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Aerogels are gels in which the liquid phase is completely replaced by a gaseous one. They form a new class of
solids with a very low density, a large specific surface area and high porosity, which opens up wide possibilities for
their practical application. ZrO>-SiO; aerogels, due to the strong binding energy of Zr-O-Si, very low thermal
conductivity, and the presence of acid and basic centers, exhibit excellent properties like aerospace heat insulators,
selective sorbents, catalysts, and catalyst supports for high-temperature reactions. The traditional way of obtaining
aerogels is formation of a branched, three-dimensional, irregular network of wet gels by sol-gel synthesis from
alkoxides of elements, aging of gels, replacement of intermicillar water by organic liquids with low surface tension
and careful removal of the solvent by drying under supercritical conditions or under ambient pressure. But alkoxides
of the elements are expensive and toxic, drying at elevated pressures requires special equipment and is also
expensive and energy-intensive, and drying at atmospheric pressure requires complicated and lengthy gel
modifications. In this work, the task was posed, on the basis of the direct method of large-scale sol-gel synthesis of
highly porous, nanostructured, spherically granulated zirconium silicates from aqueous solutions of cheap,
accessible salts, to obtain materials of aerogel type, without resorting to lengthy equipmently and chemically
complex methods of processing the resulting hydrogels. The gels were prepared by forming a zirconium carbonate
complex from aqueous solutions of ZrOCl, and K>CO; and its subsequent interaction with a Na»SiOs solution by
their coagulation in a drop. The obtained strong spherical granules of ZrO, SiO>nH,O hydrogel were thoroughly
washed from impurities with distilled water and subjected to hydrothermal treatment for various times, followed by
decantation with ethanol mixed with benzine or alkothermal treatment in this mixture in tightly closed containers at
supercritical temperature for ethanol. The heat resistance of the samples was determined by calcining them in air at
high temperature. Using SEM, XRD, and N> adsorption / desorption methods, it has been found that the amorphous
Zr-Si materials obtained containing 45 wt. % ZrO> have a specific surface area of more than 500 m?/g, pore volume
> 2 cm?/g, average pore diameter of ~ 18 nm, wide mesopores with a diameter of ~ 28 nm, bulk density less than
0.3 g/em?, which typical for aerogels based on oxides of metal and silicon, and exhibit high thermal stability.

Keywords: ZrO;:-SiO; aerogels, sol-gel synthesis, supercritical drying, alkothermal treatment, mesoporous
materials

INTRODUCTION By their chemical nature, aerogels are
classified as organic, inorganic and hybrid.
Among them, ZrO, aerogel is one of the most
important materials, due to its very high melting
point, the lowest thermal conductivity among
metal oxides, and the presence of both acidic and
basic active centers [7]. But heating of a pure
single-component ZrO, aerogel leads to the
degradation of its nanopores and a significant
decrease in surface area due to the ongoing
phase modification of ZrO,, from amorphous to
tetragonal and monoclinic [8]. The stabilization
of the structure of the ZrO, aerogel by
introducing silicon dioxide into its composition
allows us to create ZrO,-SiO, materials showing
excellent properties as aerospace heat insulators

The aerogels are gels in which the liquid
phase is completely replaced by a gaseous one.
They form a new class of solids having a very
low density, from 0.004 to 0.5 g/cm’, large
specific surface area and high porosity, with
cavities, occupying more than 50 % of the bulk.
In addition, their state is thermodynamically
metastable. These unique properties of aerogels
open up wide possibilities for their practical
applications as heat and sound insulators, heat
and energy accumulators, cosmic dust absorbers
and radioactive particles, components of
electrochemical systems, glasses, sorbents, ion
exchangers, heterogeneous catalysts, photo-
catalysts, etc. [1-6].
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[9] and carriers for high temperature reaction
catalysts [10].

The first and key step in the preparation of
aerogels is the formation of a three-dimensional,
highly porous, irregular, branched network of
wet gels, which usually forms during the
condensation of colloidal particles. Most aerogel
syntheses follow this sol-gel route, with two
options: a) hydrolysis and condensation reactions
are initiated in aqueous solutions of ionic
precursors; b) precursor molecules in an organic
solvent are transformed into species capable of
undergoing condensation [1]. The first silicate
aerogels were obtained on the basis of an
aqueous solution of water-glass - Na,SiOs, by its
interaction with hydrochloric acid to form a gel
of silicic acid, followed by the replacement of
water with ethanol and drying at supercritical
temperature [11]. However, this method was
lengthy and also required thorough washing of
the gels from foreign ions of the resulting NaCl
salt. Hydrolysis and condensation of alkoxides of
elements in alcohol-water solutions turned out to
be relatively simple and controlled processes
with the rapid formation of gels without the need
for extraction, filtration and water replacement
[12], which made it possible to reduce the time
of production and processing of aerogels from
week to day. Therefore, this method of
producing oxide nanocomposites is widely
distributed and is most often used [2]. Since the
reactivity in the hydrolysis reactions of metal
alkoxides is much higher than that of
alkoxysilanes, the processes of their joint gel
formation must be carefully monitored. This is
achieved by the use of modifying or ligand-
forming agents and acidic and / or basic catalysts
[1-5]. Under their action, gels with a uniform
distribution of components, a large specific
surface area and an adjustable pore size
distribution are formed. At this stage, there the
basic properties of the final material.

But metal alkoxides, and in particular
zirconium, are usually expensive and toxic.

Therefore, their replacement with aqueous-
alcoholic solutions of inorganic salts —
ZrO(NOs), [13,14], ZrOCl, and ZrCly

[15,16], in the process of sol-gel synthesis
together with silicon alkoxides, is considered a
progressive method for producing ZrO,—SiO;
aerogels. This method allows for inexpensive,
easy to handle procedures with a short gelation
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time and to obtain products with a high surface
area.

The second stage of preparation of aerogels
is the aging of the obtained wet gels in the
mother liquor while controlling the pH,
temperature and time [17-19]. During this
lengthy process, the unreacted small oxide
groups dissolve and precipitate between the
larger particles of the polymer chain. This
strengthens the structure of the gel and prepares
it for the next critical stage of obtaining aerogel
— the drying process [3].

The capillary compressive forces of the gel
during drying are determined by the bond
strength of the particles in the gel framework and
the surface tension of the pore fluid, which
shows the highest values for water. Therefore,
the pore water of the gel should be completely
replaced with an organic liquid with a low
surface tension. This is followed by the stage of
high-temperature or low-temperature
supercritical drying [3, 5, 20, 21]. In the first
case, the gel with the solvent is placed in the
autoclave and the temperature and pressure in it
are increased above the critical point of the
solvent, while the liquid passes into a gaseous
state and then is discharged from the autoclave
without violating the integrity of the gel
structure. In the second case, the liquid is
displaced from the pore space by means by
means of CO,, the compressed to its critical
liquid state. However, these drying methods are
energy-intensive and expensive due to the need
to use high pressure and related equipment.

Therefore, in recent years, the method of
producing aerogels using drying at atmospheric
pressure has been intensively developed. This
method consists in the phased replacement of the
gel pore liquid by a liquid with an ever lower
surface tension and drying at their subcritical
temperature and ambient pressure. Especially
often, this treatment is used in the development
of more advanced methods for producing
aerogels from cheap and affordable sodium
silicate instead of expensive, toxic and
flammable alkoxysilanes, which cannot be used
in mass commercial production. However, the
necessity of using cation exchange, co-
precursors from organo-silanes and additional
silylation of the gel makes these methods quite
expensive and complicated [22-24].

In this work, the task was posed, on the basis
of the previously developed method of direct
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large-scale sol-gel synthesis of highly porous,
nanostructured, spherically granulated zirconium
silicates from aqueous solutions of cheap,
available salts - sodium silicate and zirconium
oxychloride [25], to try to obtain materials such
as aerogels without resorting to lengthy
apparatly and chemically complex processing
methods for the resulting hydrogels.

EXPERIMENTAL PART

The method used to obtain the mixed oxide
Z105-Si0,, according to the patent [25], is based
on conducting of the following reactions:

2 K»COs + ZtOCl, — K [ZrO(COs)a],
Ka[ZrO(COs):] + Na:SiOs — Zr0,-SiOs-n H,0.

It is known [26] that, in aqueous solutions,
the addition of Zr(IV) salts to an excess of alkali
metal or ammonium carbonates leads to the
formation of metastable anionic carbonate
complexes of Zr(IV), which can serve as
precursors for the synthesis of new zirconium
based materials. Treatment of such complexes
with an aqueous solution of sodium metasilicate
causes gel formation [27].

An additional application of droplet
coagulation technology [28] ensured the
production of spherically granulated ZrO,—SiO,
hydrogel [25]. The process was carried out as
follows.

Under stirring, a 2M ZrOCl, solution was
gradually added to a 5SM K,COj3 solution with the
formation of a zirconium carbonate complex. Its
solution at a rate of 164 ml/min. and a sodium
metasilicate solution, with a concentration
necessary to obtain a Zr/Si ratio of 0.6, was fed
at a rate of 100 ml/min into a flow reactor in
which the solutions were mixed to form a mixed
sol of zirconium oxyhydrate and silicic acid. A
jet of sol was directed into a column filled with
two layers of liquids. The top layer is undecane,
and the bottom is running tap water. During the
passage of the undecane layer (1.0-1.5 m), the
sol stream was broken into separate drops, which
in 3-5 s turned into durable spherical granules of
Zr-Si hydrogel. They were transferred with water
and first fell on a sieve, and then into a
container, where they were washed with distilled
water from alkalis, salts and traces of undecane,
treated with a solution of NH4OH and washed
again with water until neutral.
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External moisture was removed from a part
of the obtained hydrogel spheres and dried at
130 °C for further structural and elemental
analysis of initial sample N1 (Table 1). The
other four parts of the spherical hydrogel were
placed in four tightly closed massive cylindrical
forms with a volume of 40 cm® made of stainless
steel, filling their volume almost completely.
Then forms were heated in a muffle furnace in
different liquid media at a gradual increase of its
temperature during various period of time
(samples 2—5, Table 2).

Sample N 2 was subjected to hydrothermal
treatment (HTT) for 5 h at 270 °C. It was shown
[29] that the continuous dissolution and
reprecipitation of hydroxides during HTT leads
to the production of materials with a more
defect-free structure, which can withstand the
loss of surface area upon exposure to high
temperatures. Therefore, this treatment can
replace the long stage of aging of the hydrogel.

Samples N 3 and N 4 were acted upon by the
HTT for a shorter time — 2 h. After that, the
samples were removed from the molds and
washed thoroughly — first with ethanol and then
with anhydrous ethanol (N 3) and its mixture
with 2 % benzine (N 4) and left in these liquids
for 6 h. Hydrogel N 5 was not subjected to HTT,
and after washing it in a similar way, it was left
in ethanol-benzine medium for 12 h and then
placed in a closed form and subjected to
alkothermal treatment (ATT) in this mixture at
270 °C for 5 h. After the described treatment, all
the samples were dried at 130 °C, their bulk
density was measured by weighing and then they
were calcined in air at 600 °C. The texture of the
samples was determined before and after
calcination.

The isotherms of adsorption / desorption of
N, for the traditional analysis of the texture of
the samples were obtained according to the
standard procedure after vacuum treatment at
150°C on an ASAP 2405N Micromeritics
instrument. Pore size distribution was calculated
using the density functional theory (DFT).

An analysis of the microstructure and
elemental composition of the sample N 1 was
determined by scanning electron microscopy
(SEM) using a JEOL JSM 7001F scanning
electron microscope with an microanalyzer
system.

X-ray diffraction patterns of the studied
samples were recorded on a DRON-4-07
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structure of the obtained gel is lower than it was
in the synthesis ash and the real Zr/Si ratio in it
is ~0.45. Spherical granules are well defined
and have a size of 200—700 pm.

diffractometer in the CuK,, radiation of the anode
line with a Ni filter in the reflected beam with
Bragg — Brentano geometry.

RESULTS AND DISCUSSION

From the data given in Table 1 it is seen that
the amount of zirconium dioxide included in the

Table 1. Surface topography and distribution of elements for a sample of Zr-Si

Element Weight % Atf,’/‘:“c Compounds, %  Formula g:;:znoti
Si K 24.41 23.09 52.21 Si0, Zr/Si=0.45
ZrL 35.39 10.29 47.78 ZrO, Si/Zr =2.24
O 40.2 66.66
SEM image Zr-Si hydrogel
Table 2. The texture parameters of granulated Zr-Si gels after various treatment
* o
N Preliminary processing iBZZ’ clr/rl;g‘/’,g D}?"F:r:m aveﬁpgozs nm g/'z;ni‘ Si]:)EsTs’ef
1 Drying at 130 °C (D) 3893  0.25 2.504 2.62 1.33
Calcination at 600 °C (C) 2199 0.16 4.88 2.88 43.51
2 ™HTT-5h. (D) 517.5  0.60 5.68 4.61 1.05
HTT-5h. (D, C) 4147  0.49 7.03 6.34 19.86
3 HTT - 2 h. Ethanol. (D) 540.8 1.15 9.42 8.54 0.40
HTT - 2 h. Ethanol. (D, C) 450.3  0.83 9.42 9.11 16.59
4 HTT - 2 h. Ethanol + benzine. (D) 549.1 1.98 25.24 14.39 0.26
HTT - 2 h. Ethanol + benzine. (D, C) 485.8 1.81 27.38 14.88 11.53
5 ™ ATT in ethanol with benzine - 5h. (D)  511.0  2.26 27.38 17.68 0.22
ATT in ethanol with benzine - 5h. (D, C) 4943 2.14 27.38 18.30 3.27

*S, V, D, p — surface area, volume, diameter, bulk density,
** — hydrothermal treatment at 270 °;
*** _ alkothermal treatment at 270 °C.

Hydrothermal treatment and replacement of
water in the pore space of a zirconium silicate
hydrogel with “organic fluids” leads to a change
in the form of adsorption isotherms of N
desorption (Fig. 1 a) and to the corresponding
character of pore distribution (Fig. 15). The
isotherm of the initial hydrogel, type IV, has an
H2-type hysteresis loop [30] with a long
horizontal section on the desorption branch
characteristic of corpuscular systems of an
indeterminate nature with narrow “throats” and
various wider cavities. This structure is also
confirmed by the calculation of the pore size
distribution of the sample, showing the presence
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of pores with diameters of ~ 1.4, 2.7 and 4.8 nm,
which is typical for micro\mesoporous systems.
The HTT of the Zr-Si hydrogel within 5h
changes the shape of the hysteresis loop on its
isotherm — the horizontal section on the
desorption branch becomes shorter, which
indicates a decrease in the difference between
the diameters of the “throat” and “cavity” in the
pore structure of the sample. In this case, the
type of hysteresis loop H2 transforms into HI,
which is typical for systems with a uniformly
developed mesoporous structure. The calculation
of the pore size distribution shows the presence
of mesopores with a diameter of mainly 5.7 nm.

ISSN 2079-1704. X®TI1 2020. T. 11. Ne 3



Obtaining of zirconium silicate materials of aerogel type from aqueous solutions of Na2SiO3 and ZrOCl2 salts

After 2 h HTT, replacing intermicellar water in
Zr-Si hydrogels with dehydrated ethanol or its
mixture with benzine leads to a narrowing of the
hysteresis loops on the isotherms of the samples,
indicating an additional equalization of pore
sizes, their diameter increases, remaining within
the mesopore range, and volume significantly
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increased. Such structural changes reach the
greatest degree after the ATT of gel (Table 2).
At the same time, each successive stage of
sample processing leads to a gradual decrease in
the bulk density of the resulting material from
1.33 to 0.22 g/em’.
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Fig. 1.
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Isotherms of N» adsorption-desorption (a) and the character of the DFT distribution pore by size radius (b)
for Zr-Si samples: I — initial dried hydrogel, 2 — after HTT for 5 h at 270 °C; 3 — 2 h HTT and decantation

with ethanol; 4 — 2 h HTT and decantation with ethanol with 2 % benzine; 5 — 5 h ATT in ethanol with 2 %

benzine at 270 °C

Comparison with the data of the scientific
literature shows that, in the form of nitrogen
adsorption/desorption isotherms, pore
distribution, and texture parameters, the
materials obtained are close to the published
characteristics of aerogels. For example, in [13]
Zr0,-Si0, aerogels with a zirconia content of
50 wt. % were prepared from tetraethoxysilane
(TEOS) and zirconyl nitrate dihydrate salt by
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supercritical drying in ethanol. The values of
texture parameters Set, Vpores and average Dpores,
given after calcination of the sample at 500 °C,
are  5479m%g, 1.67cm’/g and 6.3 nm,
respectively. The authors of [13] carried out
drying of the gel in an autoclave as described in
detail in [2]. A wet gel coated with an ethanol
layer in a stainless steel liner was placed in a
volume autoclave with additional ethanol outside
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the liner to create a critical volume of the
mixture, and the autoclave was kept under
supercritical conditions for ethanol — 270 °C and
a pressure of 8.0 MPa.

In our work, when the ATT gel was in an
ethanol-gasoline mixture, the liquid layer above
the wet gel, which almost completely filled the
volume of the metal form, did not exceed
0.5-1.0 cm, therefore the volume of the mixture
could be insufficient for achieve the critical
pressure of the mixture. But it was shown in [31]
that SiO, aerogels with minimal shrinkage can
be obtained under the pressures significantly
lower than the critical pressure of the organic
solvents used as pore liquids. The aerogel drying
pressure can be reduced by increasing the initial
gel strength. Heating silicate gels in organic
solvents to their supercritical temperatures
causes the gel network to rearrange, the surface
of the aerogels is transesterified, becoming
hydrophobic, more rigid and stable. In addition,
the full filling of the drying container with wet
gel [32] ensured a relatively fast ventilation of
the supercritical fluid, preventing swelling and
destruction of the gel monolith.

In [33], an aerogel was obtained from TEOS
by a two-stage catalytic process during drying
under ambient pressure by long periods of aging
of the gel in ethanol, washing with n-hexane,
modification with trimethylchlorosilane, again
washing with n-hexane and drying at 50 °C.
Calculating the texture parameters of the
obtained material from an isotherm similar to
those shown in Fig. 1 a (curves4 and 5), the
authors give the following values of Sger, Vpores
and average Dpores — 434 m*/g, 1.96 cm’/g and
18 nm, very close to the data us obtained, but the
bulk density of the obtained silicate aerogel —
0.418 g/cm’® — turned out to be higher.

The thermal stability of the samples obtained
in this work was evaluated by changing their
texture after calcining in air to 600 °C, the shape
of their isotherms and the nature of the
distribution of pores changed little, the
calculated quantitative texture parameters are
given in Table 2. As can be seen, calcination
reduces the specific surface area of the dried
Zr-Si gel by almost 45 %. A preliminary HTT
within 5 h strengthens the gel structure and more
than doubles its thermal stability — the Sger value
decreases only by ~20%. Additional gel
decantation with ethanol, even with a shorter
duration of the HTT action, within 2 h, leads to a
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significant increase in pore volume and at the
same time increases the thermal stability of the
sample. The addition of 2 % benzine to the
decantation mixture improves these parameters
and leads to a significant expansion of
mesopores. The alkothermal treatment of the gel
in a mixture of ethanol and benzine for 5 h at
270 °C makes it possible to obtain the most
thermostable sample with the largest volume and
pore diameter.

200 A '

0 +— — — — — T
10 20 30 40 50 60
20,degree

Fig. 2. X-ray diffraction patterns of ZrO,-SiO, gels
calcined at 600 °C in air: / — initial gel, 2 —
gel subjected to preliminary ATT

The X-ray diffraction patterns of the initial
sample and the final one subjected to ATT
before calcining at 600 °C show only an
amorphous halo (Fig. 2), which is typical for
aerogels [2], which are usually amorphous. The
absence of reflections of tetragonal zirconia t-
ZrOs in our case is also consistent with the data
of [34], which showed that the amorphous SiO,
matrix, with its content of > 50 % in the binary
oxide ZrO»-Si0O,, contributes to the preservation
of the amorphous state of ZrO, to the calcination
temperature mixed oxide up to 800 °C.

Thus, the study shows that by combining the
HTT, ATT and decantation with organic liquids,
it is possible to obtain materials with a structure
similar to aerogels without using expensive
hardware and chemically complex long-term
methods for processing synthesized hydrogels of
metallosilicates.

CONCLUSIONS

It has been shown that the use of the direct
one-step sol-gel synthesis method from aqueous
solutions of cheap and affordable salts — sodium
metasilicate,  zirconium  oxychloride and
potassium carbonate, supplemented by drop
coagulation technology, allows for a short time
to obtain strong spherically granular zirconium
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silicates hydrogels that can serve as the basis for
further preparation of aerogels. It has been found
that strengthening the hydrogel structure by
hydrothermal treatment promotes an increase in
its surface area, pore volume and width, and
more than doubles the thermostability of the
sample upon calcination. Additional decantation
with ethanol and, even more anhydrous ethanol
with an admixture of gasoline, improves these
parameters and also reduces the density of the

samples obtained, even with a shorter duration of
their preliminary hydrothermal treatment.
Alkothermal treatment of the sample in ethanol-
benzine mixture leads to the production of the
most thermostable amorphous zirconium silicate
material with a density of <0.3 g/cm’, having a
specific surface area of more than 500 m?/g, pore
volume >2cm’/g, average pore diameter of
~ 18 nm, and mesopores diameters > 27 nm,
characteristic of metal oxide silicate acrogels.

OnepkaHHA HUPKOHIHCHIIKATHHX MaTepiajiB THILY aeporeis
3 BOAHMX po3umHiB coJieit NaSiO; ta ZrOCl,

M.B. KpaBuenko, A.B. Penbkina, H.JI. KonoBajoBa

Incmumym copoyii ma npobdaem endoexonocii Hayionanvrnoi akademii nayk Ykpainu
eyn. I'enepana Haymosa, 13, Kuis, 03164, Ykpaina, antonina.redkina@ukr.net

Aepoeeni — ye eeni, 6 akux pioka ¢haza noHICMIO 3amMiHeHa HA 2a30N00IOHY. Bouu ymeoprowoms HOSUI KiAcC
MEEePOUX peuosur 3 0ydce HU3bKOI 2YCMUHOIO, EUKOI0 NUMOMOIO NOBEPXHEI0 md 6UCOKOI0 NOPUCHICTIO, WO
BIOKpUBAE WUPOKI MONCIUBOCMI O IX npakmuunozo 3acmocysanus. Aepoceni ZrO,-SiO; 3a60aKku eenuxii eHepeii
38’a3Ky Zr-O-Si, 0ysce HU3BKIU MeNnionposiOHOCMI Mma HAA6HOCMI KUCIOMHUX MA OCHOBHUX YEHMPI8 BUABIAIOMb
Yy008i 81ACMUBOCMI, MAKI K AEPOKOCMIYHI Menjoi30Namopy, CeleKmueHi copoeHmu, Kamanizamopu ma Hocii
Kamanizamopig s 6UCOKOmeMnepamypHux peaxyii. Tpaouyitinum wisxom ompuMants aepozenie € popmyeans
PO32AYAHCEHOI, MPUBUMIPHOI, Hepe2YIAPHOI MepedxCi 80NI02UX 2eili8, MemooOM 301b-2ellb CUHMe3Y 3 AAKOKCUOI8
eneMenmie, CmapinHs 2enis, 3amMina IHmepMiyeIapHoi 600U HA OP2AHIUHT PIOUHU 3 HU3LKUM NOBEPXHEBUM HAMA2OM |
obepesicHe BUOANIEHHS POSUUHHUKA WISAXOM CYWIHHS 6 HAOKPUMUYHUX YMOBAX ab0 npu ammocgepnomy mucky. Ane
ANKOKCUOU eleMeHmi8 € O00pocUMU Ma MOKCUYHUMU, CYWKA NpU NiO8UWYEHOMY MUCKY 8UMA2AE CReyianbHO20
0071a0HAHHA, a MAKOJIC 00P02a | eHePeOEMHA, d CYWIKA NPU AMMOCHEPHOMY MUCKY BUMALAE CKAAOHUX | MPUBATUX
moougpikayin eento. YV yiii pobomi 6y10 NOCMAGIEHO 3a0auy HA OCHO8I HPAMO20 Memoody UWUPOKOMACUMAOHO20
3071b-2€/lb CUHME3Y BUCOKONOPYBAMUX, HAHOCMPYKMYPOBAHUX, CEHEPUUHO SPAHYILOBAHUX CUNIKAMIE YUPKOHIIO 3
B00HUX PO3UUHIE Oeesux, OOCHYNHUX CONel, He 80AUUCh 00 MPUBAIUX MEXHIYHO Ma XIMIYHO CKIAOHUX Memodi8
nonepeonvoi 00pobku odeporcanux eciopoeenis. leni eomyeanu uLisgxomM YMEOPEeHHS KApOOHAMHO20 KOMNIEKCa
yupxorito 3 600HuUx posuunie ZrOCl; i K>COs i uozo nooanvuoi 63aemolii 3 pozuunom NaxSiOz memooom ix
Koaeynayii 6 xkpanni. Ompumani miyni cpepuuni epamynu eiopoeento ZrO»SiO»nH>O pemenvHo siomuganu 6io
CMOPOHHIX OOMIUOK OUCMUTLOBAHOIO 800010 | NIO0AsAIU 2iOPOMEPMANbHIl 00pobYi 8 piznull uac, NooarbLULil
Oexanmayii emaHonom 3 OOMIWKOIO OeH3UHYy abo anKomepMAnvHil obpobyi 8 yiti cymiwli 8 WINIbHO 3AKPpUMUX
KOHMeUHepax npu CynepkpumuyHitl. memnepamypi oaa emauony. Tepmocmitikicmv 3pasKie SUMIPIOBANU WIAXOM
npoCaAPIOsan s iX Ha noeimpi npu eucokiu memnepamypi. 3a donomoeorwo memooie CEM, PD@A ma aocopbyii /
decopbyii N> 6yno eusnaueno, wo ompumani amopgui Zr-Si mamepianu, wo micmsamo 45 mac. % ZrOs, maioms
numomy noeepxmio nonad 500 m’/z, 06’em nop > 2 cm’/e, cepeduiti diamemp nop ~ 18 wm, wupoxi mezonopu
oiamempom ~ 28 wm, nacunny 2ycmuny menwe 0.3 2/em’, xapaxmepny ona aepozenie na 0cHogi oKCudy memany i
OKCUOY KPEMHII0, [ NPOSAGIAIOMb GUCOKY MEPMIUHY CMAaDLIbHICMb.

Knruosi cnosa: ZrO:-SiO; aepoeeni, 301b-2eb CuHme3s, CYNepKPUMUYHA CYWKA, AIKOMePMAalbHA 00pooKa,
Me3zonopyeami mamepianu
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Aspoeenu — 3mo zenu, 8 KOMopwix AHCUOKAs Paza NOTHOCMbIO 3amMeHeHa 2a3000pasnoll. OHu 06pasyiom HOBbIIL Kiacc
MBepObIX GeUjeCms ¢ OHeHb HU3KOU HNIOMHOCHbIO, OOMLUOU NAOWAOLI0  YOETbHOU HNOBEPXHOCMU U  BbICOKOU
NOPUCIMOCbIO, 4MO OMKPLIGAE UM WUPOKUE BO3MOJICHOCHU npakmuyeckoeo npumenenus. ZrO»-SiO: aspoeenu,
bnazcooaps cunvnoti smepeum ceazu Zr-O-Si, oueHb HU3KOU MEeNnionpo8OOHOCHIU, HAIUYUIO KUCTOMHBIX U OCHOGHBIX
YeHmPOB, NPOSGISIONT NPEeBOCXOOHbIE CEOUCMEA, KAK AIPOKOCMUHECKUE MENIOU30SMOPbL, CEeleKmuUsHble CopOeHmbl,
Kamanu3amopbl U HOCUMeIU Kamaau3amopog OJisi 8blCOKOMEeMNEPAmypHbIX peakyui. Tpaouyuonnsim nymem noyyenus
aspoeeneti AGNOMCst POPMUPOBAHUE PA3EEMBTIEHHOU, TMPEXMEPHOL, Hepe2YIsPHOL Cemu GIANCHBIX 2elel, MenoooM
30/b-2€Nb CUHME3A U3 AIKOKCUOO8 IJIEMEHMO8, CIapeHue 2eetl, 3aMeHd UHMEPMUYESIPHOU 800bl HA OP2aHUYECKUe
JHCUOKOCIMU € HUBKUM  NOBEPXHOCHHbIM HAMSNCEHUEM U  OCMOPOJICHOE YOAlleHue pAacmeopumens CYWKOU npu
CBEPXKPUMUYECKUX YCTIOBUAX WL NPU 0a6leHuu oKpydcaroueli cpedvl. Ho ankoxcudvl snemenmos 0opo2u u moKCudHbl,
CYWIKA NpU NOBLIUEHHBIX OAGNIEHUSX Mpedyem CReyuarbHo20 000pyoosanus U maKdice 00po2a U IHEPeo3ampamnd, a
cywka npu ammocghepHom 0asieHuu mpedyem CILONCHOU U ONUMENbHOU Mooughukayuu 2enei. B amoii pabome 6vina
nocmaenena 3a0aud, HA OCHOBAHUU MemoOd NPIMO20 MACUWIMAOHO20 307b-2ellb  CUHME3Ad  GbICOKONOPUCTBIX,
HAHOCMPYKMYPUPOHHBIX, Cheputecku  SPaHyIupOBaHHbIX YUPKOHUUCUTUKAMOE U3 BOOHBIX PACMBOPO8  Oeulesbix,
OOCMYNHBIX COEll NOTYYUNb MAMepUuaibl Muna aspoeeiel, He npubecast K OIUMENIbHbIM AnnapaniypHo U XUMUYECKU
CIIOJICHBIM  Memooam 00pabomku noayuaemvix eudpozenei. Iemu eomosunu nymem o00pa306aHus KapOOHAMHO20
KOMIIEKCa YupKkonus u3 600Huix pacmeopos ZrOCh, u K>CO;z u e2o nocnedyowjeco 63aumo0eticmeus ¢ pacmeopom
Na;SiO3 memooom ux xoazynayuu 6 kanie. Ilonyyennvie npounvie cgpepuueckue zpamyavt euopoeens Zr0»SiO;nH>O
MWAmMenTpHO OMMbIBATU OM NOCHOPOHHUX NpuMecell OUCMULIUPOBAHHOU 6000U U NOO0Gep2alu SUOPOMEPMATLHOU
0bpabomke paziuuHoe 6pemMs, Nocieoyiowel OeKanmayuel dMaHoIOM C NPUMecbio OeH3UHA UMY AIKOMePMATbHOU
obpabomie 6 MOl cMecu 8 NIOMHO 3aKPbIMbIX KOHMEUHepax npu CEepXKpUMuUYecKkol memnepamype O SMaHod.
Tepmocmotixocms 06pasyos onpedensiu nymem NPOKAIUEaHust Ux Ha 030yxe npu evicoxotl memnepamype. C nomowypio
memoodoe COM, PD@A u adcopbyuu/oecopoyuu N> 6bL10 onpedeneno, umo noiydeHHvle amop@roie Zr-Si mamepuanvl,
cooepaicawue 45 macc. % ZrO,, umeiom yoenviyio nogepxrocms bonee 500 m*/z, obvem nop > 2 cm’/2, cpednuii ouamemp
nop ~ 18 um, wiupokue mezonopvl ouamempom ~ 28 um, nromuocmo menee 0.3 2/cm’, xapakmepuyio ona aspozeneti na
0CHOBE OKCUOA MEMAA U OKCUOA KPEMHUS, U NPOSIGTIAIOM BbICOKYIO MEPMULECKYIO CIAOUTLHOCTD.

Knrwouesvie cnosa: ZrO:-SiO; aspozenu, 301b-ceb CUHME3, CYREPKPUMUYECKAS CYWKA, AIKOMEPMATbHAS
0bpabomka, me30nopucmole Mamepuaibl
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