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In this paper a new approach to the preparation of complex calcium-containing phosphates
using molten chlorides and nitrates of alkaline metals as fluxes was described. The main
advantages of used technique for synthesis of double phosphates comparing with traditional
methods (solid state reactions or crystallization of a high temperature self-flux) were dis-
cussed. It was found that the phase composition of obtained crystalline products depends on
type of salt melts, nature of alkaline metals and type of initial components. Formation
conditions for compounds M'CaPO4, M'ZCaPZO7 M — Na, K), Ca,P,0,, Ca,PO,Cl and
Ca,y(PO,)sCl, were established. The synthesized phosphates were characterized using powder
X-ray diffraction, Fourier transform infrared spectroscopy and optical microscopy.
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Ilokasan HOBBIM TMOAXOM K TOJYUYEHUIO CIOMHBIX KAIbIUi (ocdaToB ¢ MCIONL30BAHUEM
PACILIaABOB XJIOPUAOB U HUTPATOB INEJOYHBIX METAJJI0B. PaccMOTpeHELl OCHOBHEIE IPEUMYIIe-
CTBA TIPUMEHAEMOTO METO[a AJS TONYyUeHUA ABONHLIX (ocdhaToB, MO CPABHEHUIO C TPAJUIIU-
OHHLIMHA (TBepAOMA3HEIM WJAM KPUCTALIU3AIMell BLICOKOTEMIEPATYPHBIX PACTBOPOB-PACIIIA-
BoB). ITokazano, uTo Pas3oBLIN COCTAB MOJYUEHHBIX KPUCTAIINUYECKUX MPOAYKTOB 3aBUCUT OT
TUTIA COJIEBOTO PACIIABa, MPUPOABI IIEJOUHOTO METAJIa U THUTA HUCXOAHLIX KOMIIOHEHTOB.
YcTaHOBNIEHBI YCJAOBUA (POPMUPOBAHUS COEIWHEHWI COCTaBa! M'CaPO4, M'2C3P207 b —
Na, K), Ca,P,0;, Ca,PO,Cl u Ca,y(PO,)sCl,. Cunresupopannusie (ocdaThl HCCIEAOBAHBL €
HCIIOJIb30BAHUEM METOI0B IOPOIIKOBOI penrrenorpadui, UK coeKTpocKOnnM M OINTHYECKON
MUKDPOCKOIINU.

AnpTepHATUBHEN miaXix momo CHHTE3y CKIagHMX Kaaepmiil ¢ocdartis ta Ix mociaigxen-
ua.Ox.B.Jisiyvra, H.IO.Cmpymuncvrka, On.BJigiyvra, M.C.Caob600anuk.

Posranamyro HOBuE mmigxin Iogo omepiKaHHSA CKJIAZHUX KajJdbliliBMmicHux Qocdaris s
BUKOPUCTAHHAM PO3ILIABIB XJIOPHUAIB 1 HiTpaTiB Jy:XKHHX MeTaliB, AK CEPEIOBUIIA CHHTE3Y.
PosrisinyTo ocHOBHI IlepeBaru 3acTOCOBAHOI'O METOAY [IJs ONEP:KAaHHSA HoaBilinux ¢ocdaris, y
nopiBHAHHI 3 TpaguiiiiHuMu (TBepao(aZHIM UM KPHUCTAJIZAIlil0 BUCOKOTEMIIEPATYPHUX POSULIH-
posmiasi). ITokasano, 110 a30BUil CKJIAL ONEPIKAHNX KPHUCTAMIUYHUX HPOAYKTIB 3aJ€KUTh Bil
THIY COJBOBOI'O POSILIABY, IIPUPOAU JIYHKHOIO METANY Ta THUILY BUXiTHUX KOMIIOHEHTiB. BeranoB-
JieHo yMOBU (DOPMYBAHHS CITONIYK CKJAMIiB: M'CaPO4, M|2C3P207 M' — Na, K, Ca,P,0,,
Ca,PO,Cl ta Ca,y(PO,)sCl,. Cunresosani ochaTn 0XapaKTepusoBaHO 3 BHKODHCTAHHAM Me-
TOJIB MOPOIKOBOI peHTrenorpadii, IY cmexkTpockormii Ta onTUYHOI MiKpOCKOTii.

1. Introduction perspectives of practical applications in

The complex caleium phosphates and various fields of technology. Such com-

their substituted analogs have been exten- pounds are characterized by a great variety
sively investigated in recent years due to of compositions, structure types and useful
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properties. In particular, the sodium- or po-
tassium-containing orthophosphates M
CaPO, (M' — Na, K) doped lanthanides
(Eu?*, Ce3*, Dy3*, Tb3*) or transition metals
ions (Mn2*) are perspective luminescent mate-
rials and can be used in many areas, e.g.,
lighting, display, high-energy ray detection,
multidimensional optical memory and imag-
ing storage [1-14]. Such phosphors have a
high thermal and chemical stability. Besides,
B-NaCaPQ, is proposed to use as a component
of biphasic biomaterial for skeletal repair
[15].

Pyrophosphate Ca,P,0; is a compound
with dichromate structure. Its current ap-
plications lie mainly in the fields of lumi-
nescence, biomaterials and catalysis [16—
19].The crystal structure studies of
Ca,P,0; show that it exists in three differ-
ent forms depending on the temperature of
firing. p-Ca,P,05 is tetragonal and the high
temperature form of a-Ca,P,0; crystallizes
in the monoclinie crystal system. a-Ca,P,05
builds up from PO,- and CaOg-polyhedra
while B-Ca,P,0; has four non-equivalent
ions Ca?* in the crystal structure: two ex-
hibit a coordination number of 7, one of 8
and one of 9 [20]. B-Ca,P,0; has excellent
microwave dielectric properties that’s why
it can be used in the modern microwave
communication system [21].

Compounds of the general composition of
M'2CaP207 (M' — Na, K) may be viewed as
the derivatives of a-Ca,P,0; structure with
both M! and Ca atoms which simultaneously
accommodate one site, and the other site is
occupied only by M! atom.

The phosphates Na,CaP,0; and K,CaP,0,
belonging to triclinic (space group of P-1)
[22] and monoclinic (space group P21/n) [23]
crystal systems attract a great interest as
catalysts of organic reactions [24—-26] or
hosts for luminescent materials [27, 28].

A very interesting field of research is
associated with chloro-containing calcium
phosphates C32PO4CI and Ca10(PO4)6C|2.
First compound crystallizes in the orthor-
hombic system (space group Pbcm) and it is
a high efficiency phosphor material [29-
32]. Second substance belongs to the hex-
agonal crystal system. It exhibits antibacte-
rial properties when doped with silver ions.
Chlorapatite matrix also can be used for
removal of heavy metals. Besides that, the
multifunctional powders on the base of
Ca g(PO4)eCl, are promising biomarkers in
bone replacement materials [33—35].
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The main disadvantages of traditional
methods of calcium phosphates preparation
(solid state reactions and crystallization of
a high temperature self-flux) are the high
temperature and the duration of synthesis,
and the formation of impurity phases. Our
early reported results showed that using of
molten nitrates and chlorides as media for
interaction between solids is very conven-
ient method for synthesis of some complex
phosphates.Such approach allows decreasing
synthesis time and temperature comparing
with traditional methods [36—38].

This paper is dedicated to investigation
of preparation of Ca-containing complex
phosphates in the molten chlorides and ni-
trates. Another goal was to get the some
relationships between the nature of initial
components, reactions conditions and phase
composition of obtained products.

The synthesized compounds have been char-
acterized using the powder X-ray diffraction,
Fourier transform infrared spectroscopy, ele-
mental analysis, and jptical microscopy.

2. Experimental

2.1. Samples preparation

The complex phosphates were prepared
using two ways: the interaction of mixtures
CaCO5; and M'H2P04 (Ml — Na, K) in salt
melts or interaction of CaHPOQO, (or Ca(PO3),)
with molten chloride or nitrate (MICI, M'NO3,
CaCl, or Ca(NOj),). The molar ratio
MIH,PO,/CaCO; was 1 or 2. Salts media were
taken in a 5—7 weight excess according to the
initial mixture of precursors. The interaction
temperature was chosen taking into account
the melting point of corresponding nitrates or
chlorides (Table).

All initial components were of an ana-
lytical grade. The starting compounds in ap-
propriate amounts were ground in an agate
mortar and heated in porcelain crucibles to
450°C (M'NO3), 600°C (Ca(NO3),) or 810°C
(M'Cl, CaCl,) with a rate of 4-5°C/min. The
heterogeneous systems were kept under iso-
thermal conditions during 6-7 or 3—5 h for
nitrate or chloride systems, respectively.
After that the temperature was decreased to
25°C and the crystalline phases were sepa-
rated from soluble salts by washing with
warm distilled water and then dried in air
at 100°C.

2.2. Samples characterization

The phase composition of the obtained
samples was determined using powder X-ray
diffraction (XRD). The diffractometer Shi-
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Table. The results of phase analysis for crystalline products obtained at different conditions

Flux T, °C Precursors P/Ca Phase composition of
products
NaCl 810°C CaCO; + NaH,PO, 1 Ca,,(PO,eCl,
2
CaHPO, 1
Ca(PO,), 2
KCI 810°C CaCO; + KH,PO, 1 KCaPQO,
2 K,CaP,0,
CaHPO, 1 KCaPQO,
Ca(PO,), 2 K,CaP,0,
CaCl, CaHPO, 1 Ca,PO,CI
810°C
Ca(POg), 2
NaNO, CaHPO, 1 NaCaPO,
450°C
Ca(POg), 2 Na,CaP,0,
KNO, CaHPO, 1 Ca,P,0,
450°C
Ca(POg), 2 K,CaP,0,
Ca(NO;), CaHPO, 1 Ca,P,0,
600°C
Ca(POg), 2

madzu XRD-6000 with CuK, radiation (A =
1.54178 A) was used. Data were collected
over the 20 range 5-70° with a step of
0.02°. Identification of phases was achieved
by comparing the diffraction patterns of
synthesized phosphates with standards of
The International Centre for Diffraction
Data (ICDD). The program Fullprof was
used for calculation of lattice parameters.
Fourier transform infrared spectra
(FTIR) were obtained using PerkinElmer
Spectrum BX spectrometer (at 1 ecm™! reso-
lution) in the range 400-4000 ecm™1 for the
samples pressed into the pellets of KBr.
Elements content was determined by X-ray
fluorescence spectroscopy (ElvaxLight Spec-
trometer) and Atomic absorption spectroscopy
(Thermo Electron M-Series instrument).

3. Results and discussion

3.1. Interaction in the molten systems

It was found that the phase composition
of obtained crystalline products depends on
type of salt melts, nature of alkaline metals
and type of calcium phosphate (Table).

The molten chloride-containing sys-
tems. According to powder X-ray diffrac-
tion results, the general trend of interaction
in molten NaCl was formation of the single
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phase chlorapatite Ca;g(PO4)gCl, (Fig. 1a)
independent on the type of initial compo-
nents and molar ratio P/Ca in the mixtures
(Table). Obtained compound belongs to the
hexagonal crystal system (space group
P63/m) with calculated lattice parameters
(a = 9.640(8), ¢ = 6.772(1) A) which are close
to corresponding literature data [33]. We can
suggest that at heating to 810°C the interac-
tion took place according to the scheme (1):

10CaCO; + 6NaH,PO, + 2NaCl— (1)
Cayo(PO4Cl, + 4Na,CO5 + 6CO,T + 6H,0T.

Synthesized crystals had needle-like shape
in all cases. It should be noted that the larg-
est crystals were obtained when Ca(PQO3), was
used as a precursor. The size of the largest
crystal was 1.5x2.0x7.0 mm3 (Fig. 2a).

The influence of the initial molar ratio
P/Ca on the type of obtained products was
established for KCl-containing systems. In
the cases of systems CaHPO,—KCI or CaCO5—
KH,PO,—KCI (at molar ratio P/Ca = 1) the
single phase double phosphate KCaPO, was
obtained. In the first case, at heating to
810°C KCI played a role of both flux and
interacting component (scheme (2)):
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Fig. 1. Powder XRD patterns (blue color) for
synthesized phosphates: Ca,,(PO,)sCl, (ICDD,
#00-083-0271, red color) (a), K,CaP,O,
(ICDD, #00-022-0805, red color) (b) and
Ca,PO,CI (ICDD, #00-072-0010, red color) (c).

CaHPO, + KCI - KCaPO, + HCIT.  (2)

On the contrary, in the system CaCO;-
KH,PO,—KCI at heating to 810°C the potassium
chloride acted only as media of interaction of
solids CaCO5; and KH,PO, (scheme (3)):

CaCOj; + KH,PO, — 3
— KCaPQ, + CO,T + H,OT.

Morphological features of these crystals
are shown on Fig. 2d. Results of X-ray fluo-
rescence spectroscopy for KCaPO, showed:
K, 22.43 wt. % (calculated 22.45 %), Ca,
23.04 wt. % (calculated 23.01 %).

In the same time, for systems Ca(PO3)—
KCl or CaCO3;—KH,PO4-KCI| (at molar ratio
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Fig. 2. Microscopic images (x10) of complex

phosphates synthesized in salts melts:
Ca,,(PO,eCl, (a), K,CaP,0; (b), Ca,P,0; (c),
KCaPO, (d).

P/Ca = 2) the interaction at heating to 810°C
resulted in the formation of pyrophosphate
K,CaP,0; (Table) according to scheme (4):

— K,CaP,0, + CO,T + 2H,0T.

The obtained K,CaP,0; (Fig. 1b) belongs to
monoclinic system (space group P21/n) with
calculated lattice parameters (a = 9.723(4), b =
5.702(1) and c = 12.982(6) A, f=104.11°)
which are close to the corresponding data
from ICDD (#00-022-0805) and literature
[27]. It was found for this sample: K, 26.75 wt.
% (calculated 26.76 %), Ca, 13.71 wt. %
(calculated 13.72 %).

The formation of single phase Ca,PO,Cl
(Fig. 1c) was observed in the molten systems
CaHPO4—CaC|2 and Ca(PO3)2—CaC|2 at the
temperature 810°C during 4 h (Table). Ob-
tained compound crystallizes in the orthor-
hombic system (space group Pbcm) with
calculated lattice parameters: a = 6.186(2),
b=6.982(5) and ¢ =10.815(7) A which are
almost identical to those reported by
M.Greenblatt et al. [39].

The molten nitrate-containing systems. In
the same time, the interaction of CaHPO, or
Ca(PO3), with molten Ca(NO3), at the tempera-
ture 600°C during 5 h was resulted in forma-
tion of Ca,P,0; according to scheme (5) and
scheme (6), respectively.

2CaHPO, — Ca,P,0; + H,OT. (5)

— 2Ca,P,0; + 2NO,T + 30,T.

Functional materials, 24, 3, 2017
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Fig. 8. FTIR-spectra for obtained phosphates: Ca,PO,Cl (1), Ca,y(PO,)sCl, (2), KCaPO, (3),

Na,CaP,0; (4), and K,CaP,0; ().

In the first case, the calecium nitrate was
only as media of decomposition of CaHPO,,
while in the second scheme, it played a role
of both additional source of calcium and
flux. The view of obtained crystals is pre-
sented on the Fig. 2c.

The difference in mechanisms of phos-
phates formation also was found for MINO3-
containing systems. Thus, interaction be-
tween CaHPO, and NaNOj at the heating to
450°C caused the formation of NaCaPO,
(scheme (7)) while Ca,P,0; was obtained in
molten KNO; under the same conditions:

4CaHPO, + 4NaNO; — )
— 4NaCaPQ, + 4NO,T + 2H,0T + O,T .

Transformation of Ca(POj), into
M'2CaP207 at the heating to 450°C was the
common feature for M'NO3-containing Sys-
tems independent on the nature of alkaline
metal (Table) (scheme (8)):

2Ca(PO;), + 4MNO5 — )
- 2M|2C3P207 + 4:N02T + 702T.

The main advantages of the proposed
synthetic approach. It should be noted that
synthesized compounds are used as host lat-
tices for luminescent materials and cata-
lysers of organic reactions [1-14, 16-19,
24—-32]. Such complex phosphates are usu-
ally obtained by solid state reactions or
crystallization of a high temperature self-
flux. These techniques require the high
temperature and the interaction between in-
itial components takes place very slowly.
Besides, synthesis duration and formation
of impurity phases are also disadvantages of
such methods. For example, in paper [40]
crystals of Na,CaP,0; have been prepared
by interaction of Na,CO;, CaCO; and

Functional materials, 24, 3, 2017

NH4H,PO, in proportions 1:1:2, respec-
tively. These materials were ground to-
gether and heated progressively to 950°C
for 24 h with intermittent cooling and re-
grinding. In the same time, o-Ca,P,0; was
obtained from CaCO; and (NH4),HPO,.
Stoichiometric mixture of starting materials
was homogenized by ball milling with ZrO,
media in ethanol for 24 h and calcined at
1250°C for 2 h. The calcined powder was then
milled again, pressed into pellet at the pres-
sure and sintered at 1150°C for 2—4 h [20]. In
paper [41] NaCaPO, was synthesized from a
stoichiometric mixture of sodium carbonate,
calcium carbonate and ammonium phosphate
which was first heated at 400°C, then at 950°C
with followed crystallization from Na,MoO,
flux by cooling, from 800°C to 200°C at a rate
of 10°C/h. On the contrary, our proposed ap-
proach to the preparation of complex calcium
phosphates allowed to synthesize such com-
pounds during 5-7 h at the lower tempera-
tures in nitrate or chloride media.

3.2. Fourier transform infrared spectroscopy

The type of phosphate anion in the ob-
tained compounds was determined using
Fourier transform infrared spectroscopy
(FTIR). The FTIR-spectra for complex phos-
phates C32PO4CI, Ca10(PO4)6C|2 and
KCaPO, are similar with respect to intensi-
ties and peak positions (Fig. 3a) and con-
firm the presence of an isclated orthophos-
phate anion in the obtained compounds. The
characteristic broad bands in the range
1160-900 cm™! belong to asymmetric and
symmetric stretching vibrations (v,,(P-0)
and v(P-0)) of PO,-tetrahedra. Correspond-

ing deformation vibrations 8(P—0) have been
found in the range 620-400 cm~l. The ab-
sence of vibrations at frequencies above
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1200 em™! and in the range 700-800 cm!
indicates that the prepared compounds don’t
contain condensed phosphate anions [42].
The assignments of the FTIR-bands for
P207-group of NaZCaP207 and K2C3P207
(Fig. 3b) are made on the basis that P,O,-
group (O3P-0O-PO3) can be described as an
assembly of the vibrations of the POj; and
the P-O-P groups and v,,(PO3) > v(PO3) >
v,s(POP) > v (POP). The broad complex
band in the range 1200-920 cm™! is super-
position of asymmetric and symmetric
stretching vibrations of POj-groups. Modes
at 900 and 720 cm™! correspond to symmet-
ric and asymmetric stretching vibrations
(v,5(POP) and v (POP)) of P,O;-groups, re-
spectively. The peaks observed in the range
630-400 cm™! can be assigned to corre-
sponding deformation vibrations [42].

4. Conclusions

The particulars of synthesis of complex
calcium phosphates in molten chlorides and
nitrates were investigated. The main advan-
tages of the proposed synthetic approach were
synthesis time and temperature reduction
comparing with solid state reactions and crys-
tallization of a high temperature self-flux.
Powder X-ray diffraction data indicated that
the phase composition of the obtained crystal-
line products depended on the type of salt
melts and initial components, and nature of
alkaline metals. Obtained results showed that
molten chlorides and nitrates could play a
role of both flux and interacting component
during phosphates formation.
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