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Nanosized zirconium orthophosphate powders NaZr,(PO,); were synthesized by the
sol-gel method. Evolution of the phase composition of the synthesized powder depending
on the excess amount of Na,CO,; was investigated. Obtained phosphates were characterized
by means of XRD, DTA/TGA, electron microscopy and IR spectroscopy methods.
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30JIb-TeJIb METOJOM CHUHTEe3UPOBAHBI HAHOPA3MEPHBIE MOPOMIKU opTodocdaTa IUPKOHUI
NaZr,(PO,);. Uccnenopana apomonus ($pasoBoro cocTaBa CHHTe3MPOBAHHOTO IIOPOIIKA B 3aBMU-
cumocTH OoT n3berTouHoro Koxmdectsa Na,CO,. IlomyuenHble docaTsl 0XapaKTEPU3OBAHEL C
nomoinbio merogoB PDA, ITA/TTA, snexrpornnoit mukpockonuu u UK cnexrpockomnu.

3ouas-reap cuatred NZP docdaris. BA.IIlkyponamenko.

30Jb-TeJIb METOJOM CHUHTE30BAHO HAHOPO3MIipHI mopoiikum oprodochaTy IUPKOHIiIO
NaZr,(PO,);. Mocrinxeno esonomnio (pasoBoro CKJIANy CHUHTE30BAHOTO ITOPOIIKY 3aJeKHO Bif
magmiproi kinmskoceri Na,CO,. Otpumani dochatn oxapaKTepusoBaHO 3a JOIOMOIOI METOIiB
P®A, ATA/TTA, enexrponnoi mikpockonii Ta I cmexkTpockomii.

1. Introduction

Phosphate materials with a frame struc-
ture type NZP NaZry(PO,); are widely used
in various fields of technology. Materials
based on the NZP structure type are charac-
terized by a high ionic conductivity and
very low coefficient of thermal expansion.
These materials are used as catalysts, solid
electrolytes of wvarious batteries, sensors
and other electrochemical devices. In addi-
tion, NZP phosphates are considered as
promising matrix for the nuclear waste im-
mobilization due to the high corrosion and
radiation resistance, as well as the unique
ability to integrate into their lattice up to
45 elements of the periodic table without
changing the basic structure [1]. These
properties are associated with the specific
features of the crystal structure of NZP
phosphates characterized by anionic skele-
ton and the through volume holes occupied
by various cations. The crystal structure of
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NZP phosphates was first analyzed by Heg-
manom et al., [2].

Recently, there are a large number of
studies on NZP phosphates synthesis. NZP
phosphates are prepared by various meth-
ods: solid phase synthesis [3], with the help
of mechanical activation [4], in molten salts
[6, 6], using the "wet” chemistry: sol-gel
[7], colloidal-chemical [8], hydrothermal [9]
and others. However, it should be noted a
number of problems which arise in the proc-
ess of monophasic NZP phosphate synthesis.
The using of high-temperature reactions in
the process of phosphates NZP synthesis
usually accompanied by volatilization Na,O
and P,Og5 and as a result, the appearance of
secondary phases took place [7]. Other prob-
lems such as dependence of the phase com-
position of the synthesis product from the
ratio P/Zr of mixture starting components
[56], the effect of initial solution pH and
subsequent heat treatment temperature on
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Fig. 1. XRD patterns of zirconium phosphate powder obtained by sol-gel method: a) initial, b) after

heat treatment at 800°C during 14 h.

the complete synthesis of NZP phosphate
were observed [7]. In addition, degree of
interaction between the reagents during me-
chanical activation process depends on the
initial zirconium salts nature: interaction
between the phosphate groups and zirco-
nium cations in the mixture of zirconium
oxynitrate with neutral ammonium phos-
phate which is less intensive than in the
case of zirconium oxychloride [4].
Therefore, the aim of the present study
is research of the nanopowders and mono-
phasic NZP phosphates synthesis for fur-
ther dense ceramic producing with high
strength, chemical and radiation resistance.

2. Materials and methods

As initial materials for powder-type com-
pounds NZP: oxynitrate zirconium produc-
tion SRPE "Zirconium” ZrO(NOj), - 2H,0,
anhydrous sodium carbonate Na,COj
(chemically pure grade) and ammonium di-
hydrogen phosphate NH4H,PO, (analytical
grade) were used.

Heat treatment of the resulting powders
was performed in air at temperatures of 600
and 800°C in electric furnace Nabertherm
GmbH L5/13/B180 (Germany).

The material phase composition before
and after heat treatment was studied by X-
ray diffraction (DRON-1.5). To identify the
phases, the diffraction database ASTM was
used. To determine the processes that took
place during the heat treatment of powders,
differential thermal analysis and thermo-
gravimetry (DTA/TGA) were carried out by
thermal analyzer SDT Q600 V20.9 Build 20
in the temperature range of 20-1000°C,
heating rate of 10° C/min were used.
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Morphology and particle size of the ob-
tained powders were analyzed by transmis-
sion electron microscope JEM-2100 (TEM)
and scanning electron microscope JEM-7001
F (SEM), equipped with an X-ray microana-
lyzer EPC Oxford INCA PentaFET-x3. The
X-ray spectra processing was carried out
with the help of Oxford Instruments INCA
4.11 program. Infrared (IR) absorption
spectra were obtained using Nicolet 6700
firm Thermo Scientific, USA (frequency
range of 400-4000 cm™1).

3. Results and discussion

In order to obtain powders of the com-
pounds NZP type sol-gel method based on
the reactions in aqueous solutions was used.
For the sol-gel method realization, the
original reagents were taken in amounts
based on the following reaction to produce
NZP phosphates:

Na,CO3; + 4ZrO(NO3), - 2H,0 + 6NH4H,PO, —
— 2NaZry(PO,); + 8NO, + CO, +
+ 6NH, + 14H,0 + 3.50,.

For phosphate powders producing the fol-
lowing scheme was applied. First, the re-
quired amount of ZrO(NQ3), - 2H,0 was dis-
solved in a minimum amount of boiling
water. Next, to the resulting solution dis-
solved in boiling water Na,CO; was added.
Then, drop by drop, NH,H,PO, solution was
added with continuous stirring for homoge-
neous mixture obtaining. The resulting gel
was stirred for 30 min and then, dried at
90°C for 24 h. The dried gel was heated to
600°C and held for 15 h to remove water
and ammonia, then, carefully triturated in
alumina mortar and heat-treated at 800°C
for 14 h.
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Fig. 2. DTA/TGA curves of: a) zirconium oxynitrate ZrO(NQ;), - 2H,0O powder, b) phosphate powder
obtained by sol-gel method at stoichiometric amounts of starting reagents, phosphate powders obtained
with an excess of Na,COj: ¢) — 50 wt.%, d) — 100 wt.%, ¢) — 150 wt.%, f) — 200 wt.%.

The X-ray phase analyses data shown
that the powder obtained by the sol-gel
method is basically zirconium phosphate
Zr3(PO,), (Fig. 1la). Further heat treatment
of the powder at 600°C during 15 h was
resulted in appearance of competing zirco-
nium pyrophosphate ZrP,O;, which was an
unique phase at treatment temperature of
800°C (Fig. 1b). At the same time, there
was an increase in the lattice parameters of
the obtained zirconium pyrophosphate in
comparison with lattice parameters wvalues
according to ASTM No0.29-1399 data, indi-
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cating the introduction of sodium into the

lattice of zirconium pyrophosphate.
On the DTA curve is clearly seen two

endothermic peaks at 53.22 and 253.36°C
(Fig. 2b) which should be associated with
the two-stage dehydration of the resulting
powder, analogous to the dehydration of the
starting components — zirconium oxyni-
trate ZrO(NQOj), - 2H,0 (Fig. 2a). Compari-
son of the DTA curves obtained phosphate
powder and a powder of zirconium oxyni-
trate in the temperature range of 0-300°C
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Fig. 3. XRD patterns of phosphate powders ob-
tained by sol-gel method at Na,COj; excess from
25 to 200 wt.% after heat treatment at 600°C
during 15 h and at 800°C during 14 h.

shown a slight displacement of the respec-
tive peaks to the lower temperatures. This
behavior is typical for the TG curves of
these materials: the basic weight loss is as-
sociated with dehydration of powder mate-
rial and occurs by the temperature increas-
ing to 300°C. The total weight loss of the
obtained phosphate powder is 40 %.

Start of the zirconium pyrophosphate
ZrP,0; formation took place at the tempera-
ture 362.9°C, as evidenced by the endother-
mic peak of DTA curve (Fig. 2b). As can be
seen, the temperature increasing was not
resulted in DTA curve changes, phase of
zirconium pyrophosphate (melting point T,
= 1550°C) was unique and had no changes
up to temperatures 800°C. This fact was
confirmed by the XRD data (Fig. 1b). Pre-
viously it was observed that synthesis of
ZrP,0; samples may take place at the lower
temperatures (240°C) as a result of heat
treating of the product of reaction between
zirconium phosphate and orthophosphoric
acid [10].

a)

b)

Thus, there was shown, that product ob-
tained by the sol-gel method after the heat
treatment hadn’t the phase composition of
the NZP phosphates in the case of compli-
ance of the initial powders to stoichiometry
NaZry(PO,)3. There was primarily associated
with the high wvolatility of sodium oxide
Na,O. Therefore a further study of the ef-
fect of sodium carbonate excess with respect
to the stoichiometric ratio on the synthesis
of the NZP phosphates was performed. The
phosphate synthesis by the sol-gel method
with Na,CO5 excess in the range from 25 to
200 wt.% was carried out. The appearance
of X-ray lines of the NZP phosphate has
been observed at 25 wt.% of Na,COj; ex-
cess. At the same time, there was a signifi-
cant amount of zirconium pyrophosphate
lines of high intensity on the XRD patterns
(Fig. 3).

XRD data demonstrate that the increas-
ing of Na,COj excess from 25 to 100 wt.%
was resulted in increase of NaZry(PO,); X-ray
lines number and decrease of the ZrP,0,
lines number. The intensity of the main
lines of NaZr,(PQO,); was increased and the
intensity of the main lines of ZrP,0; de-
creased, correspondently. The powder ob-
tained by the sol-gel method with Na,COj
excess of 200 wt.% after heat treatment at
600°C (15 h) and 800°C (14 h) was charac-
terized by only single phase of NaZry(PO,)s.

Derivatograms of the phosphates synthe-
sized by the sol-gel method with an excess
of sodium carbonate from 25 to 200 wt.%
are shown in Fig. 2c—f. The appearance of a
pronounced endothermic peak near tempera-
ture 620°C at the DTA curve of the phos-
phate powder prepared with an excess of
50 wt.% Na,CO5; was associated with crys-
tallization of the NZP phase (Fig. 2¢).

The position of the peak was not changed
with increase of sodium carbonate amount

- 100 nm_

<)

Fig. 4. TEM micrographs of NZP powder particles after: a) drying at 90°C during 24 h, b) heat
treatment at 600°C during 15 h, c¢) heat treatment at 800°C during 14 h.
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Fig. 5. Infrared spectra: a) ZrP,0,, b) NZP (100 wt.% . Na,CO; excess).

in the initial mixture (Fig. 2d—f). In addi-
tion, endothermic peak at 820°C was ob-
served and can be explained by the melting
of the excessive reagent — sodium carbon-
ate. It was known that the melting point of
sodium carbonate Na,CO; is about 852°C.
With increase in the amount of Na,COj; ex-
cess up to 200 wt.%, the decrease of endo-
thermic peak until disappearance at 862.9°C
associated with the formation of zirconium
pyrophosphate ZrP,O; phase was detected.
Carried on the transmission electron mi-
croscope JEM-2100 research of separated
particles of the NZP powders obtained by
the sol-gel method with 200 wt.% . Na,CO5
excess was demonstrated the nanosized
structure of the powders. The average par-
ticle size of the obtained NZP powder was
30 nm after drying process (Fig. 4a). After
the heat treatment at 600°C for 15 h the
NZP powder particle size was 180 nm (Fig.
4b). The heat treatment at 800°C for 14 h
leads to increase in the particle size of the
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powder to about 230 nm (Fig. 4c¢). Thus, the
heat treatment of the NZP powder at tem-
peratures 600 and 800°C for a sufficiently
long time interval (the total heat treatment
time — 29 h) did not tend to significant
increase in the size of the particles of the
obtained powder.

Elemental composition (EDX analysis) of
the NZP powder obtained after heat treat-
ment at 600°C during 15 h is shown in
Table. As can be seen from the above data,
the composition of the resulting powder
NZP includes elements Na, Zr, P, O, and it
is close enough to the calculated data. In
addition to these elements, potassium was

Table. The elemental composition of NZP
powder after the heat treatment at 600°C

during 15 h.
Element 0] Na P Ca Zr |Total
wt. % 31.44| 4.79 |17.04| 0.97 |45.76| 100

Functional materials, 23, 1, 2016
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presented as impurity element of the initial
sodium carbonate. The IR spectra of
ZrP,0; phase of the obtained powder in the
frequency range of 4000—500 ecm ! after the
heat treatment at 800°C for 14 h were pre-
sented (Fig. 5a). It was known that ZrP,0;
powders were characterized by wave num-
bers of the absorption band maxima: 1275,
1111, 976, 742, 595, 568, 545 cm ! [11]. In
the IR spectrum of zirconium pyrophos-
phate the following maximum absorption
bands: 1265.9, 1007.9, 753.2, 588.7 cm!
were observed close to the above data (Fig.
5a). Previously it was found that the IR
spectrum of the NZP phase presents a broad
intense oscillation band in 1030 ecm™1 area,
which was associated to the asymmetric
stretching vibrations v of P-O phosphate
tetrahedron. The bands at 630, 560 and
540 cm~1 were attributed to the deforma-
tion vibrations v,, and bands near 400 cm™1
were associated to deformation vibrations v,
of PO,-tetrahedra [12]. As can be seen from
Fig. 5b, the infrared spectrum of the syn-
thesized phosphate powder (with 100 wt.%
Na,CO3 excess) presents the wave numbers
of the maximum absorption bands associ-
ated with the NZP phase shifting to greater
frequencies: 1063.7, 655.8, 580.3 and 435.2
and also zirconium pyrophosphate ZrP,05 in
a good agreement with XRD data (Fig. 3).

4. Conclusions

Ceramic based on NZP phosphates is pro-
posed as perspective constructional material
and material for radioactive waste immobi-
lization. The results demonstrate improve-
ment of the process of mono phase NZP
nanopowders producing for further dense
ceramic formation with the high strength,
chemical and radiation resistance.

It was shown, that the phosphate powder
prepared by the sol-gel method at
stoichiometric amounts of starting reagents
for the synthesis of NZP phosphates after
heat treatment at 600°C (15 h) and 800°C
(14 h) corresponds to the zirconium pyro-
phosphate.
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By means of XRD, DTA/TGA and IR
spectroscopy methods, changes in the phase
composition of the phosphate powder syn-
thesized by the sol-gel method, depending
on the increase of excess amount of Na,CO5
from 25 to 200 wt. % were studied.

The powder of monophasic NZP phos-
phate was synthesized by the sol-gel method
in the case of 200 wt.% Na,CO5; excess with
the following heat treatment at 600°C
(15 hours) and 800°C (14 h). The average
particle size of the synthesized NZP powder
after drying was 30 nm, after heat treat-
ment at 600°C (15 h) — 120 nm and at
800°C (14 h) — 230 nm.

The zol-gel method using with excessive
amount of Na,COj; and further heat treat-
ment allows to produce pure NZP phase
from industrial reactive materials at rela-
tively low temperature conditions
(<1000°C).
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