAP-0 by the presence of a peak at 744 cm-1 assigned to F-. 

 

 

Figure 4. FTIR spectra of samples: FAP-0, FAP-Z, and FAP-G in the range 400-4000 cm-1. 

 

 

The phase composition of tested samples and two standard ceramics: fluorapatite (FAP) and 

hydroxyapatite (HAP) assessed by the XRD technique was presented in Figure 5. It shows that the peeks 

of fluoride-substituted ceramics (all tested samples: FAP-0, FAP-Z, FAP-G) are shifted to the higher 2theta 

values in relation to the HAP standard (ICDD 00-055-0592), and at the same time, their positions are 

following the data of the FAP standard (ICDD 01-080-8486). No peaks from other substances were found 

which indicates the presence of pure fluorapatite in tested materials. The shape of the XRD pattern for the 

FAP-0 sample indicates the small crystallinity size (8.55 nm) due to the lack of thermal treatment in contrast 

to over 50 nm for sintered ones. 
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Figure 5. Summary of results of X-ray crystallography of samples FAP-0, FAP-Z, FAP-G and two standards- 

hydroxyapatite and fluorapatite. 

 

The results obtained with the mercury intrusion using mercury porosimeter are shown in the Table 

1. Statistical analysis of the results revealed that there was no difference in porosity, bulk density, apparent 

density, and median pore diameter between the FAP-Z and FAP-G samples. However, sample FAP-G 

exhibited higher total intrusion volume and total pore area in relation to sample FAP-Z. Lower total pore 

area in sample FAP-Z was associated with a larger pore diameter in comparison to sample FAP-G. 

 

Table 1. Summary of mercury porosimetry results 

 FAP - G  FAP - Z statistically 

significant 

difference * 
Parameters mean SD  mean SD 

Total intrusion volume [cm3/g] 0.87 0.003  0.85 0.001 yes 

Total pore area [m2/g] 6.63 0.060  5.45 0.020 yes 

Bulk density [g/cm3] 0.82 0.000  0.84 0.000 no 

Apparent (skeletal) density [g/cm3] 2.89 0.000  2.9 0.007 no 

Porosity [%] 71.49 0.080  71.1 0.110 no 

Median pore diameter (volume) [µm] 48.83 1.020  54.09 1.850 no 

Median pore diameter (area) [µm] 0.20 0.000  0.23 0.000 no 

Average pore diameter [µm] 0.52 0.007  0.62 0.007 yes 

* statistically significant differences between samples according to unpaired Student's t-test at P < 0.05 
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Cytotoxicity of the granules was assessed using a colorimetric MTT test. The ISO 10993-5 (2009) standard 

indicates that the biomaterial is considered non-toxic if cell viability after incubation with the biomaterial 

extract is above 70% of the control cells. In our study, both tested biomaterials were non-toxic to mouse 

preosteoblasts (MC3TC-E1 cell line). Cell viability after both 24 and 48 hours of exposure to biomaterial 

extracts exceeded 100% of the control (Figure 6). Viability of cells after 24 hour incubation with samples 

extracts was significantly higher than control cells (Figure 6A). After 48h, the results for FAP-G and FAP-

Z were at the same level as for control cells (Figure 6B). 

 

 

Figure 6. MTT cytotoxicity test performed for the biomaterials using mouse preosteoblasts (MC3TC-E1 cell 

line) according to ISO 10993-5 standard. The results of statistical analysis using the One-way ANOVA test 

followed by Tukey's multiple comparison test were as follows: * p=0.032, ** p=0.009, ns = p>0.05. 

 

4. DISCUSSION 

Many apatites (calcium phosphates) are used in industry, medicine and scientific research. These 

include hydroxyapatite, fluorapatite, chlorapatite, carbonate apatite and others. They can be of either natural 

or synthetic origin. It is known that the final properties of artificial apatites are influenced by the conditions 

of synthesis, such as: synthesis method, type of reagents, solution pH, temperature, time, mixing, etc. One 

of the last stages of apatite synthesis is sintering, i.e. procedure conducted in to improve the characteristics 

of the starting materials. This process involves heating at high temperatures and alter the physico-chemical 

characteristics of the initial powders and affect their surface reactivity, which translates into the biological 

properties of the material [15,25]. For this reason, it is so important to determine the effect of sintering 

conditions on the final properties of apatite. So far, studies have been conducted on the sintering dwell time 

[19] and sintering temperature of the apatite precursor [16,35]. The aim of this study was to compare two 
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different approaches to the apatite sintering process, which we called "fast sintering" and "slow sintering". 

Rapid sintering means that the samples were placed in a furnace heated to the target temperature and 

immediately removed to room temperature after the sintering process. Slow sintering means that the samples 

were placed in a non-heated furnace (room temperature), then heated at a selected rate until the target 

temperature was reached and sintered for a specified time. Based on the literature review, it can be stated 

that the slow sintering method is used in the vast majority, while the rapid method is rarely used. However, 

it is impossible to determine the sintering method in every case, because the apatite sintering process is not 

always precisely described in the publication.  

In our study, the research material was fluorapatite sintered at 800 °C and the reference material 

was unsintered fluorapatite (FAP-0). We labelled the rapid sintering material as FAP-G and the slow 

sintering material as FAP-Z. XRD, SEM and EDS analysis did not show any differences between FAP-G 

and FAP-Z. Both materials had a smooth and homogeneous surface and showed no significant statistical 

differences in elemental composition. FAP-G and FAP-Z had higher Ca and P content than the FAP-0 

material and lower O content, which is most likely due to water evaporation sintering at 800 ºC and its loss 

from the structure of apatite [1,22].  

The FTIR analysis showed no differences between the FAP-Z and FAP-G materials, while the FAP-

0 material showed significant differences in relation to the sintered apatites. The first difference between 

the sintered materials and unsintered FAP-0 was the presence of a peak at 744 cm-1 assigned to F- [26]. 

Phosphate bands in FAP-Z and FAP-G have largely increased in intensity (became narrow and sharp) due 

to increased crystallinity of apatite structure which is typical for sintered apatites as observed by other 

authors [6,20]. Bands assigned to CO2 groups were detected in all tested materials, however, had lower 

intensity in sintered materials. Carbonate peaks at 1458 cm-1, 1419 cm-1 and 873 cm-1 suggest type B 

substitution (CO3
2- replacing PO4

3-) [10]. Bands located at wavenumbers of ~3470 cm-1 in FAP-0 and at 

~3539 cm-1 in sintered apatites were assigned to H2O (OH) because water absorption bands of apatite 

typically produce bands at wavenumbers between ~3600 cm-1 and 3400 cm-1 [8,31]. However, it is likely 

that the peak at 3539 cm-1 represents the absorption of OH-F vibration band that is often found at position 

~3533 cm-1 [10,26,31,32,38]. Further studies performed in this region and at higher resolution would allow 

distinguishing OH-OH from OH-F vibrations as done by Hammerli et al. [10]. Disappearance of the large 

band of H2O at 3470 cm-1 suggest evaporation of crystalline water in apatite powders during the sintering 

process which is consistent with our EDS results and with the observations of Xu et al. [39].  

It is known that sintering process significantly influences the microstructure of the apatite [35]. 

Several studies have been carried out to show the effect of sintering conditions on HAP [4,16,18,23,37] and 

FAP microstructure [3,4]. The results obtained in these studies show that the increase/decrease of sintering 

temperature significantly affects the density, porosity and specific surface area of apatite. In our study, 
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fluorapatites produced by rapid sintering and slow sintering showed similar porosity and density, however, 

they differed statistically significantly in the total intrusion volume, total pore area, average pore diameter. 

The obtained results indicate that by changing the approach to apatite sintering it is possible to control some 

microstructural parameters without significantly affecting the density and porosity of the material.  

In summary, the only differences we observed between the two fluorapatites sintered by different 

methods concern only some microstructure parameters. These changes did not have a significant effect on 

the cytotoxicity of FAP, which was high in both cases. This study shows that not only the temperature and 

time of sintering affect the properties of the final material, but also whether the apatite precursor is placed 

in a "hot" or "cold" furnace. The presented results can be helpful in the work on apatite materials with the 

desired chemical, physical and biological properties. 

 

5. CONCLUSIONS 

 

In this study we investigated the influence of sintering conditions of fluoride-doped apatite on its 

physical properties, chemical composition, phase composition and biological properties. On the basis of the 

obtained results, it can be concluded that: 

1. Sintering method (time and conditions of heat treatment) have affected some (but not all) of the 

porosity parameters, i.e. total intrusion volume, total pore area, and average pore diameter. 

However, porosity, bulk density, apparent density, and median pore diameter were at the same level. 

2. The sintering method had no significant effect on the composition, chemical structure and phase 

composition of fluorinated ceramics, which was confirmed by EDS, FTIR and XRD. 

3. Cell viability measured by ISO 10993-5:2009 standard was very high for both materials indicating 

that they were non-toxic and there was no significant difference between materials. 

4. Both sintering methods caused evaporation of crystalline water. 

As shown in this study, the conditions of apatite ceramics synthesis influence certain physicochemical 

parameters. In-depth knowledge of the mechanism of chemical and structural changes taking place in 

ceramics during the sintering process will allow to obtain a product with the desired parameters, which will 

be reflected in its biological properties and its potential application in orthopedics and dental surgery. 
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