Journal of Thermal Analysis and Calorimetry, Vol. 72 (2003) 363-371

THERMAL ANALYSIS OF APATITE STRUCTURE
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Abstract

Two types of thermal effects, caused by substitutions (Ca’>*  Na', PO} « CO?,SO>,0H « F)in
synthetic precipitated apatites as well as by sorption of Cd*, Zn*", and Cr** ions from the solutions
were studied by TG/DTA, XRD and FTIR analysis. The temperatures of exothermic effect at
330-340°C and of decomposition of carbonate and sulfate apatites at 650-950°C were shown to de-
pend on the substitutions in the apatite structure.
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Introduction

Apatite, a mineral with the formula Ca;o(PO4)sX (X=F, OH", CI'), is an important
raw material for phosphorous industry, a phosphorous migration controlling com-
pound in soils and also a biomineral. The structure of apatite (Ap) is very tolerant of
ionic substitutions and coupled substitutions frequently occur in apatites. The most
widespread substitutions in the structure of natural and biological apatites are Na"
and Mg”" for Ca*", CO} for PO, and F for OH  ions [1]. Natural and synthetic
apatites have been found to be suitable materials for immobilization of toxic and ra-
dioactive metal ions in the environment [2—4].

The influence of F~, CO? , Na" and Mg2+substituti0ns in the apatite structure,
including thermal effects caused by these substitutions, has been studied by numer-
ous scientists, [1, 5-9]. The results obtained allow for the assumption that other
cationic and anionic substitutions in the apatite structure can also be characterized by
thermal analysis (TA).

The main aim of the study was to investigate the thermal effects caused by Zn®",
Cd*", and Cr3+sorpti0n on apatite and SOi" ,F,CO?", and Na' substitutions in com-
parison with previously studied Na', Mg”’, and CO; substitutions in apatite.
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Table 1 Chemical composition of apatites

Specific Impurity Mol ratios M/Ca in apatites

Sample Formula surface mol CaF,/

area/m’g”! mol Ap Zn/Ca Cd/Ca Cr/Ca

Hydroxy- and carbonateapatites
HA-1 Ca9.65(PO4)s5 50(CO3) 1(OH),2.01H,0 36.3 0 0.021 0.033 0.075
HA-2 Cao9(PO4)s 77(CO3)025(OH),1.88H,0 85.4 0 0.055 0.069 0.090
Al-3 Cat9.97(PO4)s 04(CO3)0.06(OH),[1.77H,0 31.0 0 0.025 0.033
AIN2 Cay 47Nag 20(PO4)5.94(CO3)0.06(OH)1 .58 H,O - 0 0.018
D2-2 Caty 51(PO4)s 65(CO3 )0 37F 0 35(OH)1 04 1.47H,0 55.0 0 0.038 0.044 0.081
FOC1 Ca5(PO4)s 39(CO3)o61(OH),1.91H,0 2.1 0
F3Cl1 Cao(PO)s 64(COsF)o 36F 1 57(OH).631.52H,0 114 0.14
F4C1 Carg(PO4)s 2(COsF)o 39F 1 10(OH ) 90.41H,0 18.3 03
FOC2 Cato 31(PO4)s 11(CO3); 20(OH),[1.52H,0 18.5 0
F2C2 Cag71(PO4)4.76(CO3)0.57(CO3F)g.67F0.190(OH); 51 1.83H,0 12.7 0
F4C2 Cag.93(PO4)4.67(CO3)0.05(CO3F) 1 28F0.34(OH)1 6610.86H,0 11.0 0
Sulfateapatites

AS1 Cay34(PO4)4.79(SO4)1.04(CO3)0.16(OH)1 751.96H,O 18.8 0
AS3,5 Cay 61(PO4)5.22(S04)0.67(CO3)0.11(OH) 1 01F0.99[1.95H,0 15.6 0.24
AS4 Cag35(P04)4.72(804)1.03(CO3)0.21(OH)g 69F 1.310.30H,0 15.3 0.29
ASINa Cayg 63Nag.16(PO4)5.42(CO3)0.05(SO4)0.52(OH),[0.35H,0 - 0
AS4Na Cay 75Nag 09(PO4)s 58(CO3)0.03(SO4)0 39F 1 83(OH)0.17[0.97H,0 - 0
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Experimental

Apatites with partial substitutions of Na’, CO?’, SOi’ and F~ were prepared by the
precipitation method [8]. The apatites were identified as B-type carbonateapatites
(CAp) or sulfateapatites (SAp), where CO>~ or/and SO; is substituted for PO; .
The calculations of the molecular formula of apatite (Table 1) are based on the
data of chemical analyses [8], assuming that the sum of P and C atoms equals six
and considering the electroneutrality principle. The apatite samples used for bind-
ing Cd*, Zn*", and Cr’" ions in aqueous solutions (pH=6) [4] were studied and com-
pared with samples leached at pH=6.

The thermal analysis was carried out by a Setaram LabSys 2000 instrument at heat-
ing rate of 10°C min"' in an air flow of 40 mL min' in Pt crucible, at sample mass ~30
and ~120 mg. The samples for IR and XRD analyses were calcined up to a selected tem-
perature. The XRD analysis was carried out with a DRON-4 diffractometer (20=8-60°,
step size 0.04°). IR spectra were obtained on an Interspectrum 2000 FTIR spectrometer
in the range of 400-4000 cm ™', using the KBr pellets (300 mg KBr/1 mg sample).

Results and discussion
Thermal analysis

In the course of calcination of precipitated Aps mainly three stages of mass loss can
be differentiated (Fig. 1).
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Fig. 1 DTG and TG curves of CAps F3C1, FOC2, and F4C2 on calcination in the air
flow. Heating rate 10°C min™'. Sample mass: s — ~120 mg, v — ~30 mg
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1) The adsorption water (0.8-3%) is released at temperatures from 30 to 200°C [1].

2) The lattice water (1.3-3.8%) and some CO, (0.3-0.6%) [1, 9] evolves at
200-600°C. In the majority of cases for precipitated apatites and always for leached
samples an exothermic effect appears at 330-340°C in the differential thermal analy-
sis (DTA) curve (Fig. 2), indicating a reorganization in the structure. In the same tem-
perature interval the speed of mass loss increases. The effect is a sum of two energeti-
cally opposite processes and the value of the thermal effect is not the real one, there-
fore not to be used for characterization of the reaction.
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Fig. 2 TG, DTG and DTA curves of the leached sample HA—1 and of the samples used
for sorption of Cd**, Zn>*, and Cr*" ions in a solution. Heating rate 10°C min™"
in the air flow. Sample mass ~30 mg

The temperature of the exothermic peak top changes depending on the composi-
tion of the sample (Table 2), but it is not directly related to the water content. An in-
crease in the carbonate content in apatite from 0.8% (samples HA and A) to 5.5-6%
(samples FC2) causes a shift of the peak top from 334335 to 337°C.

For the apatites used for binding metal ions the exothermic effect is shifted to
lower temperatures. The biggest change in the peak position (— 4.3 — — 7.4°C) ap-
pears for Zn*" ions. When Cd*" and Cr’" are incorporated into apatite, the effect is
smaller: the maximum shift for Cd was —2.6° and for Cr —1.9°, in spite of their bigger
amounts bound compared with Zn*" (Tables 1 and 2). Therefore, the shift of an exo-
thermic peak position is related to the metal ion bound and its influence on apatite
structure, the bond with water included.

In general fluorine has a very important role in the apatite structure and many
characteristics depend on it [1], however, the temperature of the exothermic effect in
CAps (FC1, FC2) does not depend on the fluorine content. This result supports the
conclusion that most of the lattice water in Ap is related to carbonate ions [5].

3) CAp loses a major part of its carbonate in the temperature range from 600 to
1000°C in 1-3 steps depending on its composition (Table 2). As a result of an in-
crease in the carbonate and fluorine content in Ap, the temperature of CO, evolve-
ment decreases. The biggest mass loss in CAp with C/P=0.1 (the samples C1) and
C/P=0.3 (the samples C2) occurs at 810-880 and at 700-800°C, respectively (Fig. 1).
The different temperatures of decomposition were assigned to two different positions
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Table 2 Data of thermal effects in apatite

A Samples used for metal ions binding

With Zn With Cd With Cr
Sample T/°C AM /%
T/°C AM/Y% T/°C AM/% T/°C AM /%
HA-1" 3344 =25 327.0 -2.6 334.0 2.1 3325 -3.6
HA-2" 335.7 -23 3314 -1.9 3345 -3.5
Al1-3" 3355 -2.1 329.5
AIN2’ 336.0 2.5 332.0 2.4
D2-2" 335.6 15 329.0 -1.3 333.0 -1.8 334.0 2.7
B Thermal effects in carbonate and sulfate apatites
Sample T/°C AM/% Temperature of the peak tops of endothermic effects/°C T/°C
FOC1 336.3 22 880 940
F2Cl1 336.9 -2.1 770 810
F4C1 336.1 -1.6 680 770
FoC2 337.2 -2.0 776 813
F2C2 337.6 2.5 741 780
F4C2 337.2 -2.8 717 780 920
AS1 - -3.0
AS3.5 - 23 826
AS4 340.3 -23 923 703
AS1Na 415.7 -1.9
AS4Na — -1.3 704

" The leached samples
T — Temperature of a peak of exothermic effect
AM — Mass change according to exoeffect at 300-400°C
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Fig. 3 DTA and TG curves of SAps AS1, AS3,5, AS4, and AS4Na. Heating rate
10°C min™" in the air flow. Sample mass ~30 mg

of carbonate ions in the structure of fluorcarbonateapatite [6]. From the studied sam-
ples CO; evolves mainly in two steps, with an exception of sample F4C2, which de-
composes in three steps. This allows to presume that there may be more than two po-
sitions for carbonate ions in fluorhydroxycarbonate apatite structure [1].

The mass of SAps decreases in correlation with the CO> ions content
(0.2-1.0%) at 600-900°C. A sharp exothermic peak appears at 824°C (Fig. 3), if the
content of F>0.7 mol/mol Ap and is shifted to lower temperatures with an increase in
the fluorine content. The exo-effect is a result of CaSO, displacement reaction in the
Ap structure [11]. The temperature of SAp decomposition is not influenced by Na
substitution into the Ap structure. The endothermic effect at 920-940°C is a result of
CaSO4—CakF, fusion [11].

XRD analysis

The evolvement of lattice water on heating up to 500°C is accompanied by a slight
decrease in the unit cell parameter a of hydroxyapatite (HAp) [1] and SAp, whereas
for CAps it increases. At that temperature, a reduction in the regularity of crystals, ex-
pressed by an increase in the half-width of the peaks of XRD spectra, is observed
(Fig. 4). This indicates an important role of water in the structure of precipitated Aps.

As a result of CO? and SO; displacement from Ap structure at temperatures
above 600°C the unit cell parameter a achieves almost the value of pure HAp or FAp
and the crystallinity improves again.
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Fig. 4 XRD spectra of apatites A1-3, F4C2, and AS4 calcined at different temperatures

IR spectroscopy

In the IR spectra of CAps heated to 500°C, changes in the region of CO> v; mode
take place, more obvious for the samples with a high carbonate content. Several side-
bands appear next to the main bands that locate at 1414—1428 and 14541458 cm™'
and the v, shifts from 876 to 879 cm™' [1, 10] (Fig. 5). Therefore, the bonds of CO?" in
Ap structure are related to structural water and the evolvement of water makes them
more labile. Relocation of CO> ion into A-position on the hexagonal axis can be an-
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Fig. 5 IR spectra of sample F4C2 calcined at different temperatures
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ticipated as the peaks at 1502 and 1542 cm ™' appear [10]. No significant changes
are observed in the spectra of HAps and SAps. In the IR spectra of Aps used for
metal ions sorption no additional changes were observed either.

On calcination of CAps at higher temperatures the intensities of CO’ v, and Vs
modes decrease: first the side bands and then, above 830°C, the bands at 1458 and
876 cm ' assigned to CO? groups related to OH™ and the bands at 1428, 1454 and
867 cm ' assigned to CO? groups related to F~ (Fig. 5). At the same time OH™ bands
at 3647 cm' from Ca(OH), appear in the spectra of calcined samples in addition to
OH bands at 3540 cm ' that belong to the apatite structure. Ca(OH), originates from
the moisture binding with CaO.

In the IR spectra of calcined SAps, the intensity of the peaks characteristic of
SO; ion in Ap hexagonal structure V,=648 cm ' decreases and the peak of SO, in
orthorhombic CaSO, appears at 680 cm ' as a result of thermal changes [11].

Conclusions

It was shown that all thermal effects taking place during the calcination of apatites are
related to structural changes and their temperatures are characteristic of that particu-
lar type of substitution.

The structural changes in apatite established by thermal analysis with comple-
mentary data of IR spectroscopy and XRD were as follows:

1) Evolvement of lattice water between 20-500°C was accompanied by reorga-
nization in the apatite structure. The temperature depends on the carbonate content
and the kind of cations bound with apatite by sorption, rising with an increase in the
CO? content and dropping in case of cationic substitutions.

2) Displacement of SO; ions in the temperature range 700-1000°C, the exact
value of which depends on the fluorine content in the apatite.

3) Displacement of CO; ions and evolvement of CO, at 600-950°C. The tem-
peratures of CO, evolvement depend on the carbonate and fluorine content in the apa-
tite. The data of thermal analysis indicate on the existence of different positions for
carbonate ions in the apatite structure.

4) No significant effect of Na' substitution in apatite structure on the thermal
changes was detected.

The results obtained allow the conclusion that thermal analysis can be used for
characterization of structural substitutions in apatite.

k0 ok sk

The help provided by M. Einard in carring out chemical analyses and the support of the Estonian
Science Fondation (Grant 4299) are gratefully acknowledged.

J. Therm. Anal. Cal., 72, 2003



TONSUAADU et al.: THERMAL ANALYSIS OF APATITE STRUCTURE 371

References

1 J. C. Elliot, Structure and Chemistry of the Apatites and Other Calcium Orthophosphates,
Elsevier, Amsterdam 1994, p. 389.
2 J. Boisson, A. Ruttens, M. Mench and J. Vangronsveld, Environmental Pollution, 104 (1999) 225.
3 W. D. Bostick, R. J. Stevenson, R. J. Jarabek and J. L. Conca, Advances in Environmental
Research, 3 (2000) 488.
4 M. Peld, K. Tonsuaadu, V. Bender and M. Veiderma, Toxicological and Environmental
Chemistry, 81 (2001) 43.
5 L. G. Gilinskaja, T. N. Grigorjeva, Yu. N. Zanin and T. A. Korneva, Geokhimija, 3 (2001) 279.
6 M. Delepine, E. Hassani and A. Alaoui, Thermocim. Acta, 152 (1989) 125.
7 Y. Doi, T. Koda, M. Adachi, N. Wakamatsu and T. Goto, J. Biomedical Mat. Res.,
29 (1995) 1451.
8 K. Tonsuaadu, M. Peld, T. Leskeld, R. Mannonen, L. Niinisté and M. Veiderma, Thermochim.
Acta, 256 (1995) 55.
9 M. Koel, M. Kudrjashova, K. Tonsuaadu, M. Peld and M. Veiderma, Thermochim. Acta,
322 (1998) 25.
10 H. El Feki, C. Ray and M. Vignoles, Calcified Tissue Int., 49 (1991) 269.
11 K. Tonsuaadu, M. Peld, M. Quarton, V. Bender and M. Veiderma, Phosphorous, Sulfur and
Silicon, 177 (2002) 1873.

J. Therm. Anal. Cal., 72, 2003



