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The particulate morphology and textural characteristics of nanosilica A-300, initial and hydro-compacted
(cA-300) by wetting with various amounts of water in the range of h = 0.5-5.0 g per gram of dry silica, strongly stirred
and then dried, have been analyzed using low-temperature 'H NMR spectroscopy (treated-dried-wetted samples),
small angle X-ray scattering, scanning and transmission electron microscopies, infrared spectroscopy, and nitrogen
adsorption methods (treated-dried-degassed samples). The effects of the hydro-compaction of A-300 depend strongly
on the wetting degree with maximum changes at h = 1.5-2.0 g/g. The wetting degree could be varied to control the
reorganization of aggregates of nonporous nanoparticles (NPNP, which are composed of tightly packed adherent
proto-particles or nuclei) and agglomerates of aggregates (secondary and ternary structures, respectively), as well as
visible particles, i.e., there is a penta-level structural hierarchy of nanosilica with three-level supra-NPNP structures.
The hydro-compaction is accompanied by non-monotonic changes in the morphological and textural characteristics
of cA-300 vs. h. However, the nanoparticles are much weaker affected by the treatment than higher hierarchical
structures. At h <1 g/g, the reorganization of aggregate/agglomerate structures does not lead to diminution of the
specific surface area (SSA); however, at h > 1.5 g/g, the SSA value decreases, but the pore volume (estimated from
nitrogen adsorption) increases despite the empty volume (estimated from the bulk density ps) of the powder decreases
from 21.8 cm’/g for initial A-300 (p, = 0.045 g/cm’) to 3.45 cm’/g on hydro-compaction at h = 4.5 g/g
(p» = 0.256 g/cm®), pores become more ordered with a predominant contribution of cylindrical shapes. The textural
reorganization of dried hydro-compacted nanosilica is possible again after addition of new water amount. This
suggests that the chemical bonds between neighboring nanoparticles do not practically form upon the hydro-
compaction and subsequent drying. Thus, hydro-compacted nanosilica loses a dust-forming property (since py strongly
increases), but it remains active with respect to the NPNP mobility, e.g., in aqueous media, and the possibility of the
reorganization of the supra-NPNP structures remains under various external actions that is of importance from a
practical point of view.
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INTRODUCTION Sper = 50-500 m?g and the bulk density
pb ~ 0.04-0.13 g/cm’ increasing with decreasing
Sger. They are sensitive to any external actions
such as wetting—drying, heating—cooling,
adsorption, pressing, etc. due to weak bonds
between neighboring NPNP of electrostatic, van-
der-Waals, and hydrogen-bond origins in loose
supra-NPNP hierarchical structures [14—24]. The
intact fumed nanosilicas represent strongly
dusting powders that can be considered rather as
a negative property for various practical
applications [1-15, 25-39]. Therefore, nanosilica
compaction without a significant loss of its
positive characteristics (high SSA value, NPNP
activity, easy suspending and polymer filling,
etc.) is of importance from a practical point of
view. One of simple ways to modify nanosilica

Fumed nanosilica A-300 (studied here as a
representative of nanosilicas and other fumed
oxides) is composed of nonporous nanoparticles
(NPNP of 5-20 nm in size, average diameter
dav = 10 nm, and composed of strongly adherent
nuclei) forming aggregates (< 1 pum in size),
agglomerates of aggregates (> 1 um), and loose
visible particles (supra-NPNP structures). Fumed
silicas are synthesized using high-temperature
(> 1000 °C) hydrolysis of silicon tetrachloride
(or SiCliR4x where R is organic functionalities)
in a hydrogen/air flame that determine main
characteristics and properties of the powder
materials [1-13]. The powders of various
nanosilicas have the specific surface area (SSA)
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characteristics without changes in the surface
chemistry is hydro-compaction under standard
conditions [17-20, 40—-43]. High sensitivity of the
nanosilica powders to wetting-stirring-drying-
heating is due to multi-factor phenomena.
Therefore, it is needed deeper insight into the
problem to elucidate the dependences of the
morphological, structural, and  textural
characteristics of the materials on the amounts of
water used upon hydro-compaction treatment (or
other treatments), as well as on other conditions.
Note that porous silicas, such as silica gels,
precipitated silicas, and others synthesized at
relatively low temperatures in liquid media are
characterized by more tightly binding of
nanoparticles in rigid secondary structures (up to
microparticles or macroparticles). After wetting-
drying at room temperature (i.e., without
hydrothermal treatment) they do not practically
change the particulate morphology and textural
characteristics [14—18]. However, the hydro-
compaction effects under standard conditions can
be significant for nanosilicas with active, mobile
NPNP that provides easy rearrangement of loose
supra-NPNP structures quite characteristic not
only for nanosilica but also for other fumed
oxides [18-21, 40]. Therefore, the regularities
analyzed here for nanosilica could be found for
other fumed oxides [18-22].

Water as a polar and strongly structured
liquid, in which all atoms in the molecules can
form strong hydrogen bonds, tends to form
clusters around silanols (or other polar or charged
surface functionalities) at adsorbent surface. The
water cluster sizes depend on the amounts of
adsorbed water and adsorbent morphology and
texture [14-22]. If the amount of water bound to
a nanooxide is close to the volume of voids
between NPNP (e.g., estimated from nitrogen
adsorption) that water can form a continue
coverage of all nanoparticles that can affect the
structural reorganization of the supra-NPNP
structures [18-22, 44—48]. This important aspect
is analyzed below for nanosilica as a
representative of fumed nanooxides.

The aim of this work was to study the
dependence of the characteristics of hydro-
compacted nanosilica A-300 (cA—300) on the
amounts of water used on wetting of the silica
powder then mechanically treated (carefully
stirred) and dried. Upon wetting—stirring—drying
of nanosilica, there are additional important
factors such as temperature and pressure. An

increase in temperature and pressure (e.g., upon
hydrothermal treatment in steam or liquid phases)
can result in very great changes in the particulate
morphology and hierarchical structures of treated
silicas [18, 40]. This is rather a negative result due
to strong diminution of the SSA value, increase in
particle sizes, dispersivity loss, efc. Therefore, in
the present work, wetting-stirring of the
nanosilica was carried out at room temperature to
avoid strong reduction of the textural
characteristics. Note that there are a set of factors
differently affecting the studied phenomena
[18, 40]. Therefore, several informative methods,
such as small angle X-ray scattering (SAXS),
nitrogen adsorption-desorption, infrared (IR)
spectroscopy, scanning electron microscopy
(SEM), high-resolution transmission electron
microscopy (HRTEM), and low-temperature 'H
NMR spectroscopy, have been used here to
elucidate the influence the water content on the
results of the hydro-compaction treatment of
nanosilica in detail.

MATERIALS AND METHODS

Fumed nanosilica A-300 (Pilot plant of
Chuiko Institute of Surface Chemistry, Kalush,
Ukraine; specific surface area Sgpr = 294 m?/g
and corrected Sper = 275 m%/g [49] (vide infia),
bulk density p, ~ 0.045 g/cm’) was used to
prepare hydro-compacted (then dried) nanosilica
(cA-300) powders (Table 1). Nanosilica A—300 is
composed of nonporous nanoparticles (NPNP) of
~ 10 nm in average diameter. NPNP form
aggregates (< 1 pm in size) and loose agglo-
merates of aggregates (> 1 um in size) (Figs. 1
and 2) forming visible structures characterized by
a low value of py. Initial nanosilica A-300 was
used to prepare hydro-compacted nanosilicas
cA-300 using various amounts of distilled water
in the range of #=0.5-5.0 g per gram of dry silica.
At the maximal amount of water (h =5 g/g) used
here, an individual phase of water (similar to the
bulk water) does not form since the system has a
gel-like structure. Silica samples with different
amounts of added water were carefully stirred and
maintained for 3 days in closed dishes at room
temperature. Then samples were dried at 450 K
for six hours. Note that the samples were
appropriately treated before each measurement
using a variety of experimental methods.

A FEI Nova NanoSEM (accelerating voltage
of 5 kV) scanning electron microscope (SEM)
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was used to study the morphology of nanosilica
samples. The morphology was also analyzed
using a DualBeam Quanta 3D FEG FEI apparatus
under conditions of low vacuum at an accelerating
voltage of 2—-10 kV.

For high-resolution transmission electron
microscopy, HRTEM (JEM-2100F, Japan) study,
a dried 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.

Small-angle X-ray scattering (SAXS)
analysis of initial and hydro-compacted silicas
was done using an Empyrean (PANalytical,
Netherlands) diffractometer with Cuk, radiation
(with parallel beam X-ray mirror with a W/Si
crystal) using a transmission mode with scans
over the 0.115 —5°range at a step of 0.01° using a
continuous scan mode at 293 K. Before the SAXS
measurements, the samples were poured onto a
mylar film (6 pm in thickness), leveled and gently
kneaded by hand. The beam weakness after
passing through the sample was measured, then it
was corrected taking into account the background
observed calculating the absorption factor of each
sample. SAXS patterns were analyzed using
PANanalytical EasySAXS V. 2.0.0.405 program
(to calculate the particle size distributions (PaSD)
with a model of spherical particles) and some
approaches using homemade software to
calculate the PaSD and pore size distributions
(PSD) [50] and other textural characteristics. The
differential pore size distribution (PSD) functions
f(r) based on the SAXS data were calculated using
Fredholm integral equation of the first kind for
scattering intensity /(g) [50]

. 2
" (S gr—qgrcosgr
](Q)=CJ- ( 9 (qqr)z 4 )

where C is a constant, ¢ = 4mnsin(6)/A the
scattering vector value, 20 the scattering angle,
A the wavelength of incident X-ray, V(r) the
volume of a pore with radius r (proportional to 7°),
and f(r)dr represents the probability of having
pores with radius » to r + dr. The values of
Fmin (= T/¢max) and 7max (= T/gmin) correspond to
lower and upper limits of the resolvable real space
due to instrument resolution. This equation was
solved using the CONTIN algorithm [51]. The

V(r)f(r)dr (1)
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f(r) function could be converted into incremental
PSD (IPSD) ©(r)) = (f(ri+1) + fu(r))(#ir1—17)/2 for
clear view of the PSD at larger r values.

The chord size distribution, G(r) as a
geometrical statistic description of a multiphase
medium, was calculated from the SAXS data
[52, 53]

G(r) = CT [K—q41(q)]5r2(4 Sh;r"rj dq » )

where K is the Porod constant (corresponding to
scattering intensity I(q) ~ Kg™* in the Porod
range). As a whole, the G(r) function deals with
the pore wall thickness and sizes of other
nonuniformities with certain boundaries (e.g.,
proto-particles and nuclei in the NPNP interior) as
centers of the X-ray scattering.

The specific surface area based on the SAXS
data was calculated (in m?/g) using equation

K
Soaxs = 10° 7p(1— ) ——, 3)
(1-9) 0

a

where ¢ = pa/po is the solid fraction of adsorbent,
and Q is the invariant

0=[q'1(g)Mq- 4)

The Q value is sensitive to the range used on
integration of Eq. (4) (since experimental g values
are measured between the ¢min and gmax values
different from O and o). Therefore, the invariant
value O was calculated using equation [54]

Gmax

0=> (I(g)-b)qAq,+K/q,,
Imin (5)

where b is a constant determined using equation
Xg)q" = K + bg' (6)

valid in the Porod range.

To calculate the particle size distribution
(PaSD) functions for nanosilica, a model of
spherical particles could be applied with integral
equation

Rma

I@)=C | P(@.R)f(R)dR, ™

Rinin

where C is a constant, R is the radius of particles,
fIR) is the distribution function (differential
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PaSD), and P(R) is the form factor for spherical
particles [55] with the kernel P(q, R) =
(4nR*/3)’[®(¢)]’ and D(g,R) = (3/(qR)*)[sin(¢R) ~
gRcos(gR)]. The PaSD with respect to the volume
of particles (as abundance in vol%) could be
calculated as follows

PaSD(vol%) = R*f(R)/ [ R’ f(R)dR .~ (8)

The PaSD could be used to estimate the
SAXS SSA using the ratio of the first/zero
moments of the first peak in the distribution (Ray)
and the relation between the average size of
spherical particles and SSA as follows:
Ssaxs = 3/(Ravpo). Note that the SAXS treatments
described above were successfully used for
carbon, silica, polymeric and other materials in
comparison with the results of various methods
used to analyze the nitrogen adsorption, '"H NMR
cryoporometry data, HRTEM and other methods
[40, 56-62].

To analyze the textural characteristics of
nanosilicas degassed at 373 K for several hours,
low-temperature (77.4 K) nitrogen adsorption—
desorption isotherms were recorded using a
Micromeritics ASAP 2420 adsorption analyzer.
The specific surface area (Sger) was calculated
according to the standard BET method [63].
Additionally, according to several criteria [49]
(vide infra), the corrected Sper values (Table 1,
SeET,cor) Were calculated using the corrected
surface area occupied by an N, molecule in the
adsorption monolayer 6, = 0.15 nm? (instead of
standard 0.162 nm?) in the p/porange of 0.05-0.20
(instead of 0.05—0.30), where p and po denote the
equilibrium and saturation pressure of nitrogen at
77.4 K, respectively. The total pore volume V;
was evaluated from the nitrogen adsorption at
p/po=~0.98-0.99 [64]. The incremental PSD were
calculated using the density functional theory
(DFT) method with a pore model of voids
between NPNP (contribution cyoig, Table 1) and
cylindrical pores (ccy1) (model VC) [65] with a
self-consistent regularization (SCR) procedure
[66] (DET VC/SCR method).

The IR spectra of treated and dried nanosilica
samples were recorded using a FTIR Thermo
Nicolet or a Specord MS80 (Carl Zeiss)
spectrophotometer. Nanosilica/KBr pellets were
prepared with 1:5 or 1:400 ratio using dry KBr
powder to record the spectra over the range
characteristic for the Si—O stretching vibrations.
To record the spectra over the O—H stretching

vibrations, thin pellets (pressed at 1500 atm) were
prepared without KBr. The IR spectra have been
used to estimate the SSA values (Sir) from the
ratio of the integral intensity of bands of silanols
at 3745 cm™ and Si—O overtone at 1870-1860 cm™
[67, 68].

Low-temperature 'H NMR spectra of static
samples (placed into 4 and 5 mm NMR ampoules)
hydrated at snm = 1.1 g water per gram of dry
silicas A-300 and cA-300 (wetted-treated-dried
and preheated at 433 K) were recorded using a
Varian 400 Mercury spectrometer (magnetic field
9.4 T, bandwidth 20 kHz) utilizing eight 90°
probe pulses of 3 pus duration. Relative mean
errors were less than 10 % for '"H NMR signal
intensity for overlapped signals, and +5 % for
single signals. Temperature control was accurate
and precise to within £1 K. The accuracy of
integral  intensities @ was  improved by
compensating for phase distortion and zero-line
nonlinearity with the same intensity scale at
different temperatures. To prevent supercooling
of water in samples, the beginning of spectra
recording was at 200 K. Samples precooled to this
temperature for 10 min were then heated to 285 K
at a rate of 5 K/min with steps AT=10K or 5 K
at a heating rate of 5 K/min for 2 min. They were
maintained at a fixed temperature for 5 min, and
for data acquisition at each temperature, for
1 min. The applications of the low-temperature
"H NMR spectroscopy and NMR cryoporometry,
based on the freezing point depression of liquids
located in pores dependent on the pore size, to
numerous objects were described in detail
elsewhere [18, 69—71]. Note that solids (silica,
ice) do not contribute the "H NMR spectra of
static samples recorded here due to a large
difference in the transverse relaxation times of
liquid water and immobile components (ice,
silica) and due to a narrow bandwidth (20 kHz) of
the spectrometer used [18].

RESULTS AND DISCUSSION

SEM (Fig. 1) and TEM (Fig. 2) images of
initial, MCA and hydro-compacted nanosilica, as
well as the SSA and V values and other textural
characteristics (Table 1, Figs. 3 and 4), and SAXS
data (Figs. 3 and 5) demonstrate that the supra-
nanoparticulate morphology and texture of
cA-300 significantly change vs. the hydration
degree (4). This is due to several processes: (i)
destroy of supra-NPNP structures and formation
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Table 1.  Textural characteristics of initial and hydro-compacted A—300 (DFT VC/SCR method)

h Pb SBET,cnr Vp <Rv> <Rs> Shano S'meso Smacro V nano Vmeso Vmacro Cvoid Ceyl
(g/g) (gem’) (m’g) (em’/g) (um)  (nm) (m’g)  (m%g) (m*g)  (ecmYg) (cm’/g) (cm’/g)

0 0.045 275 0.850 30.6 8.6 94 154 27 0.022 0.408 0.420 0.414 0.586
0.5 0.051 285 0.918 40.5 9.8 97 155 33 0.021 0.330 0.566 0.431 0.569
1.0 0.074 284 1.109 39.2 11.3 86 159 39 0.020 0.413 0.676 0.427 0.573
1.5 0.141 214 1.116 44.2 14.2 57 111 46 0.014 0.273 0.829 0.440 0.560
2.0 0.178 213 1.447 22.9 12.9 55 127 30 0.022 0.910 0.515 0.002 0.998
2.5 0.219 218 1.540 22.2 13.2 55 132 31 0.022 1.003 0.515 0 1
3.0 0.238 213 1.492 20.9 12.8 54 134 26 0.022 1.070 0.399 0 1
4.5 0.265 220 1.488 20.4 12.9 54 142 23 0.022 1.128 0.339 0 1
5.0 0.256 217 1.515 21.9 13.5 54 131 32 0.021 1.005 0.489 0 1

Note. The values of Vnano and Snano Were calculated by integration of the f/(R) and fs(R) functions, respectively, at 0.35 nm < R < 1 nm, Vieso and Smeso at 1 nm < R <25 nm, and
Vinacro and Smacro at 25 nm < R < 100 nm. The values of <Rv> and <Rs> as the average pore radii were calculated as a ratio of the first moment of fv(R) or fs(R) to the zero moment
(integration over the 0.35-100 nm range) <R> = [AR)RAR/[f(R)dR

Table 2. Characteristics of water bound to unmodified A—300 and hydro-compacted cA—300 (m: = 1.1 g/g) and related textural characteristics

h Clle CI.“VW —AGS YS ’YS <Tm> Snano,uw Smeso,uw Smacro,uw Vnano,uw Vmeso,uw Vmacro,uw
(g/g) (mg/g) (mg/g) (kJ/mol) g (mJ/m?) X) (m*g) (m*g) (mg)  (cm’/g)  (cm’/g) (cm’/g)
0 50 1050 2.58 11.55 114.4 266.1 32 63 6 0.014 0.790 0.085
1.5 75 1025 2.74 14.17 116.1 264.8 48 68 6 0.020 0.796 0.084
2.0 110 990 2.88 15.39 121.2 264.4 48 71 8 0.020 0.819 0.105
3.0 170 930 2.66 14.10 102.9 261.9 82 53 2 0.035 0.578 0.030
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of new ones (SSA increases then decreases with
enhancing hydro-compaction effects, Fig. 3); (ii)
decomposition of a surface layer of NPNP at low
h values (SSA increases and G(r) changes in the
range of small r values, Fig. 5 d); (iii) mass-
transfer from smaller NPNP toward larger NPNP
(SSA decreases, PaSD (Fig. 5 a, b) and G(r)
(Fig. 5 d) change) and compaction of the pore
walls (contribution of cylindrical pores (Table 1,
Cey1) becomes dominant) at high 4 values; and (iv)
strong reorganization of the supra-NPNP
structures (Table 1, Figs. 1-5). The secondary
structures (NPNP aggregates, Figs. 1 ¢ and 2 d),

as well ternary structures with agglomerates
(Fig. 2 ¢), become denser after hydro-compaction
of nanosilica (Figs. 1 and 2, Table 1, py). The
MCA treatment of dry A—300 results in the
decomposition of large aggregates, but the
aggregates with several NPNP could remain, and
free small NPNP appear (Fig. 2 b). Similar results
could be upon the hydro-compaction of A-300 at
low values of 4 < 1.0 g/g because the SSA value
increases in comparison to that of initial A—300
(Table 1, Fig. 3).

Fig. 1. SEM images of A-300 (a, b) initial and (c) hydro-compacted at water content 2 = 3 g/g and then dried (scale

bars: (@) 4 um, (b) 200 nm, and (c¢) 500 nm)

The difference in the SAXS PaSD computed
using firm (Fig. 5 a) and developed (Fig. 5 b)
software is due to the use of a smaller value of the
regularization parameter (ov) for the latter. This has
been done to distinguish the structures related to
individual NPNP (the first peak at d = 10 nm,
Fig. 5 b) and supra-NPNP (all other peaks). Changes
in the PaSD peak positions and intensity vs. 4 values
(Fig. 5 b) occur due to several processes: (i) partial
decomposition of aggregates (the second and
subsequent peaks shift toward smaller d values
or/and their intensity decreases); (ii) destroy of
surface layers of NPNP (first peak shifts toward
smaller d values, and intensity of G(r) decreases at
small values » < 1 nm, Fig. 5 d); (iii) the

reorganization of the supra-NPNP structures
suggesting by changes in PaSD (Fig. 5), PSD
(Fig. 4), other textural characteristics (Table 1,
Fig. 3) and particulate morphology (Figs. 1 and 2).
Note that not only wetting-stirring but also
subsequent drying can strongly affect the supra-
NPNP  structures [18-22, 47, 48]. The
reorganization of the supra-NPNP structures vs. the
h value is well visible from non-monotonic changes
in the values of the average pore radii <Rv> and
<Rs> (Fig. 3) with respect to the pore volume and
SSA, as well as from changes in other textural
characteristics (Table 1, Figs. 3-5).

As a whole, the results of the analyses of the
SAXS data and nitrogen adsorption-desorption
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isotherms (Table 1, Figs. 3-5) are in agreement
with microscopic images (Figs. 1 and 2).
However, there are some additional factors,
which should be considered upon the analysis of
the textural characteristics of treated nanosilicas.
First, the empty volume in the nanosilica powder
(Vem = 1/py — 1/po, where pp and po are the bulk
and true densities of samples, respectively) is
much greater than the V, value of adsorbed
nitrogen even at p/po = 0.999. For example,
Ven = 21.8 cm’/g for initial A-300 at
pb = 0.045 g/cm’, but the value of ¥, is much
smaller (Table 1). This underestimation of the
value of V, calculated from the nitrogen
adsorption is due to very weak influence of the
pore walls (nanoparticle surface) on the nitrogen

molecules located in macropores far from a solid
surface in loose supra-NPNP structures. After
hydro-compaction of A-300, the difference
between the values of Ven and V), strongly
decreases, e.g., Vem = 3.45 cm’/g and
V,=1.49 cm’/g for cA-300 treated at 1 = 4.5 g/g.
Therefore, the PSD (Fig. 4 b) can describe only a
part of voids between NPNP in secondary/ternary
structures, and these parts differ for PSD based on
the data of other methods (e.g., SAXS and
cryoporometry) due to their features [18, 40]. For
example, the curves of the SSA values vs. 4 differ
for a set of used methods (Fig. 3 a); however, they
have similar shapes with larger SSA values at
smaller # and smaller SSA values at larger 4
values.

d

Fig. 2. TEM images of A—300 (a) initial, () MCA of the dry powder, (c, d) hydro-compacted at 2 = 3 g/g and then
dried (scale bar (a, b) 20 nm, (¢) 1 um, and (d) 50 nm)

According to SAXS IPSD (Fig. 5 o)
contribution of nanopores slightly increases with
increasing / value, as well as a contribution of
narrow mesopores at 1 nm <R < 10 nm. However,
the main peak corresponds to broad mesopores
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similar to that for DFT VC/SCR pores (Fig. 4 d).
Note that SAXS can give information on pores
inaccessible for nitrogen molecules. Therefore,
contribution of narrow pores in the SAXS IPSD
(Fig. 5 ¢) is greater than that in the DFT VC/SCR
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IPSD (Fig. 4 b). Both DFT VC/SCR IPSD
(Fig. 4 b) and SAXS IPSD (Fig. 5 ¢), demonstrate
an  enhanced  contribution of  broad
meso/macropores at 10 nm < R < 30 nm with
increasing / value. Note that the pore shape
changes with increasing 4 since a contribution of
cylindrical pores becomes predominant at
h=>2 g/g (Table 1, cvoid and cey1). Additionally, the
chord size distribution (Fig. 5 d), which could be

45

considered as a pore wall thickness or the
thickness of some structures in the NPNP interior
(e.g., nuclei and proto-particles), changes vs. &
value. The sizes of these structures could be
estimated using SAXS, HRTEM, and XRD [72]
giving sizes in the range of 0.5-2.0 nm. These
values are in agreement with the chord values at
<2 nm (Fig. 5 d).

(b) 300

2504

S
BET, cor
) 0

35
E
&l150_h_qk—\<\\\_/m_—&——a——Emﬁi——A-ﬂ
<

2] i

(4]

Fig. 3.

h (g/9)

(a) The specific surface area estimated from nitrogen adsorption (standard Sggr and corrected Sger cor), SAXS

data as the ratio of the first / zero moments of the first peak of the PaSD (Ssaxs), IR spectra using the ratio of
the integral intensity of bands of silanols at 3750-3745 cm™! and Si—O overtone at 1870-1860 cm™ (Sir.0n)
and integral intensity of two modes of Si—O at 1200 cm™ (surface) and 1100 cm™ (bulk) (Sir sio) vs. the water
amount used on silica hydro-compaction; (b) Sgercor and nano- (0.35 nm < R < 1 nm), meso- (1 nm < R <25 nm),
and macro- (25 nm < R < 100 nm) components vs. /4; and (c¢) V;, and components vs. &

A complex picture is observed for the SAXS
IPSD (Fig. 5 ¢) in the range of broad mesopores,
as well as for macropores at R > 25 nm, vs. the &
value. Additionally, at small R wvalues, it is
possible X-ray scattering on proto-particles and
nuclei located in the NPNP interior [72]. The DFT
VC/SCR method giving a clearer picture related
only to pores accessible for nitrogen molecules
adsorbed (Fig. 4 d) than SAXS IPSD (Fig. 5 ¢)
shows that the maximal contribution of
macropores (Table 1, Vinacro, Smacro) 1S Observed in
a middle range of # = 1-2 g/g with a maximum
for macropores at 4 = 1.5 g/g (Fig. 3). Sample
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cA-300 prepared at 2 = 1.5 g/g corresponds to the
first sample with the water amount greater than V,
of cA-300. It is the first one with partially
collapsed secondary structure since a significant
decrease in the value of SSA (Table 1, Fig. 3) is
observed. However, the value of p, is middle at
h=1.5 g/g and it continue grows with increasing
hto4.5 g/g (Table 1).

The estimations of the SSA (Fig. 3) using the
SAXS PaSD or IR spectra (Fig. 3) confirm that
the value of &7 = 1.5 g/g is a critical one for
reorganization of the supra-NPNP structures.
Note that the Ssaxs values are larger than Sger
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because the former corresponds to total surface
area, a part of which is inaccessible for the probe
N> molecules. Additionally, the SAXS SSA

(
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400+

Adsorption (cm®

—
(2]
N2
o
©w

Adsorption (cm®m?)

0.05 0.10 0.15 0.20

P/Pg

Fig. 4.

values estimated from PaSD (Fig. 3) or using
Eq. (3) are similar, e.g., for initial A—300, it is
equal to 309 and 311 m%g, respectively.

2

(b) T
—~ 65 —
(=)
o
g 60_/
S
=
9 551
S
Nt
¥ 50

451

0.05

0.084

0.06 1

0.04

0.02+

0.00

Pore radius (hm)

(a) Nitrogen adsorption-desorption isotherms for initial and compacted nanosilica samples; (») reduced

adsorption isotherms used to estimate an appropriate p/po range (to calculate the Sger values) corresponding
to continuous increasing reduced adsorption as ax(1 — p/po) giving the appropriate range at p/po = 0.05-0.20);
(c) adsorption isotherms per m? (adsorption in cm®/g is divided by Sggr cor) compared to that for graphitized
carbon black ENVI-Carb (Supelco) [49] and linearized BET plots for nanosilicas; and (d) incremental pore

size distributions (DFT VC/SCR method)

Certain structural changes in cA-300 are
already observed at low /& values (Figs. 3-5,
Table 1). It is possible that these changes at small
h values are due to complex treatment with
wetting-stirring-aging-drying. These textural
changes features can be explained by the clustered
adsorption of water, i.e., it can be located in
contact zones between adjacent NPNP. The
amount of water at 2 > 0.5 g/g is much greater
than the volume of nanopores (Table 1, Viano).
This is of importance since water tends to be
located in narrower pores and narrow voids
correspond to contact area between neighboring
NPNP. Therefore, water can stimulate
reorganization of contacts between neighboring
NPNP in their aggregates up to decomposition of
the supra-NPNP structures upon stirring. This
reorganization leads to an increase in the
accessibility of the NPNP surface (after drying

ISSN 2079-1704. X®DTT1. 2023. T. 14. Ne 1
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and degassing) for nitrogen molecules and
accessible SSA increases (Table 1, Fig. 3). This
effect is stronger at 4 = 0.5-1.0 g/g because the
supra-NPNP structures are destroyed but the
water amounts are not enough to reorganize these
structures as it is observed at higher % values.
Some information on the behavior of the
supra-NPNP structures of cA-300 additionally
wetted could be obtained using low-temperature
"H NMR spectroscopy of static samples and NMR
cryoporometry with water as a probe adsorbate
[18]. In the 'H NMR spectra of water (fixed
hydration at /nm- = 1.1 g/g) bound to A—300 and
cA-300 (Fig. 6), there is single, slightly
asymmetrical signal at the chemical shift of
proton resonance ou = 5 ppm close to that of bulk
water [18]. Its intensity diminishes with lowering
temperature due to step-by-step freezing-out of
bound water with decreasing temperature
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T<273 K. A fraction of water frozen at 7< 260 K
may be attributed to strongly bound water (SBW)
(Fig. 7). Water frozen at 260 K < 7 < 273 K
corresponds to weakly bound water (WBW) [18].
The amounts of unfrozen water (Cyw) vs. T
(Fig. 7 a) could be used to estimate the size

distribution of pores filled by unfrozen water at
T < 273 K (Fig. 8) using the Gibbs—Thomson
relation for the freezing/melting point depression
of water (or other liquids confined in pores)
depending on the pore sizes. These distributions
could be used to estimate a part of pores
containing unfrozen water (Table 2).

(a)10 - — iniial A-300 (B) 107 o
) cA-300, h (g/g) 1- — initial A-300
081 A% ——05 0.8 cA-300, h (g/g)
£ 2N ——10 = 205
3 / ) 1 c 310
Sosl | N e a 5064 4—15
£ ' ® 520
fa) -2 g 6——25
%) 0.4 —a—3.0 % 0.4 7 20
T W 45 g g 45
0.2 N 80 0.2 ¢—350
s . SN
0.0 = 0.0 P fen
0 10 20 30 40 50 60 0 40 50
©) Particle diameter (nm) q Particle diameter (nm)
( )10., < 1- - A-300
0.121 -~ b cA-300, h (g/g)
— g 215
5 9 S g2 3—50
£ 0.081 £
L =)
@
0 10'3,
D T
Q. 0.04{ S
S o
1l
0.00 )

Pore radius (nm)

03 1
Chord size (nm)

Fig. 5. Particle size distributions (PaSD) for initial and hydro-compacted nanosilica calculated using the SAXS
patterns analyzed with (@) firm and (b) developed software using Eqgs. (7) and (8); (¢) incremental pore size
distributions (IPSD) calculated with Eq. (1); and (d) chord size distributions for selected samples computed
using Eq. (2) in the Porod range at ¢ = 0.5-2.0 (1/nm)

Fig. 6.

"H NMR spectra (recorded at different temperatures upon heating from minimal one used) of water (1.1 g/g)

adsorbed on a surface of nanosilica A—300 (a) initial (dashed lines) and hydro-compacted at 4 = (a) 1.5 g/g
(solid lines) and () 2.0 g/g (dot-dashed lines) and 3.0 g/g (solid lines)
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(a) Temperature dependences of the content of unfrozen water (Cyw) estimated from integral intensity of the

"H NMR spectra recorded at different temperatures, and (b) changes in the Gibbs free energy AG vs. Cyy for
A-300 and cA-300 (hydro-compacted at 2 = 1.5, 2, and 3 g/g) with constant hydration upon the NMR

measurements at figme = 1.1 g/g
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Size distributions of unfrozen water structures filling voids between NPNP (a) differential (PSD) and ()

incremental (IPSD) calculated using NMR cryoporometry method (at constant zn.me = 1.1 g/g) applied to initial
A-300 and cA-300 at different 4 values (dot-dashed lines 1°, 2°, 3’, and 4’ correspond to DFT VC/SCR)

The amount of water in samples studied using
the '"H NMR spectroscopy was constant at
home = 1.1 g/g that is smaller than V;, of cA-300,
but it is greater than V, of initial A-300 and
slightly smaller than the critical content of water
strongly affecting the reorganization of the supra-
NPNP structures (Table 1). The amount of SBW
(a fraction of /nme) increases with increasing
degree of wetting upon the hydro-compaction of
silica (Table 2, Cyu*). This leads to a decrease in
the average melting temperature <7i,>. There is a
tendency in increasing values of —~AG; (Gibbs free
energy related to SBW) and ys (related to all
bound water) with increasing hydration upon the
hydro-compaction (Table 2) due to changes in the
topology of pores (Fig. 3-5). The mentioned
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effects are due to an increase in contribution of
nanopores filled by unfrozen water (Table 2,
Snano,uw, Vnano,uw)- Note that Vnano,uw > Vnano at
h =73 g/g and Viesouw > Vmeso at =0 and 1.5 g/g
(Tables 1 and 2) due to the reorganization of the
supra-NPNP structures after additional wetting.
A relative contribution (with respect to the
value of Sger,cor) Of contact area of unfrozen water
with a silica surface increases with increasing 4,
e.g., from 36.7 % (A-300) to 64.3 % (cA-300
compacted at # = 3 g/g). However, a contribution
of filled mesopores is maximal at 2 =2 g/g and it
decreases at 1 = 3 g/g (Table 2, Viesouws Smeso.uws
Fig. 8) due to changes in the PSD upon enhanced
hydro-compaction (Fig. 4 d). A contribution of
macropores filed by unfrozen water is small
(Table 2, Vimacro.uws Smacro,uw) because the amount of
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adsorbed  water was  relatively = small
(Anme = 1.1 g/g) and much smaller than Ve, and V,
of cA-300 studied (Table 1). Therefore, adsorbed
water is mainly located in nano/mesopores. At
h =2 and 3 g/g, DFT VC/SCR IPSD and NMR
IPSD (Fig. 8 b) are closer than that for initial
A-300 and cA—-300 compacted at 2 = 1.5 g/g. This
result can be explained by a greater reorganization
of cA-300 prepared at 2= 1.5 g/g or initial A-300
after additional wetting (hnme = 1.1 g/g) and
equilibration of the system before the 'H NMR
measurements. Additionally, the differences in
the PSD of these samples (Fig. 4 d) could play an
important role upon the second wetting. Thus, one
can conclude that wetting and drying of nanosilica
under relatively soft conditions can reduce the
dusting effect (since the bulk density strongly
increases up to 0.27 g/cm’ instead of 0.05 g/cm’
for the initial powder) quite characteristic for the
initial nanosilica. However, it is remained certain
activity in the reorganization of the supra-NPNP
structures upon additional wetting. This is of
importance because many practical applications
of fumed silicas deal with the activity of
individual NPNP or their small aggregates, and
the formation of large rigid supra-NPNP
structures as in xerogels (e.g., Silochrome) or
silica gels could be considered as rather negative
results.

CONCLUSION

The hydro-compaction effects for nanosilica
A-300 under standard conditions depend strongly
on the amounts of water (in the range of
0.5-5.0 g/g) used in the processes with wetting-
stirring-drying. A selection of a certain amount of
water upon the hydro-compaction allows one to
provide an appropriate reorganization of the
supra-NPNP structures. This is accompanied by
certain changes in the morphological (PaSD,
G(r)) and textural characteristics (S, ¥, PSD) of
the dried materials. However, according to TEM
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and SAXS data, the nanoparticles per se are
weakly affected by the hydro-compaction, i.e., the
rearrangement of the supra-NPNP structures is
predominant upon the nanosilica hydro-
compaction studied here. At a low degree of
wetting (h < 1 g/g), the textural reorganization and
morphological changes of cA-300 do not lead to
reduction of the specific surface area. The SSA
even slightly increases due to the decomposition
of the NPNP aggregates. However, at 7> 1.5 g/g,
the SSA decreases, but the pore volume (nitrogen
adsorption at p/po = 0.99) increases despite the
empty volume of the powder decreases from
21.8 cm®/g for initial A-300 (py = 0.045 g/cm?) to
3.45 cm’/g after hydro-compaction at 1 = 4.5 g/g
(pp = 0.256 g/cm’). Note that the structural
reorganization of the dried hydro-compacted
cA-300 powders is possible upon repeated
wetting. This suggests that the chemical bonds
between adjacent NPNP do not practically form
in cA—300 upon the hydro-compaction and drying
under soft conditions. Thus, hydro-compacted
nanosilica loses the dust-forming property (since
the bulk density strongly increases) but remains
active with respect to the NPNP activity and
mobility due to decomposition of the supra-NPNP
structures, e.g., in aqueous or other liquid media.
This is of importance for practical applications of
nanosilicas, especially in aqueous suspensions, in
drug delivery systems, upon filling of polymers,
etc.
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MopdoJiorisi YaCTHHOK Ta TEKCTYPHI XapaKTepHUCTHKH HAHOKPEMHe3eMy, ripo-
YIIUILHEHOT 0 NPH Pi3HUX CTyNeHsIX riaparanii

B.M. I'ynbko, B.B. Typos

Inemumym ximii nogepxui im. O.0. Yyuixa Hayionanvnoi akademii nayx Yrpainu
eyn. I'enepana Haymoesa, 17, Kuis, 03164, Vkpaina, viad gunko@ukr.net

Mopdgonocito wacunoxk ma mexkcmypHi xapaxmepucmuku HaHokpemuezemy A-300, euxionoeo ma 2iopo-
yuinorernoeo (cA—300, 3mouenuil 600010 y pisnitl Kinbkocmi y dianazoni h = 0.5-5.0 2 Ha epam cyxoeo Kkpemuesemy,
MEXAHIYHO MPEeHOBAHULl I NOMIM GUCYWEHUT), O)YI0 NPOAHANIZ308AHO 3 BUKOPUCMAHHAM HU3LKO-MEMNepamypHoi
AMP 'H cnexmpockonii (mpenosani-eucyuieni-zmoueni 3pasku), Mano-Kymoeozao pO3CIAHHSA PeHmM2eHi6CbKUX
NPOMEHI8, CKAHYIOUOI ma MpancMICIliHOI eleKMPOHHOT MIKpOCKONii, iHgpayepsonoi cnexmpockonii ma aocopoyii
asomy (mpeHogaHi-sucyuieHi-oe2azosati 3pasku). Pesynemamu 2iopo-ywinenenus nanokpemuesemy A—-300 cunvHo
3anexcamn 8i0 eenuuunu h. Lleti napamemp modicHa 3mMiHI08amu 015 KOHMPOIIO peop2anizayii azpe2amie HenopuUcmux
nanouacmunox (HIIHY, wo ckradaromsca 3i WilbHO YNAKOBAHUX NPOMOYACMUHOK YU 3apoOKie) ma aziomepamis
azpezamie (6MOpUHHI Ma MpemuHHi CMPYKMypu 6i0n06ioHo), AK i GUOUMUX YACMUHOK (MOOMO € n’amu-pieHesa
iepapxis cmpykmyp HaHOKpeMHezema 3 mpu-pienesoro cynpa-HITHY cmpyxkmypoio). Ywinonenusi cynpogoooicycmucs
HEMOHOMOHHUMU 3MIHAMU MOp@onoziunux ma mexcmyphux xapaxmepucmux cA—-300. Hanouacmumxu saznarome
BHAYHO MEHWUX 3MIH Ha 6iOminy cynpa-HITHY cmpykmyp. [lpu h <1 2/2 peopeanizayis cynpa-HITHY cmpyxmyp ne
npU3600UMb 00 3MeHuleHHs1 numomoi nosepxui (Sser); npome npu h > 1.5 2/2 éenuyuna Sgpr 3MeHUYyEMbCA, ane 00 em
nop 3pocmae nonpu me, wo nycmuii 06°'eM y nopowKy smenuyemoca 3 21.8 cm’/z ona euxionozo A-300 (nacunna
eyemuna py = 0.045 2/cn’) 0o 3.45 cr’/e npu ywinonenni npu h = 4.5 2/2 (py = 0.256 2/cm?). Texcmypna peopaanizayin
2I0PO-YWIIbHEHO20 HAHOKPEMHE3eMY MOJICIUBA | NPU NOSMOPHOMY 3mouysanHio. Lle ceiouumos npo me, wjo Ximiuni
36 ’a3Kku midic cycionimu HIIHY npakmuuno ne ymeoproomscs npu 2iopo-yujineHenti ma Hacmyntit cywiyi. Toomo,
2I0pO-yWinbHeHUll HAHOKPEeMHe3eM 6mpaiac 30amHiCmb NUIOYMEOPEHHS, alle 3aTUUAEMbCA AKMUGHUM 000
pyxausocmi HITHY, nanpuknao, y 600HOMYy cepedosuuyi, ma 30epieacmucs modicaugicmes peopeanizayii cynpa-HITHY
CMpPYKmMyp nio 0i€r0 306HIUHIX YUHHUKIB, WO MAE NesHe NPAKMUYHE 3HAYeHHS.

Kniwowuosi cnosa: 2iopo-ywjinbhenuii HaHOKpeMHe3eM, 3MOYEHUUl HAHOKpeMHe3eM, MOpQONO02is HACMUHOK,
MeKCMYpHI XapaKmepucmuxu, peop2anizayis CmpyKmypHoi iepapxii

REFERENCES

1. Hastie J.W. Materials Chemistry at High Temperatures. V. 1. Characterization. V. 2. Processing and
Performance. (Clifton, New York: Humana Press, 1990).

2. Ullmann's Encyclopedia of Industrial Chemistry. (Weinheim: Wiley-VCH, 2008).

3. Bhushan B. Encyclopedia of Nanotechnology. (Dordrecht: Springer, 2012).

4, Basic characteristics of Aerosil fumed silica (4th ed.) Tech. Bull. Fine Particles 11. (Hanau: Evonik Industries,
2014).

5. Kulkarni P., Baron P.A., Willeke K. Aerosol Measurement: Principles, Techniques, and Applications. Third

Edition. (New York: John Wiley & Sons, 2011).

Biichel K.H., Moretto H.-H., Woditsch P. Industrial Inorganic Chemistry. (Weinheim: Wiley-VCH, 2000).

XuR., Yan Xu Y. Modern Inorganic Synthetic Chemistry. (Elsevier: Amsterdam, 2017).

Auner N., Weis J. Oganosilicon Chemistry VI. (Weinheim: Wiley-VCH Verlag GmbH, 2005).

Mueller R., Madler L., Pratsinis S.E. Nanoparticle synthesis at high production rates by flame spray pyrolysis.

Chem. Eng. Sci. 2003. 58(10): 1969.

10.  Camenzind A., Caseri W.R., Pratsinis S.E. Flame-made nanoparticles for nanocomposites. Nano Today. 2010.
5(1): 48.

11.  Teoh W.Y., Lutz M. Flame spray pyrolysis: An enabling technology for nanoparticles design and fabrication.
Nanoscale. 2010. 2(8): 1324.

12.  Ensor D.S. Aerosol Science and Technology: History and Reviews. (Research Triangle Park, NC: RTI Press,
2011).

13.  Babick F. Suspensions of Colloidal Particles and Aggregates. (Berlin: Springer, 2018).

L X

ISSN 2079-1704. X®DTT1. 2023. T. 14. Ne 1 15



V.M. Gun’ko, V.V. Turov

14.
15.
16.
17.
18.
19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

ller R.K. The Chemistry of Silica. Solubility, Polymerization, Colloid and Surface Properties, and Biochemistry.
(Chichester: Wiley, 1979).

Bergna H.E., Roberts W.O. Colloidal Silica: Fundamentals and Applications. (Boca Raton: CRC Press, 2006).
Somasundaran P. Encyclopedia of Surface and Colloid Science. Third Edition. (Boca Raton: CRC Press, 2015).
Legrand A.P. The Surface Properties of Silicas. (New York: Wiley, 1998).

Gun’ko V.M., Turov V.V. Nuclear Magnetic Resonance Studies of Interfacial Phenomena. (Boca Raton: CRC
Press, 2013).

Gun’ko V.M., Zarko V.I., Leboda R., Chibowski E. Aqueous suspensions of fumed oxides: particle size
distribution and zeta potential. Adv. Colloid Interface Sci. 2001. 91(1): 1.

Gun’ko V.M., Turov V.V., Zarko V.I., Goncharuk O.V., Pahklov E.M., Skubiszewska-Zi¢ba J., Blitz J.P.
Interfacial phenomena at a surface of individual and complex fumed nanooxides. Adv. Colloid Interface Sci.
2016. 235: 108.

Gun’ko V.M., Turov V.V., Goncharuk O.V., Pakhlov E.M., Matkovsky O.K. Interfacial phenomena at a surface
of individual and complex fumed nanooxides. Surface. 2019. 11(26): 3.

Gun’ko V.M., Turov V.V., Zarko V.I., Pakhlov E.M., Charmas B., Skubiszewska-Zigba J. Influence of
structural organization of silicas on interfacial phenomena. Colloids Surf. A. 2016. 492: 230.

Atkins D., Kékicheff P., Spalla O. Adhesion between colloidal silica as seen with direct force measurement.
J. Colloid Interface Sci. 1997. 188(1): 234.

Ding P., Orwa M.G., Pacek A.W. De-agglomeration of hydrophobic and hydrophilic silica nano-powders in a
high shear mixer. Powder Technol. 2009. 195(3): 221.

Dekkers S., Krystek P., Peters R.J.B., Lankveld D.P.K., Bokkers B.G.H., Van Hoeven-Arentzen P.H.,
Bouwmeester H., Oomen A.G. Presence and risks of nanosilica in food products. Nanotoxicology. 2011. 5(3):
393.

Taylor P., Chen H., Zhou S., Gu G., Wu L. Modification and dispersion of nanosilica. J. Dispersion Sci.
Technol. 2008. 25(6): 837.

Biricik H., Sarier N. Comparative study of the characteristics of nano silica—, silica fume— and fly ash —
incorporated cement mortars. Mater. Res. 2014. 17(3): 570.

Napierska D., Thomassen L.C.J., Lison D., Martens J.A., Hoet P.H. The nanosilica hazard: another variable
entity. Part. Fibre Toxicol. 2010. 7(39): 1.

Hashim A.A. Smart Nanoparticles Technology. (Rijeka, Croatia: InTech, 2012).

Irfan A., Cauchi M., Edmands W., Gooderham N.J., Njuguna J., Zhu H. Assessment of temporal dose-toxicity
relationship of fumed silica nanoparticle in human lung A549 cells by conventional cytotoxicity and 'H-NMR-
based extracellular metabonomic assays. Toxicol. Sci. 2014. 138(2): 354.

Eom H.-J., Choi J. Oxidative stress of silica nanoparticles in human bronchial epithelial cell, Beas-2B. Toxicol
In Vitro. 2009. 23(7): 1326.

Chang J.-S., Chang K.L.B., Hwang D.-F., Kong Z.-L. In vitro cytotoxicitiy of silica nanoparticles at high
concentrations strongly depends on the metabolic activity type of the cell line. Environ. Sci. Technol. 2007.
41(6): 2064.

Brunner T.J., Wick P., Manser P., Spohn P., Grass N., Limbach L.K., Bruinink A., Stark W.J. In vitro
cytotoxicity of oxide nanoparticles: comparison to asbestos, silica, and the effect of particle solubility. Environ.
Sci. Technol. 2006. 40(14): 4374.

Koduru J.R., Karri R.R., Mubarak N.M., Bandala E.R. Sustainable Nanotechnology for Environmental
Remediation. (Amsterdam: Elsevier, 2022).

Bhat R. Valorization of Agri-Food Wastes and By-Products. Recent Trends, Innovations and Sustainability
Challenges. (Amsterdam: Elsevier, 2021).

Igbal H., Bilal M., Nguyen T.A., Yasin G. Biodegradation and Biodeterioration at the Nanoscale. (Amsterdam:
Elsevier, 2021).

Fu Q., Zhao X., Zhang Z., Xu W., Niu D. Effects of nanosilica on microstructure and durability of cement-
based materials. Powder Technol. 2022. 404: 117447.

Laim L., Caetano H., Santiago A. Review: Effects of nanoparticles in cementitious construction materials at
ambient and high temperatures. J. Build. Eng. 2021. 35: 102008.

Rigby S.P., Fairhead M., van der Walle C.F. Engineering silica particles as oral drug delivery vehicles. Curr.
Pharm. Des. 2008. 14(18): 1821.

Gun’ko V.M., Turov V.V., Pakhlov EM., Krupska T.V., Charmas B. Effect of water content on the
characteristics of hydro-compacted nanosilica. Appl. Surf. Sci. 2018. 459: 171.

Gun’ko V.M., Turov V.V., Zarko V.I., Pakhlov E.M., Prykhod’ko G.P., Remez O.S., Leboda R., Skubiszewska-
Zigba J., Blitz J.P. High-pressure cryogelation of nanosilica and surface properties of cryosilicas. Colloids
Surf. A. 2013. 436: 618.

16 ISSN 2079-1704. X®TT1. 2023. T. 14. Ne 1



Particulate morphology and textural characteristics of nanosilica hydro-compacted at various wetting degree

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.
53.

54.

55.

56.

57.

58.

59.
60.
61.
62.
63.
64.
65.

66.
67.

Gun’ko V.M., Turov V.V., Zarko V.I., Pakhlov E.M., Matkovsky A.K., Oranska O.I., Palyanytsya B.B.,
Remez O.S., Nychiporuk Y.M., Ptushinskii Y.G., Leboda R., Skubiszewska-Zigba J. Cryogelation of individual
and complex nanooxides under different conditions. Colloids Surf. A. 2014. 456: 261.

Gun’ko V.M., Zarko V.1, Pakhlov E.M., Matkovsky A.K., Remez O.S., Charmas B., Skubiszewska-Zi¢ba J.
Low-temperature high-pressure cryogelation of nanooxides. J. Sol-Gel Sci. Technol. 2015. 74(1): 45.

Gun’ko V.M., Skubiszewska-Zigba J., Leboda R., Khomenko K.N., Kazakova O.A., Povazhnyak M.O.,
Mironyuk LF. Influence of morphology and composition of fumed oxides on changes in their structural and
adsorptive characteristics on hydrothermal treatment at different temperatures. J. Colloid Interface Sci. 2004.
269(2): 403.

Gun’ko V.M. Interfacial phenomena: effects of confined space and structure of adsorbents on the behavior of
polar and nonpolar adsorbates at low temperatures. Curr. Phys. Chem. 2015. 5(2): 137.

Gun’ko V.M., Mironyuk LF., Zarko V.I.,, Voronin E.F., Turov V.V., Pakhlov E.M., Goncharuk E.V.,
Nychiporuk Yu.M., Kulik T.V., Palyanytsya B.B., Pakhovchishin S.V., Vlasova N.N., Gorbik P.P.,
Mishchuk O.A., Chuiko A.A., Skubiszewska-Zigba J., Janusz W., Turov A.V., Leboda R. Morphology and
surface properties of fumed silicas. J. Colloid Interface Sci. 2005. 289(2): 427.

Gun’ko V.M., Voronin E.F., Nosach L.V., Turov V.V., Wang Z., Vasilenko A.P., Leboda R., Skubiszewska-
Zigba J., Janusz W., Mikhalovsky S.V. Structural, textural and adsorption characteristics of nanosilica
mechanochemically activated in different media. J. Colloid Interface Sci. 2011. 355(2): 300.

Gun’ko V.M., Voronin E.F., Zarko V.I., Goncharuk E.V., Turov V.V., Pakhovchishin S.V., Pakhlov E.M.,
Guzenko N.V., Leboda R., Skubiszewska-Zigba J., Janusz W., Chibowski S., Chibowski E., Chuiko A.A.
Interaction of poly(vinyl pyrrolidone) with fumed silica in dry and wet powders and aqueous suspensions.
Colloids Surf. A. 2004. 233(1-3): 63.

Gun’ko V.M. Features of BET method application to various adsorbents. Him. Fiz. Tehnol. Poverhni. 2022.
13(3): 249.

Pujari P.K., Sen D., Amarendra G., Abhaya S., Pandey A K., Dutta D., Mazumder S. Study of pore structure in
grafted polymer membranes using slow positron beam and small-angle X-ray scattering techniques. Nucl.
Instrum. Methods Phys. Res., Sect. B. 2007. 254(2): 278.

Provencher S.W. A constrained regularization method for inverting data represented by linear algebraic or
integral equations. Comput. Phys. Commun. 1982. 27(3): 213.

Brumberger H. Small Angle X-ray Scattering. (New York: Gordon & Breach, 1965).

Dieudonné P., Hafidi A.A., Delord P., Phalippou J. Transformation of nanostructure of silica gels during drying.
J. Non-Cryst. Solids. 2000. 262(1-3): 155.

Fairén-Jiménez D., Carrasco-Marin F., Djurado D., Bley F., Ehrburger-Dolle F., Moreno-Castilla C. Surface
area and microporosity of carbon aerogels from gas adsorption and small- and wide-angle X-ray scattering
measurements. J. Phys. Chem. B. 2006. 110(17): 8681.

Ares A.E. X-ray Scattering. (Rijeka, Croatia: InTech, 2017).

Gun’ko V.M. Various methods to describe the morphological and textural characteristics of various materials.
Him. Fiz. Tehnol. Poverhni. 2018. 9(4): 317.

Sternik D., Galaburda M., Bogatyrov V.M., Gun’ko V.M. Influence of the synthesis method on the structural
characteristics of novel hybrid adsorbents based on bentonite. Colloids Interfaces. 2019. 3(1): 18.

Gun’ko V.M., Meikle S.T., Kozynchenko O.P., Tennison S.R., Ehrburger-Dolle F., Morfin I,
Mikhalovsky S.V. Comparative characterization of carbon and polymer adsorbents by SAXS and nitrogen
adsorption methods. J. Phys. Chem. C. 2011. 115(21): 10727.

Gun’ko V.M. Morphological and textural features of various materials composed of porous or nonporous
nanoparticles differently packed in secondary structures. Appl. Surf- Sci. 2021.569: 151117.

Kammler H., Beaucage G., Mueller R., Pratsinis S. Structure of flamemade silica nanoparticles by ultra-small-
angle X-ray scattering. Langmuir. 2004. 20(5): 1915.

Hyeon-Lee J., Beaucage G., Pratsinis S.E., Vemury S. Fractal analysis of flame-synthesized nanostructured
silica and titania powders using small-angle X-ray scattering. Langmuir. 1998. 14(20): 5751.

Simmler M., Meier M., Nirschl H. Characterization of fractal structures by spray flame synthesis using X-ray
scattering. Materials. 2022. 15(6): 2124.

Adamson A.W., Gast A.P. Physical Chemistry of Surface. 6" edition. (New York: Wiley, 1997).

Gregg S.J., Sing K.S.W. Adsorption, Surface Area and Porosity. 2" ed. (London: Academic Press, 1982).
Gun’ko V.M. Textural characteristics of composite adsorbents analyzed with density functional theory and self-
consistent regularization procedure. Him. Fiz. Tehnol. Poverhni. 2020. 11(2): 163.

Gun’ko V.M. Composite materials: textural characteristics. Appl. Surf. Sci. 2014. 307: 444,

McCool B., Murphy L., Tripp C.P. A simple FTIR technique for estimating the surface area of silica powders
and films. J. Colloid Interface Sci. 2006. 295(1): 294.

ISSN 2079-1704. X®DTT1. 2023. T. 14. Ne 1 17



V.M. Gun’ko, V.V. Turov

68.

69.

70.

71.
72.

Gun’ko V.M., Pakhlov E.M., Skubiszewska-Zieba J., Blitz J.P. Infrared spectroscopy as a tool for textural and
structural characterization of individual and complex fumed oxides. Vib. Spectrosc. 2017. 88: 56.

Mitchell J., Webber J.B.W., Strange J.H. Nuclear magnetic resonance cryoporometry. Phys. Rep. 2008. 461(1):
1.

Strange J.H., Rahman M., Smith E.G. Characterization of porous solids by NMR. Phys. Rev. Lett. 1993. 71(21):
3589.

Kimmich R. NMR Tomography, Diffusometry, Relaxometry. (Heidelberg: Springer, 1997).

Gun’ko V.M. Features of the morphology and texture of silica and carbon adsorbents. Surface. 2021. 13(28):
127.

Received 14.06.2022, accepted 03.03.2023

18 ISSN 2079-1704. X®TT1. 2023. T. 14. Ne 1



	3_Gun’ko_1
	7_Gun’ko_2
	8_Gun’ko_3


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Uncoated FOGRA29 \050ISO 12647-2:2004\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 1200
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<


    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>



    /HUN <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 6.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200036002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 6.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>

    /SKY <>

    /SUO <>
    /SVE <>
    /TUR <>

    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 6.0 and later.)
    /RUS <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Uncoated FOGRA29 \050ISO 12647-2:2004\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 1200
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<


    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>



    /HUN <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 6.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200036002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 6.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>

    /SKY <>

    /SUO <>
    /SVE <>
    /TUR <>

    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 6.0 and later.)
    /RUS <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Uncoated FOGRA29 \050ISO 12647-2:2004\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 1200
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<


    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>



    /HUN <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 6.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200036002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 6.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>

    /SKY <>

    /SUO <>
    /SVE <>
    /TUR <>

    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 6.0 and later.)
    /RUS <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


