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1. Introduction 
 Apatites belong to a large family of compounds with the general chemical formula 

M10(XO4)6Y2, where M represents a divalent cation, XO4 an anion group and Y a monovalent anion. 
These materials crystallize mainly in the hexagonal system with the space group P63/m [1]. Owing to 
their chemical and thermal stability, apatite-type materials have attracted a lot of interest. They are 
used as bone substitutes in orthopedics and dentistry [2-4], fluorescent lamp phosphors [5, 6], laser 
host [6], gas sensors [7] or catalysis materials [8]. Physico-chemical properties are modified and 
affected by a wide range of cationic and anionic substitutions [9-11]. For example, the simultaneous 
substitutions of La3+ and SiO44- by Ca2+ and PO43-, result in a new family of compounds called 
britholites [12, 13]. These compounds are potential candidates for the retention of certain 
radionucleides [14, 15]. Indeed, the discovery of the Oklo site [16-18] confirmed their ability to 
retain actinide elements with thermal and chemical stability under radiation conditions. In addition, 
silicate apatitic compounds have recently emerged as an alternative electrolytic material for solid 
oxide fuel cells [19-23].  

These compounds are usually prepared by solid state reaction at higher temperatures. In addition, 
several heat treatments are often required to obtain single-phase materials [24-27]. On the contrary, 
mechano-chemical synthesis involves only a reaction in the solid state at room temperature [28, 29]. 
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Therefore, this method seems quite interesting for the preparation of this type of material [30, 31]. 
This method was originally developed by Benjamin and his collaborators in the early 1970s [32]. In 
mechano-chemical synthesis, a mixture of elemental powders is subjected in a mill to successive 
intense shocks with adjustable frequencies and energies. These shocks by creating point, linear or 
surface defects induce an increase in the free energy of the initial material. Therefore, to minimize 
free energy, phases of change and transformation occur in the system leading to the desired product 
[33, 34].  
In this work, we consider the synthesis by solid state reaction and by mechanosynthesis of britholites 
containing cesium, with the general formula Sr8-xLa1-xCs(PO4)6-x(SiO4)xF2, with x = 0, 1 and 6. The 
resulting products were characterized by X-ray diffraction and infrared spectroscopy.  
 

2. Experimental protocol 
2.1 Preparation of powders  

Cesium-based britholites were dry-synthesized in two stages from SrCO3 (>96%) Riedel de 
Haen), La2O3 (>99.5% Prolabo), SiO2 (>99.5% Alfa), SrF2 (>99.5% Prolabo), Cs2CO3 (>99% Fluka), 
NH4F (> 95% Merck) and Sr2P2O7. 

 

2.2 Experiments 

2.1.1. Preparation of Sr2P2O7 
Strontium di-phosphate was obtained according to the following reaction: 

2 SrCO3 + 2 (NH4)2HPO4 → Sr2P2O7 + 4NH3 (↑) + 2CO2 (↑) + 3H2O (↑)                              Eqn. 1 

After being crushed and homogenized in an agate mortar, the mixture of strontium carbonate and 
di-ammonium-hydrogen phosphate was shaped by cold uniaxial pressing and then calcined at 900 °C 
for 10 hours. The temperature rise and cooling were carried out at a speed of 10°C/min. 

2.1.2. Solid synthesis of powders 

2.1.2.1. Preparation of britholites deficiency 
Incomplete britholites of general formula Sr8-xLax(PO4)6-x(SiO4)xF were prepared according to the 

following equation: 

3/2 SrCO3 + 1/2 SrF2 + (6-x)/2 Sr2P2O7 + x/2 La2O3 + x SiO2 

                                  →      Sr8-xLax(PO4)6-x(SiO4)xF + 2CO2 (↑) + 3H2O (↑)                          Eqn. 2 

After prolonged manual grinding and homogenization of the reagents in an agate mortar, the 
mixtures were shaped by cold uniaxial pressing. The pellets obtained were treated under dynamic 
argon atmosphere at 900 ° C for 12 hours to carry out their degassing, then, after a new grinding / 
homogenization step, a heat treatment of 12 hours at 1400 ° C was applied. 

 2.1.2.2. Preparation of cesium-doped britholites 
The lacunar britholites obtained were mixed with cesium carbonate (Cs2CO3) and ammonium 

fluoride (NH4F), crushed and compacted according to the previous operating protocol. After a first 
treatment at 800 ° C for 2 hours, the pellets obtained were again crushed, homogenized and shaped. 
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In order to limit the volatilization of cesium [24, 25], the pellets were placed in a basket with a lid, 
coated with a powder of the same nature, but enriched with cesium carbonate (20% by mass), to 
create a self-stabilizing atmosphere. They were then calcined at 1100 °C for 4 hours. The reaction is 
as follows: 

Sr8-xLax(PO4)6-x(SiO4)xF + NH4F + 1/2 Cs2CO3 
                               → Sr8-xLaxCs(PO4)6-x(SiO4)xF2 + 1/2 CO2 (↑) + 3H2O (↑)                             Eqn. 3 

2.1.2. Synthesis of powders by mechanosynthesis 
The apatites, containing cesium of general formula Sr8−xLa1+xCs(PO4)6−x(SiO4)xF2 with x = 0, 1 

and 6, were prepared according to two different protocols. 
According to the first procedure, the grinding of the reagents was carried out in a single step 

using, i.e. strontium carbonate: 

SrCO3 + (1+x)/2 La2O3 +1/2 Cs2CO3 + (6-x)/2 Sr2P2O7 + xSiO2 + SrF2 

                                           →   Sr8−xLa1+xCs(PO4)6−x(SiO4)xF2 + 3/2 CO2 (↑)                             Eqn. 4  

With strontium oxide: 

SrO + (1 + x)/2 La2O3 + 1/2 Cs2CO3 + (6−x)/2 Sr2P2O7 + xSiO2 + SrF2  

                                                →    Sr8−xLa1+xCs(PO4)6−x(SiO4)xF2 + 1/2 CO2                             Eqn. 5 

In the second procedure, intermediate apatitic phases, with general formula 
Sr8−xLa1+x(PO4)6−x(SiO4)xF, with x = 0, 1 and 6, were prepared, in a first step, according to the 
following equation: 
3/2 SrO +(1+x)/2 La2O3 + (6−x)/2Sr2P2O7 + xSiO2 +1/2SrF2  

                                                                      →   Sr8−xLa1+x(PO4)6−x(SiO4)xF                               Eqn. 6 

Then, in a second step, cesium carbonate and ammonium fluoride were added to the phases 
previously obtained according to the following equation: 

Sr8−xLa1+x(PO4)6−x(SiO4)xF+1/2Cs2CO3 + NH4F  

                         → Sr8−xLa1+xCs(PO4)6−x(SiO4)xF2 + 1/2CO2 + NH3 +1/2H2O                            Eqn. 7 

In this method, the reactants taken in stoichiometric proportions were introduced into a 45 cm3 jar 
containing five balls of 12 mm in diameter. The jar and balls are made of steel. The mass ratio of the 
balls to the mass of the powder is 34/1. The rotational speeds of the tray and the jar were equal to 500 
and 1000 rpm respectively. These operating conditions correspond to a shock kinetic energy of 0.151 
J/shock, a shock frequency of 100 Hz and an injected shock power of 15.1 W/g. The samples were 
crushed for periods of between 30 minutes and 25 hours. The preparation of these compounds was 
carried out in a planetary mill of the Retsch PM 200 type. The various samples were also calcined at 
900°C and 1100°C under a dynamic argon atmosphere. The duration of each heat treatment was 6 
hours. The rate of temperature rise for all heat treatments was 10°C/min. 

2.3. Characterization of powders  

X-ray diffraction (XRD) analysis of the samples was performed using a PANalytical X'Pert Pro 
diffractometer, using Copper Ka radiation (l = 1.5406 A°). The diffractograms were acquired in the 
range 0-75° in 2θ by step-by-step acquisition at the speed of 0.02 °/s. PANalytical's X'Pert High 
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Score Plus software was used to identify crystalline phases by comparing the resulting DRX 
diagrams to the files in the JCDD PDF-2 database. Infrared spectra were recorded in the 400-4000 
cm-1 wavelength range using a Perkin Elmer 1283 Fourier transform spectrometer, using the KBr 
technique. 

3. Results and Discussion 
3.1 X-ray diffraction 

The analysis by DRX of the lacunar samples prepared by dried route reveals the formation of a 
majority apatitic phase indexed from the JCPDS sheet n ° 17-609.  

 

Figure 1. DRX diagrams of Britholites lacking compositions: 
(a) Sr8La(PO4)6F, (b) Sr7La2(PO4)5(SiO4)F and (c) Sr2La7(SiO4)6F. 

 
In the case of the compositions Sr8LaF (Figure 1a) and Sr7La2F (Figure 1b), we note the presence 

of secondary phases Sr3La(PO4)3 and Sr3(PO4)2, indexed respectively from sheets n° 85-905 and n° 
32-493. In the case of the composition Sr2La7F (Figure 1c), the secondary phases identified are 
La2Si2O7 and La2SiO5. They correspond respectively to files n° 44-346 and n° 40-234. It is well 
known that non-stoichiometric apatites are not stable at high temperatures [35], the secondary phases 
would then be formed respectively according to the following reactions:       

3SrCO3 + SrF2 + 3 Sr2P2O7 + La2O3 

                           →   Sr10(PO4)6F2 + Sr3La(PO4)3 + Sr3(PO4)2 + LaPO4 + 3CO2 (↑)                      Eqn. 8 

3SrCO3 +SrF2+5Sr2P2O7+2La2O3+2SiO2 

               →   Sr8La2(PO4)4(Sio4)2F2+Sr3La(PO4)3+Sr3(PO4)2+LaPO4 + 3CO2 (↑)                        Eqn. 9 

SrF2 + 3SrCO3 + 12SiO2 + 7La2O3 

                                    →   Sr4La6(SiO4)6F2 + 2La2Si2O7 + 2La2SiO5 + 3CO2 (↑)                       Eqn. 10 

The absence of LaPO4 can be explained by a formed amount too small to be detected by DRX or 
by its combination with tristrontium phosphate Sr3(PO4)2 according to the following chemical 
equation: 
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                                Sr3(PO4)2 + LaPO4 → Sr3La(PO4)3                                                              Eqn. 11 

The crystallographic parameters a and c of the lacunar apatitic compounds collected in Table 1 were 
determined by the least square method. Note that when the number of SiO4 groups, increased, a 
increases while c decreases.  

  
Table 1. Crystallographic parameters of lacunar and cesium-doped britholites. 

Compositions a (Å) c (Å) 
SrLaF  9,715(5) 7,282(4) 
SrLa2F 9,725(3) 7,275(4) 
Sr2La7F 9,740(2) 7,260(1) 
SrLaCsF2 9,729(5) 7,290(5) 
SrLa2CsF2  9,746(1) 7,289(2) 
SrLa7CsF2 9,752(5) 7,270(3) 

 
           
The DRX diagrams of cesium-doped britholites are shown in Figure 2. After cesium 

incorporation among the three intermediate compositions, only the composition Sr7La2 allows the 
obtaining of a pure apatitic phase (Figure 2b) of formula Sr7La2Cs(PO4) 5(SiO4)F2. For the 
composition Sr8La, there is disappearance of the secondary phases Sr3La(PO4)3 and Sr3(PO4)2 and 
appearance of a new phase SrLaCs(PO4)2 sheet n° 35-426 (Figure 2a). In the case of the purely 
silicate lacunar phase treated with cesium, the DRX diagram (Figure 2c) shows the presence of a 
majority apatitic phase of formula Sr2La7Cs(SiO4)6F2 and two new secondary phases CsLaSiO4 and 

Sr2SiO4, identified respectively from sheets No. 49-663 and No. 38-271.  
 

 
Figure 2. DRX diagrams of cesium-doped britholites of compositions: 

 (a) Sr8LaCs(PO4)6F2, (b) Sr7La2Cs(PO4)5(SiO4)F2 and (c) Sr2La7Cs(SiO4)6F2. 
  
Also, the incorporation of cesium (IXrCs+= 1.78 Å) [36] in cationic sites and F- ions (rF-= 1.30 Å) in 

the anionic gaps of tunnels parallel to the c axis is accompanied by an increase in parameters a and c 
(Table 1). Indeed, according to a Fourier study carried out by Senamaud on britholites substituted for 
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neodymium, the incorporation of cesium takes place in the cationic sites of apatite. However, its 
location on the Me(1) or Me(2) site was not possible [35].  

Thus, among the three lacunar compositions studied, the composition Sr7La2 appears as that 
allowing a better retention of cesium in the apatitic structure since no secondary phase containing this 
element has been detected. At the same temperature, its calcium analogue and neodymium was 
obtained mixed with the CaNdCs(PO4)2 phase, whose formation would be due to the non-
stoichiometry of britholite [35]. According to Campayo et al. [37, 38], this CaNdCs(PO4)2 phase does 
not appear to be prohibitive to the conditioning of cesium, whereas the secondary phases formed with 
the phosphate and silicate poles are sufficiently soluble to hinder the use of the latter for the 
containment of this element.  

For samples prepared by mechanosynthesis, the DRX spectra of the three samples prepared in a 
single step for grinding times between 30 minutes and 20 hours, according to Eqn.4, are shown in 
Figure 3. The diffractogram of the Sr8LaCs sample, crushed for 30 minutes Figure 3a, shows the 
emergence of four new DRX peaks at 21.990; 31,83°; 38.54° and 42.87°, belonging to the apatitic 
phase. Note that the intensity of the DRX peaks increases with the grinding time, while the intensity 
of the DRX peaks of the reactants decreases. It should be noted that the majority of reagents 
disappear after one hour of grinding and that additional diffraction peaks appear. They were assigned 
to the compounds Sr3(PO4)2 and SrLaCs(PO4)2, indexed, respectively, from JCPDS sheets no 01-085-
0905 and no 00-035-0426. These phases remain present even for grinding times of 25 hours (Figure 
3a). 

For the Sr7La2Cs sample (Figure 3b), prepared in a single step, the diffractograms of the mixtures 
crushed for 30 minutes and one hour are virtually identical to those of the Sr8LaCs sample. For grinding 
times of between three and five hours, all DRX peaks belong to the apatitic phase. Beyond that, there 
are new peaks associated with the Sr3(PO4)2 and SrLaCs(PO4)2 phases. The lack of detection of these 
phases for grinding times between three and five hours is probably due to their small quantities. The 
diffractograms in Figure 3c corresponding to the Sr2La7Cs sample show that for 30 minutes and one 
hour of grinding, all the peaks belong to the starting products and that the apatitic phase appears only 
from three hours. For grinding times equal to or greater than 10 hours, the diffractograms present, in 
addition to those of apatite, new peaks corresponding to the secondary phases La2Si2O7 and 
CsLaSiO4, indexed from the JCPDS sheets no 00-048-0052 and no 00-049-0663. It should be noted 
that silica remains present until a grinding time of 15 hours. This unincorporated silica was replaced 
in the apatitic structure by carbonates from the reactants, which were detected by infrared 
spectroscopy. 
  

 
  

Figure 3. X-ray diffraction spectra of samples prepared according to Eqn.4: 
 (a): Sr8LaCs; (b): Sr7La2Cs; (c): Sr2La7Cs. 



Gmati et al., J. Mater. Environ. Sci., 2022, 13(6), pp. 665-680                                                                              671 
 

In order to minimize the amount of carbonates incorporated into the apatitic structure, we carried 
out experiments using SrO instead of SrCO3, using the same experimental protocol as before. The 
DRX spectra of the three samples crushed for 25 hours (Figure 4) show that there is formation of the 
same phases as those observed using SrCO3. 

 

 
Figure 4. X-ray diffraction spectra of samples prepared according to Eqn.5 : 

(a) : Sr8LaCs ; (b): Sr7La2Cs; (c): Sr2La7Cs. 

 

Similarly, we wanted to verify the influence of the operating procedure on the nature of the 
products formed. To do this, we used the experimental protocol recommended in the synthesis of 
cesium apatites by reaction to the solid state at high temperature, that is to say by preparing, before 
the incorporation of cesium, intermediate apatitic phases (Eqn. 6) [39]. Figure 5 shows the DRX 
spectra of apatites before and after incorporation of cesium, crushed, respectively, for 25 hours. For 
the intermediate phases of formula Sr8−xLa1+x(PO4)6−x(SiO4)xF with x = 0 and 1, the diffractograms 
reveal, in addition to that of apatite, the formation of Sr3(PO4)2 and Sr3La(PO4)3 (Figure 5a -b). For x 
= 6, the phase formed in addition to apatite is La2Si2O7 (Figure 5c). After incorporation of cesium, 
the detected phases are the same as those observed after grinding in a single step. 
 

 
 Figure 5. X-ray diffraction spectra of samples prepared in two stages: (a): Sr8LaCs; (b): Sr7La2Cs; 
(c) :Sr2La7Cs:  (1): intermediate apatites (Eqn. 6); (2): apatites doped with cesium Eqn. 7. 
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 Table 2 presents the phases formed during the preparation of samples by mechanosynthesis (present 
work) and by high temperature reaction [40].  

 

Table 2. Products formed by mechanosynthesis (present work) and by high temperature reaction [42] 

 Mechanochemical High temperature reaction 
  Step 1 Step 2 
Sr8LaCs Apatite Apatite Apatite 
 Sr3(PO4)2 Sr3La(PO4)3 SrLaCs(PO4)2 
 SrLaCs(PO4)2 Sr3(PO4)2  
Sr7La2Cs Apatite Apatite Apatite 
 Sr3(PO4)2 Sr3La(PO4)3 SrLaCs(PO4)2 
 SrLaCs(PO4)2 Sr3(PO4)2  
Sr2La7Cs Apatite Apatite Apatite 
 La2Si2O7 La2Si2O7 Sr2SiO4 
 CsLaSiO4 La2SiO5 CsLaSiO4 

   
This table shows that the synthesis method adopted influences the phases formed after reaction. 

Samples prepared by high temperature reaction showed that in addition to apatite, the presence of the 
SrLaCs(PO4)2 phase, for x = 0 and 1, and the CsLaSiO4 and Sr2SiO4 phases, for x = 6 [40]. On the 
other hand, by mechanosynthesis, whether the preparation is carried out in one or two steps, for the 
first two samples, tri-tructic phosphate was detected in addition to apatite and SrLaCs(PO4)2, while in 
the case of the third sample, the secondary phases are CsLaSiO4 and La2Si2O7. Thus, according to the 
DRX analysis, the only phases containing cesium that have been formally detected are SrLaCs(PO4)2 
(x = 0 and 1) and CsLaSiO4 (x = 6). At this stage, the incorporation of this element into the apatitic 
structure cannot be affirmed with certainty. Also, if this insertion has actually taken place, the 
quantity inserted is necessarily lower than that introduced into the initial mixture. The mesh 
parameters of the samples prepared with SrCO3 and SrO were calculated using the least squares 
method (Table 3).   

 
Table 3. Unit cell parameters of the apatites obtained using SrCO3 and SrO after a grinding of 

25 hours. 

Samples   a = b (Å) c (Å) V (Å3) 
Sr8LaCs SrCO3 9,726(4) 7,288(3) 597,718(3) 
  Ors 9,728(5) 7,287(4) 597,881(4) 
Sr7La2Cs SrCO3 9,730(3) 7,285(4) 597,963(3) 
  Ors 9,739(5) 7,287(4) 599,234(4) 
Sr2La7Cs SrCO3 9,747(2) 7,277(3) 599,395(2) 
  Ors 9,751(3) 7,270(2) 599,310(2) 

  
The interpretation of the evolution of parameters with substitution remains difficult because of the 

different sizes of the ions in substitution (Table 4) [36]. However, some conclusions can be drawn. 
Regardless of the reagent used, the parameter a increases, while c decreases. This decrease is even 
very small. As is also expected, the mesh parameters of apatites prepared with SrCO3 are lower than 
those of apatites obtained with SrO, since the latter normally contain less carbonate.  
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Table 4. Ionic radius of substituting ions. 

Ions Sr2+ The3+ Cs+ P5+ Si4+ C4+ 
Coordination 9 9 9 4 4 4 
Ion rays (Å) 1,31 1,22 1,78 0,17 0,26 0,15 

  
In addition, the incorporation of cesium into apatite must be accompanied by a significant increase 

in mesh volume. Table 5 shows that the parameters of intermediate apatites are lower than those of 
apatites containing cesium. This suggests that some of this element has been incorporated into the 
apatitic structure. 
 

Table 5. Unit cell parameters of intermediate apatites. 

Samples a (Å) c (Å) V (Å3) 
Sr8LaF 9,713(3) 7,281(4) 595,548(3) 
Sr7La2F 9,726 (5) 7,279(5) 596,979(5) 
Sr2La7F 9,738(3) 7,263(5) 597,248(4) 

  

3.2 Infrared spectroscopy 
The infrared absorption spectra of the lacunar britholites presented in Figure 6 highlight the 

presence of the absorption bands of the PO4 and SiO4 groups. Their allocation was made by 
comparison with the spectra of the phases Sr10(PO4)6F2, Sr8La2(PO4)4(SiO4)2F2 and Sr4La6(SiO4)2F2 
[41]. The additional bands appearing on some spectra around 3450, 1640 and 1380 cm-1 would be 
relative to the surface OH groups due to the rehydration of the powder after synthesis [42].  
 

 
Figure 6. Infrared absorption spectra of lacunary britholites  

(a) Sr8La(PO4)6F, (b) Sr7La2(PO4)5(SiO4)F and (c) Sr2La7(SiO4)6F  
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Table 6. Attribution and positions in cm-1 of the IR absorption bands of lacunary britholites un- and 
doped with cesium. 

  PO43- SiO44- 
Compositions υ1 

(cm-1) 
υ2 
(cm-1) 

υ3 
(cm-1) 

υ4 
(cm-1) 

υ1 
(cm-1) 

υ2 
(cm-1) 

υ3 
(cm-1) 

υ4 
(cm-1) 

SrF 
  

944 450 
  

1082 
1038 

589 
564 

- - - - 

SrLa2F 918 
- 

509 
- 

- 
1037 

594 
564 

- 
870 

436 
404 

- 
946 

564 
- 

SrLa7F 
  

- - - - 919 
848 

455 
407 

- 
964 
872 

542 
492 

SrLaCsF 
  

942 446 
  

1080 
1035 

586 
560 

- - - - 

SrLa2CsF 912 506 1076 
1035 

589 
560 

- 
865 

432 
402 

-  
942 

560 
544 

SrLa7CsF 
  

- - - - 916 
846 

450 
401 

1034 
956 

540 
489 

  
The infrared absorption spectra of cesium-doped samples (Figure 7) are similar to those of 

lacunar britholites. However, a displacement of the absorption bands of the PO4 and SiO4 groups 
toward lower wavenumbers (Table 6). This displacement would be due to the expansion of the unit 
cell [42]. This result corroborates those obtained by X-ray diffraction and confirms the incorporation 
of cesium into the apatitic lattice. The additional bands previously observed around 3450, 1640 and 
1380 cm-1 are also present [42].  
  

  
Figure 7. Infrared absorption spectra of cesium-doped britholites of compositions: 
 (a) Sr8LaCs(PO4)6F2, (b)Sr7La2(PO4)5(SiO4)F2 and (c) Sr2La7(SiO4)6F2.                
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Figure 8 shows the infrared absorption spectra of the compounds obtained by mechanosynthesis 
according to Eqn.4, after grinding to different durations. These spectra show the progress of the 
formation reaction of the apatitic phase. However, due to the complexity of the system due to the 
reagents used, the allocation of the observed bands was sometimes difficult. For all samples, the 
bands around 1453-1406 and 863 cm−1, associated with the CO32−group [30, 43, 44], indicate that a 
certain proportion of carbonates from the reactants was incorporated into the apatitic structure. While 
the bands observed around 3444 and 1617 cm−1 are attributable to molecular water adsorbed on the 
surface of the solid [45]. The allocation of absorption bands of the PO4 and SiO4 groups was carried 
out by comparison with the spectra of apatitic phases of similar compositions [26, 27, 41, 45, 46-49]. 
 

 
Figure 8. Infrared absorption spectra of crushed samples for periods between 30 minutes and 20 

hours (Eqn. 2): (a): Sr8LaCs; (b): Sr7La2Cs; (c): Sr2La7Cs. 
  
For the Sr8LaCs sample, after 30 minutes and one hour of grinding, the spectra show that the majority 
of the absorption bands belong to the reactants (Figure 8a). It is only from three o'clock that the 
formation of apatite becomes evident. The spectrum relative to this duration reveals the characteristic 
bands of (PO4)3− groups in an apatitic environment. Thus, the bands located around 1079 and 1032 
cm−1 correspond to the asymmetrical elongations (ν3), the band at 946 cm−1 is related to the 
symmetrical elongations (ν1) and the bands around 592 and 563 cm−1 are relative to the asymmetrical 
deformations (ν4). Note that the spectra remain practically identical up to 20 hours. 

Figure 8b shows the infrared absorption spectra of the shredded Sr7La2Cs sample between 30 
minutes and 15 hours. As with Sr8LaCs, the absorption bands observed, for grinding times of 30 
minutes and one hour, are relative to the reactants. For a period of three hours, the spectrum reveals, 
in addition to the absorption bands corresponding to the phosphate groups, bands associated with the 
silicate groups, detected around 916 (ν3), 858 (ν1) and 468 (ν4) cm−1. 

In addition to these bands, we note the presence of bands of low intensities around 799, 745 and 
699 cm−1 attributed to silica [55], not detected by DRX, probably because of its small amount. This 
unincorporated silica was replaced in the apatitic structure by carbonates from the reactants. 

The spectra of the Sr2La7Cs sample, crushed for 10, 15 and 20 hours, shown in Figure 8c are 
typical of a silicate apatite. The shoulders detected around 900 cm−1 are attributable to the 
symmetrical valence vibration mode (ν1) of the SiO4 group. The bands positioned around 920, 500 
and 540 and 420, 440 and 460 cm−1 are, respectively, associated with the vibration modes ν3, ν4 and ν2. 
Similarly, for this silicate sample, we note the presence of bands of low intensities around 800, 722 
and 698 cm−1 attributable to silica [50]. 
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3.4 Powders calcination 
 Samples prepared with strontium carbonate were calcined under argon atmosphere at 900°C 
for 12 hours after being crushed for 20 hours (Sr8LaCs and Sr7La2Cs) and five hours (Sr2La7Cs) 
respectively. For the latter sample, this duration was chosen because of the absence of secondary 
phases in the crushed powder. The DRX spectra obtained are shown in Figure 9. 

 
Figure 9. X-ray diffraction spectra of samples prepared according to Eqn. 2 and calcined at 900 °C 

for 12 hours: (a): Sr8LaCs; (b): Sr7La2Cs; (c): Sr2La7Cs. 
  

For the Sr8LaCs sample, Figure 9a suggests that during heat treatment, part of the apatite 
decomposed with the formation of tri-tructic phosphate. In crushed powder, its amount is very small 
compared to that of apatite, while after calcination, the DRX peaks of the two products are, 
respectively, of equal intensity. For the SrLaCs(PO4)2 phase, we note only an improvement in its 
crystallinity. The decomposition of apatite should normally be accompanied by the formation of 
other phases, but these have not been detected. In the case of Sr7La2Cs, for grinding times of between 
three and five hours, the only phase detected is apatite. After heat treatment, the DRX spectrum 
reveals the presence in very small quantities of the Sr3(PO4)2 and SrLaCs(PO4)2 phases (Figure 9b). 
As for the Sr2La7Cs sample, Figure 9c shows that the influence of calcination was only reflected in 
the improvement of the crystallinity of the powder, the proportions of the secondary phases, La2Si2O7 
and CsLaSiO4, having practically not varied. 

Obtaining oxyapatite La9,33(SiO4)6O2 by high temperature heat treatment is most often 
accompanied by the formation of the secondary phases La2SiO5 and / or La2Si2O7 [50-52]. This last 
phase is formed in an amorphous state from 400°C and gradually crystallizes during the rise in 
temperature [53]. Once formed, it becomes almost impossible to remove it by calcination and obtain 
pure oxyapatite [54]. Vidal and Bernal [34] have shown that the mechanism of its formation is related 
to reactions on the surface of silica grains.  

Therefore, it was possible for Béchade et al., [54] to prepare pure oxyapatite using very pure 
lanthanum oxide. Indeed, it is the hydrated lanthanum oxide that reacts with silica to give La2Si2O7. It 
should be noted that Rodriguez-Reyna et al., were able to obtain pure oxyapatite by dry grinding of 
La2O3 and SiO2 [55]. In the present work, we have observed the formation of Sr3(PO4)2, whether the 
synthesis is carried out in one or two steps, and it remains present regardless of the grinding time. At 
high temperature (1400°C), Sr3(PO4)2 was also formed during the preparation of intermediate 
apatites, but it completely disappeared after the introduction of cesium in the second stage (1100°C) 
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[40]. It therefore seems that the operating conditions can be decisive in the formation of a given 
phase. However, experimental conditions alone cannot explain the difference observed in the nature 
of the secondary phases formed according to the two methods (present work and by heat treatment). 
Indeed, thermodynamic and/or kinetic considerations are surely behind this difference. 
 

Conclusion 

Lacunary britholites with the general chemical formula Sr10-xLax(PO4)6-x(SiO4)xF2 with 0 ≤ x ≤ 6, 
prepared by reaction in the solid state at 1400 °C. Also, these same products were prepared by 
mechanosynthesis, where the reactants were crushed in stoichiometric proportions for periods of 
between 30 minutes and 25 hours using a planetary mill. 

X-ray diffraction and FTIR spectroscopy of the lacunar samples prepared by the two synthesis 
methods reveal the formation of secondary phases in addition to the majority apatitic phase. In the 
case of the compositions Sr8LaF and Sr7La2F, the presence of secondary phases Sr3La(PO4)3 and 
Sr3(PO4)2 and in the case of the composition Sr2La7F, the secondary phases identified are La2Si2O7 
and La2SiO5.  

After incorporation of cesium, among the three intermediate compositions, only the composition 
Sr7La2F allows the obtaining of a pure apatitic phase of formula Sr7La2Cs (PO4)5(SiO4)F2. For the 
composition Sr8LaF, there is disappearance of the secondary phases Sr3La(PO4)3 and Sr3(PO4)2 and 
the appearance of a new phase SrLaCs(PO4)2. In the case of the purely silicate lacunar phase treated 
with cesium, there is the presence of a majority apatitic phase of formula Sr2La7Cs(SiO4)6F2 and new 

secondary phases CsLaSiO4, La2Si2O7 and Sr2SiO4. The formation of these secondary phases 
suggests that the amount of cesium incorporated into apatite is lower than that initially introduced 
into mixtures. 
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