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Possibility of obtaining powders of calcium Ca,y(PO,)sF, and strontium-containing
CagSr(PO,)gF, fluorapatites by both solid phase reaction method with subsequent heat
treatment and chemical co-precipitation method from solutions of the initial components
was investigated. It was shown that the total synthesis of calcium Ca,y(PO,)sF, and
strontium-containing CagSr(PO,)sF, fluorapatites by solid phase method occurs at a tem-
perature of 900°C, and by chemical co-precipitation as a result of the reaction between
initial components. Obtained nanosized powders of calcium and strontium-containing
fluorapatites were produced by chemical co-precipitation method.
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HccaenoBana BO3MOMKHOCTL IIOJNyUeHHA HOPOIIKOB Kanbnuesoro Ca, (PO,)sF, m crpon-
nuiiconepaxamero ¢ropamarura CagSr(PO,)sF, aBymsa cmocobamm: meromoMm TBepAo(GasHBIX
peaknuii ¢ mociaenymiieil TepMooOpaboTKON 1 METOLOM XUMUYECKOTO OCAKIECHHUS PACTBOPOB
HMCXOJTHBIX KOMIOHeHToB. Ilokasamo, uro moamblii cuHTes Qropanaruros Ca,o(PO,)gF, u
CagSr(PO,)sF, mpu TBepmodasHoM cmocobe mpoucxoauT mpu Temuepatype 900°C, mpu xumu-
YEeCKOM OCaMKJAeHUN — HEeMOCPEACTBEHHO B Pe3yJNbLTATe PEAKINU MeMKTy WCXOAHBLIMU KOMIIO-
HenTamMu. MeTOJOM XUMUUECKOTO OCAMKIEHWUA MOJYUEHBI HAHOPA3MEPHLIE MOPOIITKHA KaIbIU-
€BOT'0 W CTPOHIUH-COMEPKAIIEro (PropanaTura.

OTrpuMaHHA TIOPOHMKIB (propamatury, momipoeanoro crpoamiem. C.JO.CaerKko.

Hocrigmeno MOMKIMBiCTs OTPUMAHHA IOPOINKiB Kaabniesoro Ca, o (PO,)gF, Ta crpommiii-
Buimryrouoro ¢ropanarury CagSr(PO,)sF, aBoma cmocobammu: MeronoMm TBepodasHHX pe-
aKIill 3 IIOJAJIBIIIOK TePMOOOPOOKO 1 MeTogoM XiMiuHOro ocamiKeHHS PO3UMHIB BHUXITHUX
xommoHeHTiB. Ilokasano, mo nosuumit cunTesd (ropanaruris Ca, o (PO,)sF, Ta CagSr(PO,)sF,
npu TBeppodasHomy crocobi BigzGysaerbes mpm remueparypi 900°C, npm ximiunmomy ocan-
JKeHHI — 0OesmocepenHb0 B pedyabTaTi peaxifii Mixx BuxigHumMu KomiomenTamu. Meromom
XiMiuHOTO OCAIKEeHHSA OTPUMAHO HAHOPO3MipHI HOPOIIKM KaJbIi€BOrO Ta CTPOHIIiN-BMIiIIy-
04Yoro (propanaTury.

1. Introduction

World practice of spent nuclear fuel
(SNF) reprocessing provides, first of all, the
extraction of uranium and plutonium, and
thus the basic mass of radionuclides pene-
trates into the high-level wastes (HLW).
HLW contain fission products, transura-
nium elements, components, contaminated
construction elements and the remaining
small fraction of unextracted uranium and
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plutonium. The presence in the HLW of a
relatively small amount of radionuclides
such as long-lived transuranic nuclides and
fission products (1291, 99Tc) is caused an ex-
tremely long radiation hazard of HLW and
the associated risks to humans and the envi-
ronment. The strategy of the long-term
safety of HLW management is based on the
principles of multi barriers protection, ie,
the system of multiple barriers, each of
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which may independently guarantee the im-
mobilization of HLW.

Engineered barriers, such as the matri-
ces, with incorporated radionuclides, dura-
ble corrosion-resistant containers and a
layer of sorption material (bentonite), to-
gether with the natural protective barrier
(geological environment) are guaranteed the
safety of HLW deep geological disposal.
Protective matrices for radionuclides immo-
bilization are the main elements of any
HLW isolation system. In spite of the great
variety of existed protective matrices, final
choice in favor of any of its types has not
been made yet. One of the most promising
matrices for immobilization of radionuclides
is mineral-like crystalline matrix based on
fluorapatite. It is known that the mineral of
the apatite group — fluorapatite
Ca g(PO4)¢F> has a wide spectrum of iso-
and hetero-valent substitutions in crystal-
line structure [1] and possesses a high ra-
diation and corrosion resistance [2—4].

The present study is focused on the pro-
ducing of calcium and strontium fluorapa-
tites powders by solid phase reactions
method and co-precipitation of solutions of
the initial components.

2. Experimental

Two methods to obtain powders calcium
Ca g(PO4)6F> (FAP) and strontium-contain-
ing CagSr(PQ4)gF> (SFAP) fluorapatite by
solid-phase synthesis and co-precipitation
from solutions were realized. Synthesis of
FAP and SFAP using solid phase reactions
was carried out. For FAP producing the
chemically pure reagents in the required
stoichiometric ratio were used: calcium py-
rophosphate Ca,P,0;, calcium fluoride
CaF,, calcium carbonate CaCO; and phos-
phoric acid H3PO,. The initial components
are mixed in a mill in isopropyl alcohol and
dried at a temperature about 100°C to a
residual moisture content (8—5) %. In the
case of SFAP fluorapatite synthesis the
strontium was added to mixture by using
the strontium nitro-acid Sr(NOs), in an
aqueous solution. This method provides a
uniform distribution of the strontium nitro-
acid in the mixture [5]. Then, the needed
heat treatment was carried out.

For FAP and SFAP fluorapatites pro-
duced by chemical co-precipitation a chemi-
cally pure reagents: calcium nitrate
Ca(NO3), - 4H,0, disodium ammonium phos-
phate (NH,),HPO,, ammonium fluoride
NH4F and strontium nitro-acid Sr(NO3), (for
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Fig. 1. Diffractograms of FAP samples sin-
tered at different temperatures. a) initial
mixture; b) after heat treatment at tempera-
tures 500°C; c¢) 600°C; d) 700°C; e) 900°C;
f) 1100°C.

SFAP) were used. The process of prepara-
tion includes the following steps:

— preparing of aqueous solutions of the
initial components: Ca(NO;3), - 4H,0,
Sr(NQO3),, (NH4),HPO, and NH,4F;

— mixing of the initial solutions, pH =
(9-9.5) was adjusted by adding the ammo-
nium hydroxide NH,OH;

— obtaining powders of FAP and SFAP:
precipitates washing, air-drying, grinding.

The heat treatment of FAP and SFAP
powders obtained by the two methods was
performed in air at the temperature range
(100-1200)°C in Nabertherm GmbH
L5/183/B180 furnace. Differential thermal
analysis and thermogravimetric analysis
(DTA/TGA) was performed on a thermal
analyzer SDT Q600 at the temperature
range (50-1300)°C, with heating rate of
10°C/min. The phase analysis was carried
out by X-ray diffraction (XRD) on a DRON-
1.5 equipment. Electron microscopic images
of fluorapatite powders were made on trans-
mission microscope TEM 123K. Infrared
(IR) absorption spectra of FAP and SFAP
powders were recorded by spectrometer Ni-
colet 6700 in frequency range of (400-
4000) cm~l. Content of calcium and phos-
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Fig. 2. Diffractograms of SFAP samples sin-
tered at different temperatures: a) initial mix-
ture; b) after heat treatment at temperatures
500°C; ¢) 600°C; d) 700°C; e) 900°C; f) 1100°C.

phorus in the fluoroapatite samples was de-
termined by laser mass-spectrometer of high
resolution EMAL-2 with double focusing.

3. Results and discussion

Synthesis of FAP and SFAP by solid-
phase synthesis

To determine the optimum temperature
of FAP and SFAP synthesis, the research of
phase composition of the initial mixture
after heat treatment at the temperature
range (100-1200)°C with steps of 100°C and
exposure for 1 h by XRD analysis was car-
ried out. Only lines of calcium pyrophos-
phate Ca,P,0; (Fig. 1a) were observed in
the diffractogram after mixing of the in-
itial components. Powder mixture heating
up to 500°C was not resulted in phase com-
position changes (Fig. 1b). The appearance
of the first FAP lines after a heat treat-
ment at 600°C was observed (Fig. 1c). At a
temperature of 700°C, the increase in the
number of FAP lines, as well as reduce in
the intensity of the Ca,P,0; lines was de-
tected (Fig. 1d). Total synthesis of FAP
took place at a temperature of 900°C (Fig.
le). In addition to the lines of the synthe-
sized FAP, lines of the three-calcium phos-
phate Casz(PO,), (TCP) were recorded. With
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Fig. 3. TEM — photographs of FAP (a) and
SFAP (b) powders obtained by chemical co-
precipitation.

increasing of the annealing temperature up
to 1100°C enhanced crystallization of FAP
took place with reducing the intensity and
the number of TCP lines (Fig. 1f).

The start of SFAP synthesis took place
at a temperature of 600°C (Fig. 2¢). In this
case, the appearance of a large number of
SFAP lines was observed, in comparison
with the synthesis of FAP at the same tem-
perature. Total synthesis of SFAP was re-
corded at a temperature of 900°C (Fig. 2Ze).
As in the case of the FAP synthesis on the
diffractogram of the SFAP powder TCP
lines were appeared. The appearance of a
large number of TCP lines, especially in the
case of the SFAP synthesis, maybe a result
of some problems with the initial homoge-
nous mixture preparing. Therefore, in order
to obtain single phase of FAP and SFAP
fluorapatites, the wet chemical co-precipita-
tion method was used [6]. It is known that
chemical co-precipitation method gives the
possibility to obtain a final highly dispersed
powder with a given chemical composition,

265



S.Yu.Sayenko / Obtaining of strontium doped ...

o - Ca;o(POs)F>
*- CaoSr(PO,)eF>

a.u.

* oxx ¥
/\,A./\IV\/\ b)

5|O 20, deg

45

Fig. 4. Diffractograms of FAP (a) and SFAP (b)
powders obtained by chemical co-precipitation.

due to a uniform distribution of elements in
the co-precipitation substance.

Synthesis of FAP and SFAP by chemical
co-precipitation method from solutions of the
initial components

After synthesis, chemical vapor deposi-
tion and drying of FAP and SFAP powders
were conducted their TEM study, XRD and
DTA/TGA analyzes. As seen from the TEM
— photographs, the particles are preferably
FAP powders of spherical shape with radii
of (20-30) nm (Fig. 3a). SFAP powder par-
ticles are characterized by three different
kinds of forms (Fig. 3b): spherical (radius

about 50 nm), a smaller prismatic
(~ 200 nm height, rib ~ 30 nm) and large
prismatic (~ 1.1 nm height, a rib

~ 250 nm). Increase the average particle
size of the powder SFAP compared with
FAP powder, apparently due to the effect of
strontium on the formation of individual
powder particles SFAP. The increase in the
average particle size of the powder synthe-
sized fluorapatite in the case of partial re-
placement of calcium to magnesium was
also observed by the authors of article [7].
Fig. 4 presents the XRD diffractograms
of FAP and SFAP powders obtained by co-
precipitation. It is seen that the diffraction
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lines are presented only by one phase —
Ca10(PO4)6F2 (Flg. 4a) and Cagsr(PO4)6F2
(Fig. 4b) for FAP and SFAP, respectively.
In contrast to SFAP and FAP samples ob-
tained by solid-phase synthesis (Figs. 1, 2),
fluoroapatite formation by chemical co-pre-
cipitation took place directly by the reaction
between the initial components.

DTA/TG analysis of FAP and SFAP pow-
ders obtained by chemical co-precipitation
showed the presence of endothermic peaks
at the temperature of approximately 100°C,
which corresponds to the removal of ad-
sorbed water (Fig. 5). Removal of bound
water during heating process took place up
to temperatures of approximately 600°C.

Fig. 6 shows the IR spectra of the FAP
and SFAP powders prepared by chemical co-
precipitation method. Spectra of FAP and
SFPA powders present absorption bands of
PO,3-, CO3% and H,O [8-11]. Absorption
band at (1100-1030) cm~! and (950-
920) ecm™1, respectively, belong to the anti-
symmetric and symmetric vibrations of
phosphate bond P-O, and the bands at 605,
575-565 and 495-475 cm™! — to triply de-
generate deformation vibrations of O-P-0O
in phosphate group. The presence of ions
CO32_ may be caused by the absorption of
atmospheric carbon dioxide in the synthe-
sized FAP and SFAP powders [12]. FAP and
SFAP powders were saturated with water dur-
ing their storage. As can be seen from Fig. 6,
the IR spectra of FAP and SFAP powders are
similar, taking into account the small displace-
ments of the main absorption bands.

Investigation of the thermal phase stabil-
ity (formation of other phases during heat-
ing to high temperatures) of FAP and SFAP
powders obtained by chemical co-precipita-
tion in the temperature range (100-1200)°C
was carried out. The XRD data of heat-
treated FAP and SFAP powders indicate
thermal decomposition at 900°C of synthe-
sized fluoroapatite. The appearance of TCP
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Fig. 5. DTA/TGA analysis of FAP (a) and SFAP (b) powders obtained by chemical co-precipitation.
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Fig. 6. IR spectra of the FAP (a) and SFAP
(b) powders prepared by chemical co-precipi-
tation method.

lines of low intensity in diffractograms was
observed after heat treatment at 900°C of
the FAP and SFAP powders (Fig. 7).

A small endothermic peak at ~900°C for
the DTA curve (Fig. 5) was recorded, prob-
ably due to the start of thermal decomposi-
tion of FAP and SFAP. After the heat
treatment temperature increasing up to
1150°C, the phase composition of FAP and
SFAP was unchanged. At the same time,
according to Fig. 8, the increase in the
number of TCP lines in the diffractograms
of SFAP in comparison with SFAP, heat
treated at 900°C is observed. The decrease
of thermal stability, presumably due to de-
viations from stoichiometry of obtained
fluorapatite (Ca/P = 1.7, whereas the theo-
retical ratio of Ca/P is 1.67). Increasing of
the TCP phase during SFAP heat treatment
above 1150°C, probably also due to the in-
fluence of strontium ions in the fluorapatite
structure having a larger ionic radius com-
pared with calcium ions. The decrease of the
thermal stability of apatite obtained by
chemical co-precipitation, was previously re-
ported [13, 14].
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Fig. 7. Diffractograms of the FAP (a) and
SFAP (b) powders after heat treatment at
900°C during 1 h.
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Fig. 8. Diffractograms of the FAP (a) and
SFAP (b) powders after heat treatment at
1150°C during 1 h.

4. Conclusions

The experimental investigation was car-
ried out to study the possibility of obtain-
ing powders of calcium Ca;g(PO,4)gF, and
strontium-containing CagSr(PO,4)gF, fluora-
patites by both solid phase reaction method
with subsequent heat treatment and chemi-
cal co-precipitation from solutions of the
initial components. It was shown that the
total synthesis of calcium Ca;p(PO4)gF, and
strontium-containing CagSr(PO,4)gF, fluora-
patites by solid phase method occurs at a
temperature of 900°C. Nano-sized powres of
fluorapatite of different compositions such
as Ca10(PO4)6F2 and CaQSF(PO4)6F2 were
produced by chemical co-precipitation
method. There was established that, in con-
trast to the solid-phase synthesis, the forma-
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tion of fluorapatite by the chemical co-pre-
cipitation method tock place directly as a
result of the reaction between the initial
components of the solutions. Heat treat-
ment of caleium and strontium fluoroapa-
tites obtained by both solid phase synthesis
and chemical co-precipitation methods at
temperatures above 900°C leads to the for-
mation of concomitant phase of three-cal-
cium phosphate Caz(POy),.
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