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Abstrac( 

Two series of carbonate-apatites, Calo(PO4) 6 x(CO3L(F,OH)2, were synthesized by 
precipitating them from aqueous solutions followed by ripening at the precipitation temper- 
ature (20 or 80°C). Initial solutions contained Ca 2+, Mg 2+, NH + , PO]- ,  F , CO~ and N O f  
ions; in the second series Na + was added. The samples had low crystallinity but, nevertheless, 
showed the apatite structure as judged from XRD and IR. Thermal degradation was followed 
by simultaneous TG/DTA and TG/EGA (evolved gas analysis) methods and by ex situ studies. 

The NHg-containing samples (A, 20°C and B, 80°C) and two Na +-containing samples (C 
and D, both at 80°C) were subjected to a detailed study. On the basis of EGA studies of sample 
A by FT1R, the first two exothermic peaks at 250-300°C could be assigned to the release of 
H20 and H20 + NH 3, respectively: the remaining three at 350-710°C were due to CO2 
evolution and changes in the apatite structure. For samples synthesized at 80°C, the DTA 
peaks were smaller than for sample A. The EGA peak due to NH 3 was missing for 
Na+-containing samples (C and D). For all samples, the residue at 1000°C had the 
hydroxy-fluorapatite structure. The TA and XRD data indicate that the crystal structure of 
the precipitated apatites is relatively labile. After the release of volatiles, however, thermally 
induced rearrangements take place leading to a more stable and crystalline phase. 
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I. Introduction 

Apatite samples synthesized by the wet route are used as reference materials for 
biological apatites and for studies of the genesis, metamorphosis and processing of 
natural phosphates. In addition, they are important for various technical applica- 
tions such as adsorbents, ion exchangers, catalysts, etc. The chemical activity and 
thermal stability of  these apatites are significantly influenced by substitutions in the 
crystal lattice [1 4]. Several substitutions in the apatite structure are possible 
including both cationic and anionic sites. The most common are the substitutions 
of Mg 2+ and Na + for Ca 2+, CO~ and H P O ] -  for PO 3 , and F -  for OH [5,6]. 
Furthermore, in carbonate-apatites (CAp) the carbonate ion can be present at two 
different sites in the apatite lattice. Thus, in apatites formed at high temperature, 
CO 2 substitutes for OH (A-type CAp), while in the precipitated apatites it 
substitutes mainly for PO 3 (B-type CAp) [7,8]. The incorporation of carbonate 
and magnesium into the apatite causes a decrease in crystallinity and, as the 
bonding in the apatite becomes weaker, the chemical reactivity in these apatites is 
increased [9,10]. However, fluorine and sodium stabilize the crystal structure and 
effectively compensate for the disorder caused by carbonate inclusion [2,3]. The 
possibility of  incorporation of nitrogen-containing ions into the apatite structure 
has also been reported [11]. 

The thermal decomposition reactions of CAp have been mainly studied by the 
analysis of solid phase composition changes [9,12,13]. In the present work, synthetic 
apatites with different compositions were studied in order to investigate the role of 
Mg 2+ and Na + ions in the formation and thermal stability of the CAp structure. 
Various thermoanalytical methods (simultaneous TG/DTA,  evolved gas analysis) 
were employed together with X-ray powder diffraction and IR spectroscopy in the 
characterization of precipitated and subsequently calcinated apatite samples. 

2. Experimental 

2. I. Synthes is  

CAp with partial substitution of Mg 2+ and Na + for Ca 2+ were prepared by 
precipitation from an aqueous solution at 20 and 80°C. Equal volumes of two 
solutions, namely 1, containing Ca 2+, Mg 2+, Na + and NO 3 ions, and 2, contain- 
ing PO] , F , CO~ and NH4 ~ ions, were added, simultaneously and dropwise, 
over 2 h to an N H 4 N O 3 - N H 4 O H  solution with an initial pH of 9.7 (Table 1). The 
pH was maintained between 8 and 10 by the occasional addition of concentrated 
NH4OH solution. After that, the suspension was stirred for 3 h at the precipitation 
temperature in order to improve the homogeneity and crystallinity of the precipi- 
tate, and finally kept at room temperature for 24 h when precipitated at 80°C, and 
for 30 days when precipitated at 20°C. The precipitates were filtered, washed 
thoroughly with distilled water to free them from soluble salts, and dried at 100°C. 



K. T6nsuaadu et al./Thermochimica Acta 256 (1995) 55-65 

Table 1 
The conditions for synthesis and chemical composition of precipitated apatites, dried at 100°C 

57 

A B C D 

Initial mole ratios of components in solution 
Ca 2+ 8 8 
Mg 2 + 2 2 
Na + 
PO]- 6 
F -  2 
CO~ 2 
Chemical composition of products in wt% 
CaO 38.3 
MgO 11.7 
NH 3 1.6 
Na20 
P205 42.5 
F 2.9 
C02 2.0 
H20 6.5 

6 6 
2 1 
2 3 

6 6 6 
2 2 2 
2 4 5 

38.4 41.4 46.7 
11.5 10.1 5.9 
1.2 

0.8 1.2 
43.5 42.6 41.3 
2.9 3.2 2.9 
1.3 1.4 2.0 
6.1 5.6 3.8 

Synthesis conditions: A, 20°C, 30 d; B, 80°C, 24 h; C, 80°C, 24 h; D, 80°C, 24 h. 

2.2. Analys i s  

The  synthesized apa t i t es  were ana lysed  for  Ca,  Na,  Mg,  P and  F. The  chemical  
compos i t i on  was de te rmined  by using flame s p e c t r o p h o t o m e t r y  (Na,  analyt ica l  
e r ror  + 3 % ) ,  a tomic  abso rp t i on  spec t romet ry  (Mg,  _ 3 % ) ,  co lo r ime t ry  (P, _+2%) 
and t i t ra t ion  with M n O 4  (Ca, 4-2%). The f luorine conten t  was de te rmined  by an 
ion-select ive e lec t rode  f rom the so lu t ion  ob ta ined  by h y d r o t h e r m a l  des t ruc t ion  o f  
the sample  and  the subsequent  ab so rp t i on  o f  evolved H F  into the water  (analyt ica l  
e r ror  _+3%). CO2, H 2 0  and  NH3 contents  were ob ta ined  f rom the rmograv ime t r i c  
(TG)  and  evolved gas analysis  ( E G A )  measurement s  carr ied  out  with a Bomen 
T G / P l u s  ins t rument  consis t ing o f  a D u P o n t  951 t he rmoba l ance  coup led  to a Bomen 
M B  102 F T I R  analyser .  The samples  (100 mg) were hea ted  in a hel ium flow of  900 
ml min l up to 105°C at the rate  o f  10°C min l where the t empera tu re  was held 
for  5 min. Thereaf te r  the t empera tu re  was increased at the same rate  to 1000°C. 
The  evolving gases were ana lysed  and measured  quan t i t a t ive ly  by  the F T I R  
spect rometer .  The  specific a rea  o f  the samples  was de te rmined  by the BET m e t h o d  
using an EMS-53 sorp tometer .  

The  X- ray  p o w d e r  dif f ract ion pa t te rns  were recorded  by a Phil ips M P D  1880 
d i f f rac tometer  using coppe r  Kc~ rad ia t ion .  The  X- ray  d i f f rac tograms were recorded  
for  the p rec ip i t a ted  apa t i t es  dr ied  at  100°C and  for  samples  hea ted  up  to 1000°C. 
The  F T I R  a b s o r p t i o n  spect ra  (4000 400 cm 1) were ob ta ined  in a Nicole t  M a g n a -  
IR  750 ins t rument  using the K B r  pellet  technique.  S imul taneous  T G  and  D T A  
measu remen t s  in the t empera tu re  range up  to 1000°C were car r ied  out  in a Seiko 
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Table 2 
Calculated molecular formulae of  the synthesized apatites, dried at 100°C 

Sample Molecular formula 

A Ca637 Mg2.70 (NH4)oss (H PO 4 )056 (PO4)5.02 (CO3)0.42 FI.43 (OH)o.57 " 3'081-12 O 
B Ca6.45 Mg2.7o (N H4)o.67 (H PO4 )~175 (PO4)4.97 (CO3)0 28 F I 44(OH)0.% • 2.82H20 
C Cavm Mg237 Nao.25 (HPO4)0.69 (PO4)5.01 (CO3)o.ao FI58 (OH)o 42 ' 2.60H20 
D Casoo Mgt.4o Nao.36 (HPO4)o41 (PO4)5 16 (CO3)o4~ F I 45 (OH)o 55 " 1.83H20 

320 T G / D T A  instrument using a heating rate of  10°C min l in a dynamic nitrogen 
atmosphere. 

3. Results and discussion 

3.1. Stoichiometry and structure 

The results of  chemical analysis of  the samples dried at 100°C are given in Table 
1. The calculations of  the molecular formulae of the apatite samples are based on 
a B-type CAp structure and the fact that the sum of P and C atoms equals six 
(Table 2). The HPO 2 content was calculated from the deficit of  cations, and the 
OH content was calculated according to the electroneutrality principle. 

e -  

I 

2000 1500 1000 500 1500 1000 500 
Wavenumber in l/cm 

Fig. 1. FTIR absorption spectra of  apatite samples B and D, dried at 100°C (upper curve); and heated 
up to 500 ° and 1000°C (lower curve). 
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Table 3 
Specific area (m 2 g ~) of  apatite samples 

59 

Sample Temperature/°C 

100 500 1000 

A 197 114 0.1 
B 128 70 0.9 
C 172 105 <0.1 
D 100 56 <0.1 

The apatite sample precipitated at 20°C (A) contains more ammonia, carbonate 
and water than the apatite precipitated at 80°C (sample B), although the concentra- 
tions of  components in the initial solutions were equal. The ratio of  cations in the 
apatites also differs from that in the initial solutions. In Ca Mg apatites (samples 
A and B), the Mg/Ca mole ratio is higher than in solution (0.42 and 0.25 
respectively). In Ca M g - N a  apatites (samples C and D), the Mg/Ca ratio is almost 
the same and the Na/Ca ratio is smaller than in solution; in sample C, they are 0.34 
and 0.04, respectively, while in the initial solution they were both 0.33. In sample 
D, the Mg/Ca and Na/Ca ratios are 0.18 and 0.05, while these ratios in solution 
were 0.17 and 0.5, respectively. This can be explained by the stabilizing effect of 
sodium on the structure of  apatite which hinders the penetration of other cationic 
substitutes into the apatite lattice. 

The IR spectra indicate that the precipitated apatites have fluorapatite structure 
with CO 2- substituting at the PO43 position (B-type CAp). The absorption bands 
of  carbonate are found in accordance with the proposed structure at 878-867, 
1433-1430 and 1468-1458 cm -~ (Fig. 1). The small differences in the frequencies 
between the different samples are mainly caused by the other substitutions which 
distort the apatite lattice. Furthermore, the position of the peaks at 878 867 cm ' 
are influenced by HPO 2 , which has absorption bands in the same frequency range 
and at 1645-1639 cm ~ [8,14]. 

The precipitated materials are weakly crystalline fine powders with large specific 
areas (Table 3). The diminishing of the specific area from 100 200 m 2 g ~ to 0.1 m 2 
g - '  upon heating from 100 up to 1000°C shows a rapid growth of apatite crystals 
accompanied by partial structural rearrangements and a weight loss of 6 10%. 

The X-ray diffractograms were recorded for all samples, first when they were 
dried at 100°C and then after heating to 1000°C (Fig. 2). The precipitated apatites 
give relatively broad and diffuse X-ray diffraction patterns, which indicate that the 
materials consist of  very small crystals. During thermal treatment, the crystal size 
of  the products increases. In the samples heated up to 1000°C the peaks were sharp 
and well-resolved, indicating a well-formed hexagonal structure characteristic of  the 
hydroxy-fluorapatite. 
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3.2. Thermal analysis 

The results of thermal measurements are shown in Fig. 3. The main products 
evolved during the heating of precipitated apatites are water and carbon dioxide 
formed by the decomposition of COZ3-, as well as ammonia from the decomposition 
of NH~- which is hypothetically incorporated into the apatite structure from the 
NH~-containing solution in the absence of sodium ions. Because the thermally 
induced changes in the synthetic apatites are rather complex, involving overlapping 
reactions with release of several gaseous species, it is not possible to resolve the 
reactions from the rather monotonous TG curves alone; additional information 
must be sought from DTA and EGA curves as well as from ex situ IR measure- 
ments. 

Water is evolved stepwise mainly before 500°C with sharp D TG  peaks at around 
150, 175 and 215°C for all samples. For  sample A, which contains more water and 

20 30 ,~0 50 
20 in degrees 

Fig. 2. X-ray diffractograms of apatite samples B and D, dried at 100°C (lower curves) and heated up 
to 1000°C (upper curves). 
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Fig. 3(a). 

NH~- than the other samples, there is an additional peak at 310°C. In addition to 
the release of  absorbed and structurally incorporated water up to 180°C, H 2 0  
evolution at higher temperatures may be caused by the reactions 

2HPO~ = P20~- + H 2 0  210-220°C (1) 

2NH4 + + 2HPO] -  = 2NH 3 + H 2 0  + H2P20~ 275-280°C (2) 

The release of water and the reconstruction of the apatite structure are accompa- 
nied by exothermic peaks in the DTA curve at 300 and 350°C; for sample A there 
is an additional endothermic peak at 240°C. 

Ammonia evolves in the temperature interval 100 400°C with a sharp peak at 
275°C for sample A and with a peak at 280°C for sample B, corresponding to 1.6 
and 1.2 wt% NH3, respectively. Although the entry of  NH~- ions into the apatite 
structure is debatable, the temperature of NH 3 evolution is too high for the 
adsorbed ammonia. Therefore, supposing NH~- ions are incorporated into the 
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apatite structure, the evolution of ammonia  would cause a deficit of  cations in the 
apatite lattice and, together with the increasing temperature, induce the formation 
of pyrophosphate  groups according to reaction (2). The IR absorption band due to 
the P O - P  bonds is seen at 751 cm ~ for both samples A and B when they are 
heated up to 500°C. In samples C and D, where NH4 ~ was absent, these bands are 
very weak because there is not a significant deficit of  cations during heating. The 
small amount  of  P204 visible in the 1R spectra of  samples C and D at 500°C can 
only be formed according to reaction (1). On subsequent heating, pyrophosphate 
ions decompose according to the reactions 

H2P2027 + 2 C O ~ -  = 2 P O  3 + 2 C O 2 +  H 2 0  365-375°C (3) 

P2 O4 -1- C O  2 = 2PO 3 + CO2 620-740°C (4) 

Carbon dioxide evolves more or less continuously, with a few small bursts. The 
EGA curves presented in Fig. 3 reveal that the evolution of CO2 is complete by 

Fig. 3(b). 
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760°C for samples A and C but for samples B and D a temperature of  some 200°C 
higher is needed. The strength of  CO~ incorporation into the apatite structure is 
obviously influenced by the precipitation temperature as well as by sodium substitu- 
tion. In sample A, 55% of the total CO2 is released in the temperature range 
between 650 and 705°C, also indicated by exotherms in the DTA curve and thus 
involving rearrangements in the crystal structure. Similar behaviour is exhibited by 
sample D, where the sharp release of  CO2 (23% of  total content) appears in the 
same temperature range with a maximum at 715°C. In sample B, as well as in 
sample C, carbon dioxide is evolved at an even rate. 

According to the IR spectra, the CO 2- absorption bands at frequencies 1433- 
1430 and 1468-1458 cm -~ are slightly shifted to higher frequencies when the 
apatites are heated up to 500°C, whereas the bands at 878 867 cm ~ are shifted 
towards lower frequencies. The latter feature can be assigned to the disappearance 
of  the HPO42 peaks resulting from the condensation reactions (1) and (2). At 
1000°C, the IR spectra no longer indicate the presence of CO 2 in the apatite 
structure. 



64 K. T@nsuaadu et al/Thermochimica Acta 256 (1995) 55 65 

4. Conclusions 

Thermal analysis with F T I R - E G A  allows an estimation of the water, carbonate 
and ammonia  contents, and also a resolution of the overlapping reactions taking 
place during the heating of synthetic apatites. Water evolves mainly before 500°C 
in three or four steps, followed by thermal effects accompanying the rearrangements 
of  the structure. Carbon dioxide is evolved over a wide temperature range, from 100 
up to 800 1000°C. 

A comparison of apatites synthesized at different temperatures shows that higher 
temperature of  precipitation diminishes the concentration of CO~ and N H  + ions 
in the synthetic apatites. As there are no other established NH~--containing phases 
in the product and because ammonia  is absent in the presence of sodium in the 
apatite samples, this suggests that N H £  ions may be incorporated into the CAp 
structure. In this case, the ammonium ions cause the deficit of  cations in the 
structure of  apatite during heating and promote the formation of pyrophosphate  at 
temperatures up to 500°C. The simultaneous evolution of  CO2 and U20 accounts 
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Fig. 3. Thermoanalytical curves (DTA, EGA, TG) of apatite samples A, B, C and D. 
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for  the  f o r m a t i o n  o f  re la t ively  smal l  a m o u n t s  o f  p y r o p h o s p h a t e  in  spite o f  a h igh 
c o n t e n t  o f  HPO42- in the p rec ip i t a t ed  apat i tes .  S o d i u m - c o n t a i n i n g  C a - M g  C A p  
appea r s  to be  t h e rma l l y  s l ight ly m o r e  s table  t h a n  those  w i t h o u t  sod ium.  
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