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The characteristics and properties of fumed oxides depend strongly on various external actions that is of
importance from a practical point of view. Therefore, gelation or high-pressure cryogelation (HPC) of aqueous media
pure or with 0.1 M NaCl, and mechanochemical activation (MCA) of dry or wetted powders of individual (silica,
alumina, their mechanical blends) and complex (silica/titania, alumina/silica/titania, AST1, AST1/A—300) nanooxides
were studied to analyze the influence of the nanooxide composition, particulate morphology, and preparation
conditions on changes in the morphological and textural characteristics of treated samples. The temperature—pressure
behavior of different phases (silica, alumina, and titania) under HPC can result in destroy of complex core-shell
nanoparticles (100-200 nm in size) in contrast to small nonporous nanoparticles, NPNP (5-20 nm). The textural
characteristics of nanooxides are sensitive to any external actions due to compaction of such supra-NPNP structures
as aggregates of nanoparticles, agglomerates of aggregates, and visible structures in powders. The compaction of
supra-NPNP enhances the pore volume but much weakly affects the specific surface area (with one exception of ASTI)
because small NPNP are relatively stable during any external actions (HPC, MCA). The compacted materials are
characterized by enhanced mesoporosity shifted to macroporosity with decreasing specific surface area and increasing
sizes of nanoparticles or to mesopores with increasing MCA time or amounts of water in wetted powders. At low
hydration of the A—300 powder (h = 0.5 g/g), the value of Sger slightly increases if MCA is provided by stirring or ball-
milling. Diminution of the freezing temperature from 208 to 77.4 K during HPC results in enhanced compaction of
aggregates and agglomerates but this does not practically affect the primary nanoparticles. The degree of
decomposition of core-shell nanoparticles of ASTI does not practically increase with decreasing freezing temperature
from 208 to 77.4 K. Decomposition of core-shell AST1 particles is inhibited under HPC by added A-300 (1 : 1) working
as a damper.
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INTRODUCTION other words, there are many factors strongly
governing the structure of NPNP of complex
fumed metal or metalloid oxides (CFMO) that
lead to significant nonuniformity of the NPNP
interior and surface, especially for SA and AST1,
as well as to changes in the particle size
distributions (PaSD) [16, 17]. For CFMO, there
are several possible NPNP structures with: (i)
practically individual phase, (ii) solid solution of
one phase in another, (iii) simple core-shell, (iv)
simple or complex shell — polycrystalline or
amorphous core, and (v) complex shell — complex
core [16, 17]. The flame synthesis of fumed
oxides at high temperatures corresponds to
relatively fast nonequilibrium processes of the
NPNP formation occurring during a fraction of a
second. This results in significant amorphism and
nonuniformity of CFMO NPNP. NPNP form
agglomerates (< 1 um) and agglomerates of

The formation and distribution of various
phases in nonporous nanoparticles (NPNP) of
binary and ternary fumed oxides depend not only
on the content of reactants (e.g., MCIl,, where
M = Al Si, and Ti, n =3 or 4) in the O»/H; flame
but also on certain differences in the reactivity (in
the flame) of precursors [1-6]. For example,
AICI; forming solid Al,Cls should be sublimated,
its melting point is relatively high (180 °C), and
vapor pressure is relatively low (e.g., 13.3 kPa at
151 °C). SiCls is liquid at low boiling point
(57.65 °C), and vapor pressure is relatively high
(25.9 kPa at 20 °C). TiCly is liquid at higher
boiling point (136.4 °C) and at lower vapor
pressure (1.3 kPa at 20 °C). The distribution of
precursors in the flame, flame turbulence, length,
and temperature gradient also affect the NPNP
structure formed at high temperatures [1-16]. In
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aggregates (> 1 um) forming visible loose
particles of the CFMO powders. All these
hierarchical structures could be attributed to
supra-NPNP. The bulk density (o) of fumed
oxide powders could be low as 0.04—0.05 g/cm®.
This corresponds to large empty volume
Vem = 1/pv—1/p0 (0 is the true density of NPNP)
up to 25 cm®/g for fumed silica. It could be smaller
for CFMO due to larger p, and po values and
NPNP sizes. Despite these values are larger than
that of nanosilica, the CFMO powders are quite
loose [1-7, 16, 17]. Fumed silica alone or in
CFMO is always amorphous [1-6, 16, 17].
Alumina and titania in CFMO could form both
amorphous and crystalline phases, e.g., y-, d-, 0-,
and a-Al,O3 of increased stability with increasing
heating temperature, respectively, and titania with
anatase or/and rutile [17]. The phase composition
of CFMO NPNP (as well as of other oxides)
depends on the synthesis temperature, reciprocal
effects of components, and other synthesis
conditions [17-26]. For example, silica stabilizes
anatase and inhibits the formation of rutile in
fumed titania/silica, but a small amount of
alumina can cause the formation of rutile, and
these effects depend on the flame temperature
[16, 17,21, 22].

One of important structural features of fumed
nanooxides is the absence of valence bonding of
primary nanoparticles in their aggregates and
agglomerates of aggregates [1-6, 27-29]. This
bonding is mainly due to electrostatic and
dispersion forces and hydrogen bonds between
surface hydroxyls of adjacent nanoparticles.
Adsorbed water located in contact zones of
adjacent nanoparticles can play a certain role in
this bonding [16]. The nanooxide powders are
rather “soft” matters of a low bulk density and a
small amount of water (0.5-3 wt. % for
nanosilicas) adsorbed from air. Some treatments
(such as hydrothermal, thermal, chemical
modification of a surface with cross-linking of
modifiers, efc.) of nanooxides can lead to
formation of chemical bonds between adjacent
nanoparticles. Surface hydroxyls play an
important role in this bonding, as well as in many
other properties of nanooxides. Another problem
related to changes in the morphology of
nanoparticles per se during different treatments is
less studied than effects of surface modification
of nanoparticles. Notice that nanooxides can be
used in the form of aqueous suspensions pure or
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with 0.1 M NaCl as medicinal preparations [30].
Therefore, the NaCl effects on the behavior of
nanooxides in initial and frozen suspensions are
of interest for practical applications. For example,
pure aqueous suspensions of nanosilica frozen
and then thawed lose the aggregative stability and
cannot be completely re-suspended.

Previously [31-33], high-pressure cryogelation
(HPC) of nanooxides was studied using
concentrated aqueous suspensions (5-20 wt. %) at
low temperature (77-260 K) and high pressures
(450-1000 atm) in comparison with the initial
powder and suspended-dried samples prepared
under standard conditions. During HPC, ice
crystallites playing a role of porogens [34] can
produce very high pressure in restricted volume (up
to 2000 atm in a container with absolutely rigid
walls and ~1050 atm in a freezing bomb with
stainless steel) [35]. Obtained results [31-33]
showed changes in the textural and adsorption
characteristics of nanooxides dependent on its
concentration in the suspensions and HPC
conditions. Composition of nanoparticles of
complex oxides affects results of HPC and the
properties of final cryogels due to the differences in
the pressure and temperature behavior of different
phases in complex nanoparticles.

Cryogels with inorganic materials (including
silica, alumina, titania, efc.), as well as gels, can
be synthesized using low-molecular weight
compounds (e.g., tetraethyl orthosilicate, titanium
tetraisopropoxide, metal chlorides, efc.) or high-
molecular weight compounds [34, 36-57]. Oxide
nanoparticles can be considered as analogues of
polymers used in cryogelation with cross-linking
of macromolecules [34]. The textural and
morphological characteristics of inorganic
cryogels can be varied depending on water
content (since ice crystallites play a role of a
porogen templating pores), precursor types, time,
temperature, temperature gradient, and other
conditions [36-57]. During preparation, some
inorganic cryogels were frozen at very low
temperatures (77.4 K) [36-38]. However, higher
temperatures (between —12 and -20 °C) are
typically used in cryogelation. Despite numerous
papers published on inorganic gels and cryogels
(see, e.g. [31-57] and references therein), there is
a small number of publications on cryogels with
complex nanooxides prepared at low
temperatures and high pressures (~1000 atm) in
cryo-bombs.
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Morphologic and textural effects of gelation and mechanochemical activation on dry or wetted simple

Silica cryogels can have the structural and
textural characteristics close to those of silica
aerogels that is of importance from practical point
of view since cryogelation is a simpler and faster
method than aerogelation. High pressure
cryogelation is an additional pathway to
synthesize cryogels with the characteristics
controlled with respect to both macropores and
narrow pores, since high pressures (e.g., at
450-1000 atm in cryo-bombs with stainless steel)
can change the structure of particles, pores, and
macropore walls, as well as other characteristics
[17,31-33]. HPC can be used with the imprinting
technique to modify a surface of cryogels. In
contrast to aerogel synthesis with a high-pressure
drying stage in the CO, atmosphere replacing a
solvent medium, HPC uses the natural pressure
effect caused by transformation of water into ice
with increased volume. To remain high pressure
produced by ice, freezing bombs with restricted
volume within strongly rigid walls could be used
[31-35]. During cryogelation, the supra-NPNP
structures of nanooxides can be easily changed.
Changes in the morphology of nanoparticles
(especially composed with one matter) are less
probable during HPC because these nanoparticles
are nonporous, therefore ice crystallites cannot
provide disjoining pressure inside nanoparticles.
However, the temperature—pressure behavior of
nanoparticles of binary and ternary nanooxides of
larger sizes can be more complex in HPC [31-33].
For instance, there is a certain difference in the
behavior of crystalline (e.g., alumina, titania) and
amorphous (silica) nanoparticles, especially
relatively large (100-200 nm in size) core—shell
nanoparticles, during HPC [31-33]. Fumed
core—shell particles can be destroyed during HPC
(since the S value strongly increases after HPC) in
contrast to small primary nanoparticles composed
with one matter and characterized by the S value
remaining practically the same after HPC [31-33].

Thus, “soft” hierarchical structure (i.e., supra-
NPNP) of nanooxides is sensitive to any external
actions such as pressing, mechanochemical
activation (MCA), gelation (hydro-compaction),
cryogelation, efc.; however, NPNP are typically
more stable [16, 17, 19-26, 31-33]. These aspects
are of interest from practical point of view.
Therefore, the aim of this work was to generalize
information on the effects of chemical composition
of nanooxides (different amounts of components in
compositions with silica/alumina, silica/titania, and
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alumina/silica/titania) and gelation conditions
(temperature, pressure, water amounts, post-HPC
treatment) in comparison to dried gels prepared
under standard conditions without freezing or initial
powders after MCA on the morphological and
textural characteristics of nanooxides.

MATERIALS AND METHODS

Individual oxides: fumed nanosilica A-300
(several samples) and fumed nanoalumina
(Seer = 89 m%g), binary fumed silica/titania ST63,
ST80 and ST94 (63, 80, and 94 wt. % of titania,
respectively), titania/silica at 20 wt. % of titania
synthesized using A—100 (Sger ~ 100 m?%/g) as a
substrate by chemical vapor deposition (CVD)
method  (label CVD-ST20), and fumed
alumina/silica/titania, AST1 (89 wt. % of partially
crystalline alumina, 10 wt. % of amorphous silica,
and 1 wt. % of titania as a small number of titania
nanoparticles doped by silica and alumina and a
solid solution of titania in alumina and silica phases,
Sper = 83 m%/g) were used as the initial powder
materials (Pilot plant of the Chuiko Institute of
Surface Chemistry, Kalush, Ukraine). Some
powders (preheated at 723 K for 2 h) were
mechanochemically activated in a stainless steel
microgrinder (30 W, volume 10 cm® with a stainless-
steel ball of 0.8 cm in diameter) for 5 or 30 min or in
a ball-mill for 1-24 h (dry or wetted powders).

Aqueous suspensions of nanooxides (5, 10,
15, or 20 wt. %) were prepared using doubly
distilled water (pure or with 0.1 M NaCl, dried
samples labels cs or gs) by sonication (22 kHz)
for 5 min. The dispersions were then frozen at
260 K (for 12 or 24 h) or 208 K (for 12 h) or 260 K
(for 24 h) and them 77.4 K (for4 h) or 77.4 K (4 h)
in thick-walled stainless-steel reactors at
pressures of up to 1050 atm, caused by ice
crystallites formed in the frozen suspensions
(~10-15 mL) placed in strongly restricted volume
of the cryo-bombs. Then cryonanooxide samples
were dried in glass dishes in air at room
temperature for 2—5 days to air-dry state (label
cryogels, c¢). The same suspensions prepared at
standard conditions were kept at room
temperature for 24 h and 1 atm to prepare gelled
samples (label gel, g) and then dried for 2—5 days
to air-dry state. All the final materials studied
were prepared in the powder state.

To analyze the textural characteristics of initial
and differently treated nanooxides degassed at
373 K for several hours (Table 1), low-temperature
(77.4 K) nitrogen adsorption—desorption isotherms
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were recorded using a Micromeritics ASAP 2420
(V2.09 J) adsorption analyzer. The specific surface
area (Sget, Tables 1-4) was calculated according to
the standard BET method [58]. The total pore
volume (V,) was evaluated from the nitrogen
adsorption at p/po = 0.99, where p and py denote the
equilibrium and saturation pressure of nitrogen at
77.4 K, respectively. The nitrogen desorption data
were used to compute the pore size distributions
(PSD, differential f(R) ~ dVy/dR and
fs(R) ~ dS/dR) with the density functional theory
(DFT) method [59, 60] using a self-consistent
regularization (SCR) procedure under non-
negativity condition (fv(R) > 0 at any pore radius R)
at a fixed regularization parameter & = 0.01 with a
complex pore model with cylindrical (C) pores and
voids (V) Dbetween spherical nonporous
nanoparticles packed in random aggregates. The
void-cylindrical pore model was used for one
(CV/SCR) or two (VCV/SCR) materials such as
silica and titania or alumina and silica using the
parameters for these materials [59, 60]. In the case
of VCV/SCR, two different nanoparticle size
distributions are used upon the DFT calculations
because A—300 and nanoalumina or AST1 are
composed of particles with different PaSD [16, 17]
that reflects in different values of Sger. Two shapes
(VC) of pores are used for a major phase, and
single shape (V) of pores is used for a minor phase.
The differential PSDs with respect to pore volume
(R) ~ dV/dR, [f(R)AR ~ V, were re-calculated to
incremental PSD (IPSD) at ®v(R)) = (fv(R+1) +
JU(R))(Ri+1—Ri)/2 at X Dv(R;) = V). The differential
fs(R) functions were used to estimate the deviation
of the pore shape from the model as follows

Rmax
Aw:{SBET/ | fS(R)dRJ—l, (1)
Rmin
where Rmax and Rmin are the maximal and minimal
pore radii, respectively [61]. The f/(R) and fs(R)
functions were also wused to calculate
contributions of nanopores (Vpano and Spano at
0.35 nm < R < 1 nm), mesopores (Vmeso and Smeso
at 1 nm < R <25 nm), and macropores (Vmacro and
Smacro at 25 nm < R < 100 nm). The average values
of the pore radii were determined with respect to
both pore volume and specific surface area,
respectively, as the corresponding moments of the

distribution functions
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Rm‘dx Rm'dx
<R, >= [ Rf,(R)YAR/ [ f,(R)dR,

(2)
Rmm Rmin
Rmax Rmux

<Ry >= j Rf,(R)dR/ j £, (RYdR . 3)
Rmin Rmin

Additionally, the PSD were calculated using
nonlocal density functional theory (NLDFT)
method [62] wusing equilibrium model of
cylindrical pores in silica.

High resolution transmission electron
microscopy, HRTEM (JEM-2100F, Japan)
images were recorded for initial A—300, cryosilica
cA-300, initial AST1, and cryonanooxide cAST1
as representative samples. A powder sample was
added to acetone (for chromatography) and
sonicated. Then a drop of the suspension was
deposited onto a copper grid with a thin carbon
film. After acetone evaporation, sample particles
remained on the film were studied with HRTEM.

X-ray diffraction (XRD) patterns of samples
were recorded over 20 = 10-80° range using
DRON-4-07 (Burevestnik, St. Petersburg) and
Ultima IV (Rigaku, Japan) diffractometers with
CuK, (4 = 0.15418 nm) radiation and a Ni filter.
Analysis of the crystalline structure was carried
out using the JCPDS Database (International
Center for Diffraction Data, PA, 2001) [63].

RESULTS AND DISCUSSION

Different levels of the structural hierarchy:
NPNP (Figs. 1-5) > NPNP aggregates —>
agglomerates of aggregates > visible particles of
fumed oxides are characterized by a different
degree of the strength and rigidity. Typically, the
smaller the structures the greater their strength
and rigidity appearing under various external
actions studied here. As a whole, supra-NPNP
structures are much softer than individual NPNP,
and larger core-shell NPNP (100-200 nm, Fig. 4)
are less stable than smaller simple NPNP
(520 nm, Figs. 1-5) during MCA or HPC
(Tables 1-4). These features are weakly affected
by the crystallinity and amorphism of NPNP
(Figs. 1-7). However, various external actions
(such as pressing, wetting-drying-heating, MCA
of dry and wetted powders or suspensions,
gelation, cryogelation, and HPC) on simple and
complex nanooxides and their blends can change
not only supra-NPNP structures (i.e., textural
characteristics, Tables 1-4, Figs. 8-13) but also
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Table 1. Textural characteristics of initial powders and treated and dried suspensions (20 wt. %) of silica A—300 (DFT CV/SCR method)

Sample ITé P, SBZET, Sn;no, szesn, Sm;cro, Vg, Vna;m, Vm;so, Vma;ro, <Rv>, <Rs>, a, Aw
atm m-/g m-/g m-/g m-/g cm’/g cm’/g cm’/g cm’/g nm nm nm
Initial 303 180 109 14 0.735 0.065 0.423 0.247 23.6 53 4.5 0.167
Gel 2932 1 292 88 204 0 1.198 0.032 1.165 0.001 14.0 8.6 4.7 0.114
Gel/NaCl 2932 1 264 69 195 0 1.258 0.029 1.228 0 133 8.7 52 -0.036
Gel/NaCl washed 2932 1 276 73 203 0 1.313 0.029 1.283 0 13.9 9.1 4.9 0.009
Cryogel 208* 1000 297 87 210 0.1 1.384 0.032 1.350 0.001 15.2 9.5 4.6 0.085
Cryogel/NaCl 260° 1000 262 67 195 0 1.195 0.028 1.166 0 12.3 8.3 52 -0.034
Cryogel/NaCl washed 260° 1000 279 72 207 0 1.291 0.030 1.261 0 12.7 8.6 4.9 -0.021
Cryogel/NaCl 208* 1000 282 81 201 0 1.246 0.031 1.214 0.001 14.1 8.8 4.8 0.053
Cryogel/NaCl(rep) 208 1000 282 80 202 0 1.212 0.032 1.178 0.002 13.5 8.3 4.8 0.027
Initial 323 161 142 20 0.790 0.046 0.470 0.274 22.7 6.5 4.2 0.413
MCA 1 h (dry) 301 86 183 32 1.591 0.031 1.035 0.525 22.4 11.1 4.5 0.115
MCA 2 h (dry) 305 91 192 22 1.399 0.033 0.995 0.372 20.5 9.7 4.5 0.117
MCA 4 h (dry) 301 97 193 11 1.110 0.035 0.875 0.199 17.0 7.6 4.5 0.092
MCA 8 h (dry) 293 104 182 7 0.862 0.039 0.688 0.135 15.3 59 4.7 0.059
MCA 12 h (dry) 282 102 174 6 0.766 0.039 0.613 0.115 14.6 54 4.8 0.049
MCA 18 h (dry) 273 105 163 5 0.680 0.040 0.540 0.100 13.8 4.9 5.0 0.036
MCA 24 h (dry) 257 95 157 5 0.652 0.038 0.514 0.100 14.1 4.8 53 0.004
Initial 330 121 190 19 0.826 0.026 0.493 0.307 28.3 7.6 4.1 0.342
MCA 1 h (wetted, 7 = 0.5 g/g) 345 109 204 32 1.419 0.033 0.888 0.498 23.2 9.8 4.0 0.071
MCA 6 h (wetted, 7 = 0.5 g/g) 332 108 223 0.9 0.771 0.044 0.691 0.037 9.0 4.1 4.1 -0.021

Note. *Gelation for 12 h and ®24 h; a is the average radius NPNP



Table 2. Textural characteristics of initial powders and treated suspensions dried of silica, alumina and silica/alumina blends (DFT VCV/SCR method)

Sample T, Cm:), P, SBzET, Sn;no, szeso, szzlcru, Vg, Vna;o, Vmgso, Vma;ro, <Rv>, <Rs>, a,

K wt. % atm m-/g m-/g m-/g m-/g cm’/g cm’/g cm’/g cm’/g nm nm nm
A-300 330 134 178 18 0.826 0.032 0.517 0.277 25.5 7.3 4.1
AlLO; 89 27 56 6 0.167 0.004 0.098 0.065 27.6 7.2 8.4
cA-300 208 5 1000 280 89 190 1 1.474 0.035 1.422 0.018 16.1 10.1 4.9
cA-300 208 10 1000 293 89 203 0 1.341 0.036 1.305 0 12.7 8.4 4.7
cA-300 208 20 1000 289 91 198 0 1.298 0.038 1.260 0 12.0 8.0 4.7
gALO; 293 20 1 76 11 64 1 0.545 0.003 0.525 0.016 18.4 14.4 9.9
gsALOs? 293 20 1 72 13 39 21 0.521 0.004 0.224 0.294 28.0 17.2 10.4
csAlLOs? 208 20 1000 72 12 41 20 0.553 0.004 0.258 0.292 26.7 17.2 10.4
A-300/A1,03(1:1) 165 0 142 23 0.541 0 0.281 0.259 31.0 134 59
A-300/A1,03(1:3) 116 0 97 19 0.434 0 0.211 0.224 34.6 153 7.3
A-300/A1,03(3:1) 226 0 197 29 0.670 0 0.363 0.307 30.0 12.7 5.0
gA-300/A103(1:1) 293 5 1 173 0 150 23 0.543 0 0.291 0.252 30.9 133 5.6
gA-300/A1,05(1:3) 293 5 1 119 0 101 18 0.426 0 0.219 0.207 332 14.9 7.1
gA-300/A1,03(3:1) 293 5 1 231 0 202 29 0.678 0 0.378 0.300 29.2 12.5 4.9
cA-300/A1,05(1:1) 208 5 1000 171 0 147 24 0.549 0 0.289 0.260 31.7 13.7 5.7
cA-300/A1,05(1:3) 208 5 1000 115 0 98 17 0.426 0 0.215 0.211 33.6 15.1 7.4
cA-300/A1,05(3:1) 208 5 1000 227 0 198 29 0.682 0 0.376 0.307 29.5 12.7 5.0
cA-300/AL05(1:1) 208 5 1000 164 0 142 22 0.541 0 0.279 0.261 35.1 144 59
cA-300/AL05(1:3)" 208 5 1000 111 0 92 19 0.424 0 0.213 0.211 32.8 153 7.6
cA-300/AL05(3:1)" 208 5 1000 218 0 187 31 0.706 0 0.367 0.339 32.5 14.1 52

Note. * The suspensions with 0.1 M NaCl; dried at room temperature and "heated at 873 K. The values of Vano and Snano, Vieso and Smeso, and Vinacro and Siacro Were calculated by

integration of the fv(R) and fs(R) functions at 0.35 nm <R <1 nm, 1 nm < R <25 nm, 25 nm < R < 100 nm, respectively



Table 3. Textural characteristics of initial powders and treated aqueous suspensions dried of AST1 silica/AST1 blends (DFT VCV/SCR method)

Sample T, Cox, P, SBZET, Sn;no, szeso, Smazcro, V,;, Vna;o, Vmesso, Vma;ro, <Rv>, <Rs>, a,

K wt. % atm m*/g m*/g m*/g m*/g cm’/g cm’/g cm’/g cm’/g nm nm nm
ASTI1 83 30 46 7 0.217 0.006 0.116 0.096 27.8 8.5 9.5

gASTI 293 20 1 74 11 45 18 0.532 0.003 0.280 0.249 253 16.4 10.6
cAST1 208 20 1000 160 33 116 11 0.595 0.007 0.459 0.129 19.9 104 49
gsAST1 293 20° 1 120 26 76 18 0.506 0.006 0.252 0.248 28.4 12.0 6.6
csAST1 208 20? 1000 133 30 84 19 0.508 0.006 0.264 0.238 26.5 11.1 5.9
cAST1 260/77.4 20 1000 158 29 127 2 0.598 0.008 0.553 0.037 15.0 8.5 5.0
cAST1 77.4 20 1000 160 32 125 3 0.571 0.008 0.507 0.056 16.5 8.7 4.9
gA-300/ASTI(1:1) 293 20 1 147 0 71 76 1.029 0 0.221 0.808 39.5 26.6 6.8
cA-300/ASTI1(1:1) 208 20 1000 147 0 72 75 1.098 0 0.246 0.852 373 268 6.8
gsA-300/ASTI1(1:1) 293 20? 1 155 0 78 77 1.064 0 0.252 0.812 36.9 26.1 6.4
csA-300/AST1(1:1) 208 20° 1000 155 0 69 86 1.142 0 0.248 0.894 35.9 27.5 6.4

Note. Gelation of all samples was during 12 h. The first symbols in labels of dried samples correspond to cryogel (c), cryogel with salt NaCl (cs), * the suspensions with 0.1M NaCl
dried at room temperature, gelation at 293 K for 12 h (g) with NaCl (gs)



Table 4.  Textural characteristics of initial and differently treated nanooxides (DFT VCV/SCR method). The differential fs(R) functions were used to estimate the deviation of
the pore shape from the model as follows

Oxde 0 Pam  swe e ER S Y e s emde omde amo am
CVDST20 - - Initial powder 64 27 30 7 0.165 0.005 0.067 0.094 36.8 8.5 18.2
gCVDST20 298 1 Gel 65 22 32 10 0.236 0.004 0.099 0.133 30.3 11.5 17.9
cCVDST20 208 1000 Cryogel 64 24 28 12 0.270 0.005 0.155 0.110 31.5 12.8 18.2
ST20 - — Initial powder 87 55 26 7 0.228 0.019 0.089 0.120 31.8 6.1 13.4
gST20 293 1 Gel 90 46 31 13 0.365 0.015 0.139 0.211 314 9.9 12.9
cST20 208 1000 Cryogel 89 46 30 13 0.366 0.015 0.132 0.219 33.1 10.1 13.1
gsST20 293 1 Gel/NaCl 86 40 29 16 0.415 0.013 0.136 0.267 349 12.0 13.5
csST20 208 1000 Cryogel/NaCl 88 43 30 15 0.402 0.014 0.146 0.242 32.7 11.1 13.2
ST63 - - Initial powder 84 35 41 9 0.214 0.007 0.095 0.113 323 8.7 10.5
gST63 298 1 Gel 69 18 36 16 0.343 0.004 0.115 0.224 343 14.2 12.8
cST63 208 1000 Cryogel 70 21 35 13 0.341 0.005 0.113 0.224 38.5 143 12.6
ST80 - - Initial powder 24 9 11 3 0.061 0.002 0.022 0.038 39.1 10.2 33.6
2ST80 298 1 Gel 24 7 10 7 0.122 0.001 0.025 0.096 449 16.9 33.6
cST80 208 1000 Cryogel 24 5 12 6 0.106 0.001 0.021 0.084 43.5 15.5 33.6
ST94 - — Initial powder 30 14 12 4 0.100 0.003 0.034 0.062 36.8 10.1 25.1
2ST94 298 1 Gel 25 7 11 7 0.151 0.002 0.041 0.108 38.5 16.7 30.1
cST94 208 1000 Cryogel 26 7 12 6 0.139 0.002 0.047 0.090 36.4 15.6 28.9

Note. Gelation of all samples was during 12 h. The first symbols in labels of dried samples correspond to cryogel (c), cryogel with 0.1 M NacCl (cs), gelation at room
temperature (g) with NaCl (gs); a is the average radius of NPNP estimated from the Sger value
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the particulate morphology (Figs. 1-5) and
crystallinity (Figs. 6 and 7) of nanoparticles. The
MCA and HPC treatment effects more strongly
appear (up to destroying of AST1 nanoparticles
during HPC) for CFMO composed of both simple
(smaller) and core-shell (larger up to 100200 nm
in size) nanoparticles. Note that each type of
simple, binary, and ternary nanooxides has some
specific morphological, structural, and textural
characteristics [16, 17].

Nanosilica A-300, always composed of
amorphous NPNP (Figs. 1, 2, and 6), is
characterized by relatively stable nano-particulate
morphology upon different treatments of dry and
wetted powders or aqueous suspensions (Tables 1
and 2 a). However, supra-NPNP structures are
unstable upon any treatment, and their changes
depend on a type and time of the treatments in
different media. The main tendency is compaction
of the secondary and ternary structures with
increasing time or force of a treatment

(Figs. 8-11, Tables 1 and 2, S, V, <R>). Pressing
and stirring, e.g., MCA of dry powders or HPC of
frozen concentrated suspensions of A—300 at ca.
1000 atm, results in minimal diminution of the
specific surface area (Table 1, Sger). However, the
pore volume, V}, (determined from the nitrogen
adsorption) increases due to compaction of supra-
NPNP (see <R> values, Tables 1 and 2) and
increasing bulk density (p,) by an order of
magnitude (Fig. 10 ¢) [16, 17]. This is an apparent
contradiction because it is due to more effective
adsorption of nitrogen (at 77.4 K), which weakly
adsorbs in broad macropores [58, 64]. Thus, small
changes in the Sget value are observed upon MCA
of dry or weakly wetted A—300; however, there is
some threshold (4. = 1.5 g/g) of the degree of
hydration of fumed silica. If # > A that stronger
changes are observed in the textural

characteristics during relatively short time of
stirring of wetted A—300 (Fig. 9, Tables 1 and 2)
[26, 65].

Fig. 1.
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HRTEM images of initial A—300 of different magnification (scale bar: (a) 50 nm, (b) 20 nm, and (¢) 5 nm)
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10 nm

c

Fig. 2. HRTEM images of dried A—300 cryogel of different magnification (scale bar: (¢) 50 nm, (b) 20 nm, and (c)
10 nm)

¢
Sdei,

Fig. 3. HRTEM image of fumed alumina and electron diffraction pattern (insert) (scale bar 50 nm)
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It should be noted that not only the amounts
of a liquid but also its type affects the MCA
results (Fig. 10 ¢), e.g., the effects of alcohol [65]
or hydrophobic solvents [16, 17] on the
reorganization of supra-NPNP are smaller than
that of water. This is due to several factors: (i)
high polarity of water molecules and participation
of all atoms in the formation of strong hydrogen
bonds in contrast to alcohol or alkane molecules;
(i1) small molecular size of water; (iii) penetration
of the water molecules into narrower voids
between adjacent NPNP and breakage of bonds
(electrostatic non-valence or siloxane bridges)
between these NPNP (alcohol or alkane

Fig. 4.
100 nm, (c) 200 nm)

Certain compaction of A-300 supra-NPNP
(NPNP aggregates) after HPC is observed in
HRTEM images (Figs. 1 and 2) also
demonstrating that NPNP are amorphous and
spherical-like (but nonideal ones). This rough
shape of NPNP causes relatively large errors of
the CV/SCR model (Table 1, Aw) for initial
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molecules cannot do that); and (iv) clustered
adsorption of water resulting in delay of the
formation of a continuous hydration shell of
NPNP (that is a reason of a wetting threshold at
hi). The h; value is determined by the appearance
of a continuous water phase that results in
complete wetting of all NPNP (non-clustered one
as at smaller /& values) and compaction of wetted
supra-NPNP structures to reduce the Gibbs free
energy of the system [16,17]. If wetting and
external action occurs without stirring (e.g., HPC)
or at & < h; that the reorganization of supra-NPNP
is smaller than that after stirring at & > A (Fig. 9,
Table 1).

100 nm

HRTEM images of AST1: (a) initial, (b) dried cryogel, and (c¢) dried cryogel with NaCl (scale bar: (a, b)

nanosilica. These errors decrease due enhanced
mechanical pretreatment of samples and an
increase in contribution of the cylindrical pores
due to compaction of the supra-NPNP structures
and diminution of contribution of nanopores
(nanovoids) with the topology poorly described
by the CV model of pores. The PSD of treated
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nanosilica become more uniform with a
maximum intensive peak of mesopores
(Figs. 8-10). Changes in conditions of gelation of
A-300 result in smaller changes in the PSD in
comparison to the HPC effects (Fig. 8). However,
for CFMO having broader PaSD than nanosilica
A-300 [16, 17, 22], the PSD of treated samples
are broader (Figs. 8-13) because it is more
difficult to reorganize less uniform NPNP,
especially large ones, into the texture similar to
that of treated A—300 composed of much smaller
NPNP. Therefore, contribution of macropores
increases for treated CFMO or their blends with
A-300 (Tables 1-4, S, V, <R>). Note that some
treatments (e.g., MCA of dry or weakly wetted
samples at 42 = 0.5 g/g) of A-300 alone result in

C

Fig. 5.
of (b) 500, (¢) 10, and (d) 5 nm

In this approach, the crystallite size
distributions (CSD) typically give smaller sizes of
crystallites than particles observed in HRTEM
images due to complex (e.g., core-shell) structure
of CFMO nanoparticles. The broader the XRD
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enhanced macroporosity (Table 1, Figs. 8-10).
MCA during different time upon treatment of dry
A-300 powder and MCA of differently wetted
A-300 leads to different changes in the PSD
(Fig. 9). The MCA of dry A-300 gives smoother
changes in the PSD vs. fmca (Fig. 9 a, b) in
comparison to the MCA of differently wetted
A-300 (Fig. 9 ¢, d) because strong hydro-
compaction of the supra-NPNP structures occurs
ath>h=1.5g/g.

The full XRD profile analysis (FPA) applied
with a self-consistent regularization procedure
(using a spherical model of crystallites) without
corrections on the instrumental line profile due to
equipment effects provided appropriate fitting of
total XRD patterns of CFMO as it was described
in detail previously [66].

d

HRTEM images of initial (¢) ST20 (scale bar 10 nm) and (b-d) ST63 at different magnifications at scale bar

line (Figs. 6 and 7), the smaller is the
corresponding crystallite size (Figs. 3-5) [66].
The CSD functions were also computed using the
main XRD lines of crystalline titania: anatase
(20 = 25.3°) and rutile (27.4°), and crystalline
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alumina (67.1°) with consideration of an
instrumental line profile due to equipment effects
[66]. An increase in titania amounts in ST and
AST]1 results in an increase in sizes of titania
crystallites (the corresponding XRD lines become
narrower) because growing of titania particles
(cores in core-shell particles or individual ones,
Fig. 4) is faster in the flame than silica particles
(shells). In the case of fumed ST20 and titania
(20 wt. %) chemical-vapor deposited (CVD) onto
nanosilica (CVD-ST20), the CSD functions are
similar due to the same amounts of titania and the

same second (silica) phase [66]. Minimum sizes
of crystallites are observed for alumina alone or
SA and ASTI1 samples. The FPA/CDS/SCR
computation results are in agreement with
HRTEM images (Figs. 3-5) showing the
formation of crystallites in core-shall or
individual NPNP [66]. According to HRTEM
images of CFMO (Figs. 3-5), a surface layer of
crystalline particles is always amorphous.
Therefore, upon MCA, gelation, HPC, efc., a role
of crystalline structure of NPNP cores could be
minimal if the destroy of NPNP does not occur.

2500 4:1 )
3 A-300/A1,0, MCA |
20001 /1:1}
5 1500 N i
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— 1000+ + Yy [ (]
| il
ol J 7
500 A h’:} o) piv g
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Fig. 6. XRD patterns: (@) initial and MCA A-300 and nanoalumina, (b)) MCA blends of A-300/nanoalumina (4:1,

1:1, 1:3), and (¢) nanoalumina after MCA and HPC

MCA of the dry alumina powder can enhance
the crystallization, and contribution of an
amorphous phase decreases (Fig. 6 a). A similar
effect is observed upon HPC of alumina (Fig. 6 ¢)
or AST1 with 89 wt. % of alumina (Fig. 7).
However, addition of A—300 to nanoalumina and
MCA of the dry A-300/A1,0; blends diminishes
this effect (Fig. 6 b). A similar damping effect of
A-300 is observed upon different treatments of
the blends with CFMO composed of larger NPNP
than silica alone (Table 3, Figs. 11 and 12). For
example, decomposition of large core-shell AST1
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particles is not observed upon HPC of its blend
with A—300 (1:1), and the Sger values of samples
after gelation and HPC with aqueous media or
with addition of 0.1 M NaCl are similar (Table 3),
in contrast to HPC of AST1 alone. The damping
effect of NaCl crystallites on the breakage of the
core-shell AST1 nanoparticles upon HPC is
weaker than that of A-300 (Table 3, Figs. 4, 7,
and 12). Additionally, NaCl (forming relatively
large particles, Fig. 4 ¢) diminishes the
crystallization of AST1 upon HPC in comparison
to the effect observed for AST1 alone (Fig. 7 a).
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cryogels (HPC) differently prepared

An increase in the bulk density of MCA
A-300 with treatment time (Fig. 10 ¢) leads to the
displacement of the PSD peak toward smaller
pore sizes (Fig. 10 a, b). This effect is general for
fumed oxides [16, 17] due to features of the
organization of supra-NPNP structures. However,
it becomes smaller for CFMO with larger sizes of
NPNP and broader PaSD due to some hindering
of the reorganization of larger NPNP in the supra-
NPNP structures. However, the presence of a
fraction of very small NPNP, e.g., in ASTI
(Fig. 4), provides stronger reorganization
(Fig. 12) than that for ST samples (Fig. 13)
composed of larger NPNP (Fig. 5). A decrease in
the Sger value (i.e., increase in the size of NPNP,
Table 4 a) leads to a tendency of the displacement
of the PSD peak toward large pore sizes both for
gels and cryogels dried (Fig. 13). It is maximal for
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Incremental PSD (DFT CV/SCR) of degassed A—300 initial powders and dried and degassed (@) gels and ()

ST80 possessing the smallest Sget value and large
NPNP (Tables 1-4).

Unusual  results are observed for
A-300/nanoalumina samples after gelation or
cryogelation (Fig. 11) because addition of A—300
composed of small NPNP (Figs. 1 and 2, Tables 1
and 2) results in broadening of the PSD. This
result could be explained by opposite charging of
a surface of silica (isoelectric point (IEP) is ca.
2.2, surface charges are negative in native
aqueous suspensions, typically, pH 4.5-5.5) and
alumina (IEP at 9.9, i.e., it has positive charges at
a surface of NPNP) in the aqueous media [67].
Therefore, NPNP of silica and alumina can be
strongly binding in the aqueous suspensions and
these bonds (of the electrostatic origin) remains
after drying of the suspensions (after gelation or
cryogelation).
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Pore size distributions with respect to (a, ¢) pore volume and (b, d) specific surface area for A-300 after (a, b)

MCA of dry powder vs. time of MCA treatment (fmca) and (¢, d) MCA of wetted powder vs. the water content

(h) (DFT VC/SCR)

In the case of AST1, NPNP surface is
complex and the surface composition of CFMO
NPNP determines the acid/basic properties varied
due to the presence of various active surface sites.
Concentrations and types of different hydroxyls
such as terminal =MOH and bridging
=MO(H)M= or (EM);0H for individual oxides
(with hypervalent surroundings of metal atoms
such as fivefold-O (MY) or sixfold-O (M)
coordinated Al and Ti) and =M,;0(H)M»= (where
M, M,, M, are metal atoms) as well as other
hydroxyl structures (e.g., twin M(OH),) influence
the behavior of complex oxides in aqueous media.
Incompletely O-coordinated surface metal atoms
(e.g., M™) correspond to the Lewis acid sites
(electron-donor ones). The surface oxygen atoms
with great electron density correspond to the
Lewis basic sites. Bridging hydroxyls correspond
to the Bronsted (B) acid sites (proton-donor ones).
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Typically, =M;O(H)M,=, e.g., M; = Siand M, = Al,
possesses higher B acidity than =MO(H)M=
(M = Al, Ti, etc.). Terminal hydroxyls can be
amphoteric (for silica, titania, etc.), i.e., proton-
donor or proton acceptor ones depending on the
kind of an adsorbate, or basic sites (on alumina,
magnesia, etfc.), ie., electron-donor sites.
Therefore, interactions of AST1 and A-300
NPNP could be weaker in the aqueous media than
that for silica and alumina. This provides more
effective reorganization of the AST1/A-300
supra-NPNP structures (Fig. 12) than that for
A-300/alumina (Fig. 11) upon various treatments
of the blends.

A type and time of treatment of FMO
individual or blends more strongly affects the
PSD than that of changes in the blend
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Pore size distributions for A—300 initial and after MCA of wetted (2 = 0.5 g/g) powder vs. time of MCA treatment

(tmca) calculated with the DFT method using models: (a) CV/SCR (contributions of voids and cylindrical pores
(in silica) V:C = 0.4/0.6, 0.15/0.85, and 0.1/0.9 at tmca = 0, 1, and 6 h, respectively, determined with the SCR
procedure) and () NLDFT (model of cylindrical pores in silica); and (¢) bulk density vs. fuca for A—300 treated
in air or with addition 0.5 g of liquid (water, alcohol, or H,O/C,HsOH = 1 vol/1 vol) per gram of silica

compositions (Figs. 8-13). The latter could
provide practically additive results (Fig. 11). This
difference could be explained by stronger changes
in the supra-NPNP structures upon MCA or
hydro-compaction than in the NPNP morphology
even under HPC (with exception of AST1 with
breakage of large core-shell NPNP under HPC).
As a whole, according to the particulate
(Figs. 1-7) and textural (Tables 1-4, Figs. 8-13)
characteristics, all FMO keep their particulate
morphology and remain texturally
meso/macroporous independent of the type and
time of treatments of dry or wetted powders of
suspensions dried. This aspect is of importance
because any studied treatment could not lead to
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significant losses of the morphological and
textural characteristics important from a practical
point of view. However, strong MCA, HPC, and
hydro-compaction of FMO could lead to a certain
diminution of the adsorption of high-molecular
weight compounds (polymers, proteins, etc.) due
to enhanced aggregation and narrowing of voids
between NPNP. Additionally, compacted FMO
with more stable supra-NPNP structures could be
worse fillers of polymers. It should be noted that
compaction of FMO could occur during long-
term storage (several years) of the powders
resulting in significant loss of the specific surface
area [17, 60, 68].



Morphologic and textural effects of gelation

and mechanochemical activation on dry or wetted simple

Fig. 11.

Fig. 12.

A-3000ALO,
MCA 5 min p‘"'i

1==1;1

2——13 3 {

331
Initial ,J‘/.:\ ,

0.0154

{em’ig)

4 AL,
0.010-

IPSD

0.000 vy T v
1 10 100
Pore radius {nm)

a
0124 A-300/A1,0,
5% suspension
010+ 208 K for 12 h, 1000 aim
©7 | drying at 293 K
'g 1——1:1
Lo.08- 2——1:3
o F——31
£ 4—— 20% A-300 suspensicn
0.06
0.04 4
0.02 4
0.00 k
1 10 100
Pore radius (nm)
C

300,00,
MCA 5 % suspension
003, 1——11

=13

331

20% ALO, suspension
d— wrater
55— 0.1M NaCl

(em¥ig)

IPSD
=]
]

0.00

Pore radius {nm)

b

A-300/A1;04

5% suspension

208 K for 12 h, 1000 atm

drying at 873 K 4

1—s—1:1

o4 213
G 32
Initial

— A-300
5—— A0,

IPSD (gmg)
5]

Pore radius (nm)

d

IPSD of initial powders and dried and degassed A—300/nanoalumina (weight ratio 1:1, 1:3, and 3:1) blends
as (a) powders, (b) dried gels, and (¢, d) dried cryogels (HPC) differently prepared (DFT VCV/SCR)

4—— 260 K->TT4K
+0.1M NaCl
024 Gt non-=frozen

.a?_oe- 2——208K
§ | 3—=—7174K
[=]
g

§—o— 208 K

0,004

10 1 100
Pore Radius (nm)
a b
A-BDOIAST1
| 20% suspension
0.8 1atm.
i waler
2- o~ 0.1M NaCl
| 1000 atm.
@u'% F—s— waler
"E 4—+—0.1M NaCl
s Initial
00.04 5= A-300
2| 6——nsT1
0.02
0.00-borms i i

Pare Radius (nm})
C

IPSD of dried and degassed A-300 and AST1 powders (initial), gels, and cryogels (HPC) (a, ) individual
and (c) their blend (weight ratio 1:1) differently prepared (DFT VCV/SCR)

ISSN 2079-1704. CPTS 2022. V. 13. N 4

377



V.M. Gun’ko

ST20
0015 °

0010

IPSD (ecm’/g)

0.005

0.000

Pore Radius (nm)
a

f=]
(=1
=
(=1

§

3
IESEII {cg—. 1)
g g

Pore Radiug (nm)
C

Fig. 13.

1 10 100
Pore Radius (nm)
b
0.0044 STBO
—— [nitial
gel
& STe4
3 - inital
mw
Eu.m- gl
0,000 Lot
1 10 100
Pore Radius (nm)
d

IPSD of dried and degassed powders, gels, and cryogels (HPC) of silica/titania samples: (a) ST20, (b)

CVD-ST20, (c¢) ST63, and (d) ST80 and ST94 differently prepared (DFT VCV/SCR)

CONCLUSION

According to HRTEM, XRD, and adsorption
data, the characteristics and properties of fumed
simple, binary, and ternary oxides depend
strongly on various external actions. Gelation or
high-pressure cryogelation of aqueous media pure
or with certain salinity (0.1 M NaCl), and
mechanochemical activation of dry or wetted
powders of individual (silica, alumina, their
mechanical blends) and complex (silica/titania,
alumina/silica/titania, ASTI1, AST1/A-300)
nanooxides strongly influence the particulate
morphology (weaker) and textural characteristics
(stronger) of  treated samples. The
temperature—pressure  behavior of different
phases (silica, alumina, and titania) under HPC
leads to destroy of complex core-shell
nanoparticles (100-200 nm in size) in contrast to
small nonporous nanoparticles (5-20 nm). The
textural characteristics of nanooxides are
sensitive to any external actions due to
compaction of such supra-NPNP structures as
aggregates of nanoparticles, agglomerates of
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aggregates, and visible particles in the powders.
The compaction of supra-NPNP enhances the
pore volume (for adsorption of low-molecular
weight compounds such as nitrogen, water, efc.),
but it much weakly affects the specific surface
area (with one exception of AST1 destroyed
under HPC) because small NPNP are relatively
stable during any external actions (HPC, MCA)
studied. The compacted FMO materials are
characterized by enhanced mesoporosity shifted
to macroporosity with decreasing specific surface
area and increasing sizes of nanoparticles or to
mesopores with increasing MCA time or amounts
of water in wetted powders treated and dried. At
low hydration degree of the A-300 powder
(h = 0.5 g/g), the value of Sger slightly increases
if MCA is provided by stirring or ball-milling
(due to partial decomposition of aggregates of
NPNP), but subsequent treatment results in
diminution of the specific surface area (due to
compaction of supra-NPNP structures); i.e., the
surface area accessible for probe (nitrogen)
molecules decreases due to stronger compaction
of supra-NPNP structures. Diminution of the
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freezing temperature from 208 to 77.4 K during
HPC results in enhanced compaction of
aggregates and agglomerates, but this treatment
does not practically affect the morphology of the
primary  nanoparticles. The degree of
decomposition of core-shell nanoparticles of
AST1 does not practically increase with
decreasing freezing temperature from 208 to
77.4 K. Under HPC, decomposition of core-shell
AST1 particles is inhibited by added A-300 (1:1)
working as a damper located between AST1 core-
shell NPNP. The effect of NaCl as a damper is
much weaker than that of nanosilica because
NaCl forms relatively large nanoparticles. Thus,
upon the use of FMO, all aspects related storage
and external actions should be considered with

respect to possible changes in the particulate
morphological (more stable due to stability of
NPNP) and textural (less stable due to a soft
character of supra-NPNP structures)
characteristics of the materials.
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Mop¢oJioriuHi Ta TEKCTYPHI e()eKTH KeJIBAHHA Ta MEeXaHOXIMIYHOI aKTHBANII CyXHX Ta
3MOYeHHUX NMPOCTHUX Ta CKJIATHUX HAHOOKCH/IIB

B.M. I'yubko

Inemumym ximii nogepxui im. O.0. Yyiixa Hayionanvnoi akademii nayx Yrpainu
eyn. I'enepana Haymosa, 17, Kuis, 03164, viad_gunko@ukr.net

Xapaxkmepucmuxu ma 81acmugocmi nipo2eHHUX OKCUOI8 CYMMEBO 3ANeNHCAMb 810 PIZHUX 306HIWHIX 8NIUGIE, WO
€ sadiciusum 3 npakmudnoi mouxu 30py. Tomy 6y10 00CIIONCEHO GNIUG HCETIOBAHHS MA ICETIOBAHHSL NPU BUCOKOMY
mucky (KBT) éoonux cycnensiii, yucmux ma npu 0.1 M NaCl, ma mexanoximiunoi axmusayii (MXA) cyxux ma
3MOYEHUX NOPOWIKIE THOUBIOYATbHUX (KpeMHe3eM, OKCUO amoMinito ma ixwi cymiwi) ma cknaouux (SiOx/TiO (ST),
ALO3/SiO/TiO; (AST), AST/A-300) nanonoxcudis 0 U3HAUEHHS! BNAUBY IXHBOLO CKIAY MA MOPPON02ii, a maKodic
VMO8 NPUSOMYBAHHSL HA 3MIHU MOPQONOSIYHUX MA MEKCMYPHUX XaAPAKMePUCmuKx mpeHoganux 3paskig. Ilosedinka
pisnux gas (SiOs, TiO> ma Al>O3) nanookcudie 6 3anexcnocmi 6i0 memnepamypu, mucky ma cepeoosuwa npu XBT
Modice npu3eooumu 00 PYUHYEAHHS CKIAOHUX HAHOYACMUHOK muny s0po-obononxa (posmipom 100-200 wm), na
BIOMIHY 610 Manux Hanowacmunok (5—20 um). Texcmypui Xapaxmepucmuku HaHOOKCUOIB € YYMAUBUMU 00 6)0b-1K020
306HIUHBO2O GNIUGY GHACTIOOK VIYITbHEHHS CYRPAYACMUHOK (a2pe2amieé HAHOYACMUHOK, a2IoMepamis azpe2amis ma
BUOUMUX CIPYKMYP NOPOWIKIG. YWinbHeHHA CYNpavacmutok HNpugooums 00 30inbulentsi 00’emy nop, wo
BUBHAYAEMbCA 34 AOCOPOYIEIO A30MY, MA OESIKOMY 3MEHUEHHIO numomoi nogepxti (3a eunamxom ASTI), ockinbku
Man  HAHOYACMUHKU € CMAOIIbHUMU 3G BUKOPUCTIAHUX VMO8  MPEHYEAHHs.  YUWilbHeHl  HAHOOKCUOU
Xapaxmepusylomsbcs. HOCUIEHOI0 Me30NOPUCHIIO 31 3CY80M NIKY PO3NOOLLY HOP 3a PO3MIpOM Y OIK MAKponop npu
3MEeHUleHHI NUMoMOi nosepxHi (Mobmo npu 30i1bUWeHH pO3MIPI6 HAHOYACMUHOK) a0 Me30nop npu 30LNbUeHH] Yacy
MXA yu kinexocmi 600u y smouenux nopouwikax. Ipu maniti 2iopamayii A—300 (h = 0.5 2/2) numoma nosepxmsi Hagimo
soinvuyemoca npu MXA. 3uenwenna memnepamypu KBT 3 208 0o 77.4 K npuszgooums 0o nocunenus yujintoHenHs
CYNpavacmuHoK, npome ye He 6NIUSAE HA 3MiHU Mopgonozii nanowacmunok. Lle makoxc He eniusac nHa epexm
pyunysanns eenukux AST namouacmunox muny sopo-odonouxa. Ilpome pyinysanns yux 4acmuHoOK CYmMmeso
smenuyemocst npu 0ooasanni A—300 0o ASTI (1:1), mobmo mani yacmunxu 06ymosnowms demn@epHuil egexm.

Knwowuosi cnosa: manoxpemmesem, HAHOOKCUO ANIOMIHIIO, KpeMHe3eM/MUman, 2iuHo3eM/KpemHesem/muman,
Kpioeenensyis nio 6UCOKUM MUCKOM, MOPPOLOSTUHI ma MeKCMYPHI XapaKmepucmuky
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