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The aim of this study was to analyze a set of methods: adsorption, X-ray, microscopic, cryoporometry,
relaxometry, and thermoporometry used to investigate the morphological and textural characteristics of materials
being in vacuum, or gaseous or liquid dispersion media, as well the interfacial phenomena basic for the used
approaches. Techniques used in the studies should be divided into eight groups: (i) adsorption-desorption of low-
molecular weight probe compounds (N-, Ar, etc.); (ii) adsorption or confinement of low- or high-molecular weight
compounds in pores (voids) of solid particles being in liquid media; (iii) small angle X-ray scattering (SAXS) or small
angle neutron scattering (SANS), (iv) quantitative analysis of images recorded using microscopic methods (TEM,
SEM, AFM), etc.; (v) thermoporometry based on differential scanning calorimetry (DSC) with decreasing-increasing
temperature utilizing melting thermograms; (vi) cryoporometry based on low-temperature 'H NMR spectroscopy
giving the dependence of signal intensity on temperature; (vii) relaxometry based on NMR spectroscopy dealing with
transverse relaxation time vs. temperature; and (viii) relaxometry based on thermally stimulated depolarization
current (TSDC) measurements related to dipolar and dc relaxations. Each method could be characterized by
systematic errors caused by many factors. However, the use of a set of the aforementioned methods in parallel can
allow one to elucidate the reasons and level of these systematic errors that is of importance for correct characterization
of the materials studied. Thus, the larger the number of methods used in parallel, the more comprehensive the
morphological and textural characterization of the adsorbents.
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INTRODUCTION

Experimental data on the morphological and
textural characteristics could give direct (first
group, e.g. microscopic methods) or indirect
(second group, e.g., adsorption, SAXS,
cryoporometry, relaxometry, thermoporometry)
information on the characteristics and properties
of materials studied. For the second group,
additional treatment, using some approaches,
equations, models, transformation, etc., of the
data is needed to obtain expected information. For
example, information on adsorption, desorption,
melting, and evaporation of adsorbates is indirect
for the textural characterization of adsorbents.
Additionally, the results could include both

the treated data of several methods of both groups
on the same characteristics can provide the most
reliable description of the materials since the
systematic errors could be more accurately
estimated and eliminated. The textural
characteristics of porous or disperse materials
could be analyzed using nitrogen (argon, carbon
dioxide or other probes) adsorption-desorption
isotherms, small angle X-ray (or neutron)
scattering (SAXS or SANS), cryoporometry
based on nuclear magnetic resonance (NMR)
spectroscopy  ('H  signal intensity  vs.
temperature), relaxometry based on NMR
transverse relaxation time (72) vs. temperature
(T) or thermally stimulated depolarization current
(TSDC) caused by dipolar relaxation of polar

random and systematic errors [1-4] reducing
possibility to obtain maximum adequate
characteristics of the materials from indirect
information. Therefore, experimental results
based on indirect information need additional
tests to reduce the systematic errors, e.g., using
the data based on direct information or several
methods from the second group. Comparison of
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bonds and atomic groups vs. T, thermoporometry
based on differential scanning calorimetry (DSC)
and thermogravimetry (TG) vs. T. These methods
can give mainly indirect information on the
materials under very different conditions (low and
high temperatures, vacuum or liquid dispersion
media, low and high pressures, etc.) which can
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also affect the characteristics of the materials
[5-16] but allow one to understand the behavior
of the materials being under different conditions.
The textural characterization of the materials is
possible using the aforementioned methods
because the behavior of adsorbates confined in
pores depends on both pore sizes and temperature,
as well pressure (or concentration in liquid
dispersion media) [5, 6, 16] that, however, can
result in systematic errors. Note that random
errors are always present in any experimental
measurements [ 1-4] that can be estimated using a
set of measurements and statistical treatment of
the results, but systematic errors analyses need
several methods under different conditions. There
are several addition factors affecting indirect
information such as (i) changes in the material
characteristics due to (or during) measurements;
(i1) the presence several phases (or admixtures)
characterized by different dependences on the
changes in measurement conditions (temperature,
pressure or concentration, sample prehistory,
etc.); (iii) nonuniform distribution of components
in complex systems; (iv) medium effects (e.g.
swelling); and (v) incorrect or inadequate models
and methods used in the analyses of the
experimental data [1-4, 17-28]. As a whole, it is
of importance to analyze the differences in the
characteristics determined using different indirect
methods taking into account the measurement
conditions. These analyses give useful
information on the effects of different factors in
various experimental techniques that is a way to
understand the reasons of the systematic errors,
which could be ignored if the characterization is
based only on one method. Therefore, the aim of
this work was to elucidate some effects of
measurement conditions and certain sources of
the systematic errors in determination of the
material characteristics based on indirect and
direct experimental data for highly disperse
fumed  oxides, various porous silicas
(precipitated, ordered mesoporous silicas and
silica gels), porous polymers, activated carbons,
and nanostructured composites.

ADSORPTION

Typically, to estimate the textural
characteristics of samples degassed at increased
temperature (350470 K for several hours),
low-temperature (77.4 K) nitrogen (or argon)
adsorption—desorption  isotherms could be
recorded using an adsorption analyzer. The

specific surface area (Sger) is calculated (using
the adsorption isotherms) according to the BET
method [5], which, however, has some
disadvantages causing some systematic errors
[5, 6, 16, 17]. For example, the Sger value depends
strongly on the pressure range used (Fig. 1) due to
(i) unfinished monolayer adsorption at low
P/pomax values or started multilayer adsorption at
larger p/pomax values and these changes could
depend on the types of both adsorbent and
adsorbate; (ii) changes in an occupied area of a
surface by a probe (nitrogen) molecule depending
on pore sizes and structure of a solid surface (e.g.
content of hydroxyls or other surface
functionalities affecting orientation of adsorbed
N2 molecules), efc. Additionally, the dependence
is stronger for adsorbents with narrower pores
(Fig. 1). Therefore, the specific surface area of
adsorbents could be estimated using not only the
adsorption  method  but also  SAXS,
cryoporometry, etc., which, however, can
generate other systematic errors.

1800] —— MCM-41
—»—MCM-48
—— SBA-15
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Fig. 1. The value of Sger as a function of the maximal
p/po  value of the pressure range
(0.05 — p/pomax) used upon calculation of the
Sger values for mesoporous ordered silicas
MCM-41, MCM-48, and SBA-15 (some
details were described elsewhere [16, 27])

The total pore volume (V}) could be evaluated
from the nitrogen adsorption at p/po = 0.98-0.99,
where p and py are the equilibrium and saturation
pressure of nitrogen at 77.4 K, respectively [6].
However, if an adsorbent possesses macropores,
especially broad ones, the J, value can be
strongly underestimated. For example, loose
powders with fumed oxides of metals or metalloid
(FMO) composed of nonporous nanoparticles
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(NPNP) (3—120 nm in size depending on the FMO
types) forming aggregates (< 1 um in size) and
agglomerates of aggregates (> 1 um) are
characterized by a low bulk density
po = 0.04-0.15 g/cm® [7, 8, 16]. The low bulk
density corresponds to a very large empty volume
in the loose powders Vem = 1/p—1l/pp (e.g.
24.5 cm’/g for A-300 at py = 2.2 g/em® and
o= 0.04 g/cm®), which is greater by 10-20 times
than the V, values of FMO because nitrogen
cannot completely fill macropores due to very
weak interactions with distant pore walls (NPNP
surface) [5, 6, 16]. Additionally, for “soft” (e.g.
polymeric) adsorbents, adsorption of nitrogen
fluid can lead to swelling that results in open
hysteresis loops. Upon the adsorption of liquids
(e.g. water) more strongly interacting with
adsorbents, even solid adsorbents such as fumed
silica can demonstrate slow swelling of
nanoparticles [6-9, 16]. There are the opposite
effects upon strong heating of FMO because
removal of intact water and surface hydroxyls
leads to a decrease of NPNP sizes (Sger increases)
and then NPNP sintering results in a decrease in
the Sger value. All these effects related to
prehistory of samples can change the final results,
and sometimes these results could seem
unexpected.

The nitrogen adsorption-desorption isotherms
could be used to compute the pore size
distributions (PSD, differential fv(R) ~ dVy/dR
and fs(R) ~ dS/dR) using various approaches.
These approaches could include various
systematic errors caused by an inappropriate
model of pores (e.g. cylindrical pores poorly
modelling voids between NPNP in aggregates of
FMO), inappropriate parameters of solids (e.g.
parameters of carbons poorly describing
polymeric adsorbents), efc. Therefore, for
materials with a complex topology of pores or/and
composed of several different phases (e.g. FMO
and polymers or carbons, efc.), firm
(Micromeritics, Quantachrome, efc.) software can
give incorrect results with systematic errors.
Better results could be obtained using a complex
pore model with slit-shaped (S) and cylindrical
(C) pores and voids (V) between spherical
nanoparticles (SCV ~ method) with the
corresponding parameters for the different phases
[17,28]. Additionally, the chemical structure of a
solid surface (e.g. hydroxyls or other
functionalities) can affect the interactions (and
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orientation, i.e., effective area of a surface
occupied by a molecule) of dinitrogen or other
probe molecules with a surface. The SCV method
with a self-consistent regularization (SCR)
procedure [17] allows one to consider the
presence of several phases since the parameters of
several types of surfaces (e.g. silica, alumina,
titania, carbon, carbohydrate polymers, etc.)
could be simultaneously used with an appropriate
pore model for each component. The use of the
SCR  procedure gives information on
contributions (weight coefficients) of different
pore types and different components into the total
porosity and specific surface area [17, 28]. As a
whole, the model errors remain upon the use of
the SCV/SCR method because the texture of any
adsorbent is not strongly ordered (pores can have
very complex shape), there is a surface roughness,
etc. However, the SCV/SCR method reduces the
systematic errors appearing upon the application
of the firm software for complex materials.

For better view of the PSD at large values of
R, the differential PSD with respect to the pore
volume f(R) ~ dV/dR, [A(R)dR ~ V, could be
recalculated to incremental PSD (IPSD) at
(Dv(Ri) = (fv(RiH)+fv(Ri))(Ri+1—Ri)/2 at
2 Ov(R;) =V, [17]. The f/(R) and fs(R) functions
could be also used to calculate contributions of
nanopores into the total pore volume and specific
surface area (Vnano and Snano at radius in the range
0.35 nm < R < 1 nm), mesopores (¥meso and Smeso
at 1 nm < R <25 nm), and macropores (Vmacro and
Smacro at 25 nm < R < 100 nm) [17]. Clear, an
incorrect PSD results in incorrect values of the
textural characteristics.

The average values of the pore radii could be
determined with respect to the pore volume
(X = V) and the specific surface area (X = S),
respectively, as the corresponding moments of the
distribution functions

Riax Ripax
<R, >= j Rf,(R)dR/ [ f.(R)dR. (1)
Rsin Riin

Additionally, fs(R) could be used to estimate
the deviation (Aw) of the pore shape from the
model using [29]

Rmax
Aw=Sy, | [ fi(R)dR-1, )
Rmi
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where Rmax and Rmin are the maximal and minimal
pore radii, respectively. The S nano, S meso and
S” macro Values could be corrected by multiplication
by (Aw+1) that gives S (Aw+1) = Squm = Snano +
Steso T Smacro = SeT. The effective w value (we)
can be estimated with equation

Rinax Rinax
wy =Sy /V,) [ R, (RYR/ [ f(R)R- (3)
R R

However, the reliability of the Aw values
depends on the reliability of both Sger and PSD.

The PSD functions could be also calculated
using various Density Functional Theory (DFT)
methods such as nonlocal DFT (NLDFT),
quenched solid DFT (QSDFT), 2D-NLDFT, etc.
(present in firm (Micromeritics, Quatachrome,
etc.) software) or DFT version with overall
equation [17, 30]

7 (p)
W(p)= vM[ [, (R f(R)GR +
I T @
Wi R0, /2 !

where W is the adsorption, where vv the liquid
molar volume, or the fluid density in occupied
pores, pPm the density of the multi-layered
adsorbate in pores, 7« the radius of pores occupied
at the pressure p, o is the collision diameter of
the surface atoms. To calculate the density of a
gaseous adsorbate (nitrogen) at a given pressure
p, Bender equation [31] could be used. Transition
from gas (subscript g) to liquid (1) or fluid in the
form of multi-layered adsorbate in pores (m) can
be linked to the corresponding fugacity f

/TP _pT.p)_,

R,Tp R.Tp "
N XL )
R,T ol
and
fin = fyesp(), ©)

where F is the interaction energy of an adsorbate
molecule with the pore walls and neighboring
molecules calculated with the Lennard-Jones

potentials. Thus, advantages of the SCV/SCR
method are the possibilities to estimate (i)
contributions of several phases of complex
materials into the textural characteristics; (ii)
adequate PSD of complex adsorbents; (iii) both
PSD and particle size distribution (PaSD); (iv)
errors of the model used that could correspond to
a surface roughness of adsorbents [17, 28].

To describe better the porosity of various
adsorbents, an additional regularizer could be
derived with maximum entropy principle [32]
applied to the distribution function fR) that can
be written as N-dimension vector (N is the number
of the grid points for f) [32]. This procedure was
used [27] to modify the CONTIN algorithm [33]
(CONTIN/MEM-j where j denotes the order of
P’(f)) and applied to study different silicas
[27].

Any mechanical action on FMO results in
certain changes in the textural characteristics of
soft powders [16, 34]. However, mechano-
chemical activation (MCA in a ball-mill for
several hours) of wetted nanosilica weakly affects
the PaSD of NPNP (Fig. 2), but the structure of
secondary particles (NPNP aggregates and
agglomerates) strongly changes due to
compaction of the powder that is well seen in
changes in the PSD (Fig. 3). These changes
increase with increasing MCA time that result in
enhancement of the bulk density with decreasing
pore volume V), at fmca = 6 h. However, the V;
value increases at fmca = 1 h on the initial stage of
the compaction, despite the value of Vem
monotonically decreases from 21.8 cm®/g (initial
A-300) to 4.2 cm?*/g (tmca = 1 h) and 2.08 cm’/g
(6 h), but the inequality Vem > V), remains true.
Note that the IPSD with DFT (model of voids
between silica NPNP) and NLDFT (cylindrical
pores in silica) quantitatively differ, but they are
qualitatively similar since both show an increase
in IPSD intensity with no shift of the main peaks
at treatment time fvca = 1 h and a shift of the main
peaks toward smaller R values and a decrease in
PSD intensity at R > 10 nm at tmca = 6 h (Fig. 3).

Various measurements could be carried out at
low temperatures and during these experiments
water or other liquids could be adsorbed and
frozen at lower temperatures 7 < T} in pores of
the materials studied than those in the case of free
bulk liquids.

The effects of freezing of water (and other
liquids, e.g. acetone) confined in pores of
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different materials can result in changes in the
textural characteristics (Figs. 4 and 5) [16, 35],
and these changes differ from the swelling results
because the latter change the structure of the pore
walls, but the former leads to increase in the pore
volume and specific surface area (this is rather
similar to the burn-off effects during activation of
carbons). For some porous polymers, the effects
are very strong (Fig. 4 a, b), but for others, they
could be much smaller (Fig. 4 ¢). A similar
enhancement of the porosity upon water freezing
is observed for activated carbons (Fig. 5). Thus,
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Fig. 2. PaSD for silica () initial calculated (with Fiji/local

thickness plugin, curve 1, and Imagel/granulometry
plugin, curve 2) using SEM image and nitrogen
adsorption isotherm (curve 3), and (b) primary
particle size distributions for silica initial
(Sper = 330 m?/g) and MCA-treated wetted powder
for 1 h (Sger = 345 m?%g) and 6 h (Sger = 332 m?/g)
calculated using nitrogen adsorption isotherms and
V/SCR method (additional details are elsewhere
[16, 34])

Thus, the use of the adsorption methods to

characterize the textural features of adsorbents
has not only certain advantages but also several
disadvantages and systematic errors caused by (i)
the effects of adsorbate (fluid) on the adsorbent
texture (e.g. due to swelling or freezing); (ii)
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these effects depend on the types of adsorbents
(chemical structure, cross-linking degree,
character of interactions between adsorbent and
adsorbate) and adsorbate type (e.g. structural
changes in water upon freezing with increasing
sizes of ice crystallites causing huge disjoining
pressure up to 2000 atm). This ice pressure can
lead to destroying of core-shell nanoparticles
(50-200 nm) of complex FMO, but smaller silica
NPNP keep integrity under high pressure by ice
crystallites in thick-wall stainless steel cryo-
reactors [19, 22].
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Fig. 3. IPSD for initial (V}, = 0.83 cm/g) and MCA-
treated wetted powders for 1 h
(Vp =142 cm/g) and 6 h (V, = 0.77 cm/g)
with respect to the pore volume calculated
using (@) DFT/PaSD for the model of voids
between spherical particles, and (b) NLDFT
(cylindrical pores in silica) (additional
details are elsewhere [16, 34])

dependences of an occupied area and shape of a
probe molecule on pore size and shape, as well on
pressure;  (iii)  partially  non-equilibrium
conditions; (iv) partial accessibility of long,
curved, narrow pores for adsorbate molecules; (v)
as well model and equation errors. Therefore,
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parallel measurements using various methods to could be provided by SAXS and high-resolution
analyze the textural and morphological TEM (HRTEM) methods. However, additional
characteristics are very desirable. Among these mathematic treatments of the corresponding data
methods the most appropriate and reliable results should be done [16-20].
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Fig. 4. Pore size distributions with respect to the pore volume (IPSDy) and specific surface area (IPSDs) of porous
polymers initial and frozen with acetone or water (by liquid nitrogen for 2 h): (¢) Amberlite XAD-7 (acrylic ester
polymer, Fluka) (initial Sger = 341 m%g, V, = 0.44 cm¥/g, 2 h frozen (by liquid nitrogen) with acetone
Sper = 462 m%/g, V, = 0.91 cm’/g, and with water Sper = 488 m%g, V, = 0.80 cm?/g); (b) Amberlite XAD-16
(polystyrene, Fluka) (initial Sper = 853 m%g, ¥, = 1.35 cm¥/g, 2 h frozen (by liquid nitrogen) with acetone
Sper = 982 m%/g, V, = 1.89 cm®/g, and with water Sger = 984 m?%/g, ¥, = 2.03 cm*/g); and (c) LiChrolut (copolymers
of styrene and divinylbenzene, Merck) (initial Sger = 1512 m%/g, V, = 0.82 cm?/g, 2 h frozen (by liquid nitrogen)
with acetone Sger = 1479 m%/g, V, = 0.81 cm®/g, and with water Sger = 1521 m%/g, V, = 0.82 cm®/g) [16, 35]
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Fig. 5. Pore size distributions of activated carbons (AC) prepared from (a) plum stones, PS, (PSO MASKPOL, Poland)
(initial Sper = 1873 m%/g, V, = 1.04 cm’/g, after suspending/freezing Sper = 2233 m%g, V,, = 1.26 cm*/g) and (b)
activated carbon NPK (carbonized coconut shells, CS) (Gryfsk and Hajnéwka, Poland) (initial Sger = 2165 m%/g,
V, = 1.044 cm’/g, after suspending/freezing Sger = 2295 m%/g, V,, = 1.118 cm’/g) [16, 35]
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SMALL-ANGLE X-RAY SCATTERING

The differential PSD functions f{r) based on
the SAXS data could be -calculated using
Fredholm integral equation of the first kind for
scattering intensity /(g) [36]

sin gr — qr cos qr)2
(qr)’

where C is a constant, ¢ = 4nsin(0)/A the
scattering vector value, 0 is the scattering angle,
A is the wavelength of incident X-ray, V(r) is the
volume of a pore with radius 7 (proportional to 7°),
and f(r)dr represents the probability of having
pores with radius » to » + dr. The values of
Fmin (= T/¢max) and Fmax (= T/gmin) correspond to
lower and upper limits of the resolvable real space
due to instrument resolution. This equation could

V) f(rydrs  (7)

ig=c
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Fig. 6. Pore size distributions of a char/bentonite
(20/80 w/w) composite (Sper = 122 m?/g and
Ssaxs = 262 m%g), prepared upon carbonization
of resorcinol-formaldehyde resin added to
bentonite, calculated using SAXS and SCV/SCR
methods (some details were described elsewhere

[37D)

To calculate the particle size distribution
(PaSD) functions based on the SAXS data [39],
several models of particles (e.g. spherical,
cylindrical, lamellar ones and various blends of
them [37]) could be used. For spherical particles,
integral equation similar to Eq. (7) could be
written as follows

max

I(q)=C [ P(q.,n)f (r)dr, (8)

R

'min
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be solved using the CONTIN algorithm [33]. The
A(r) function could be converted into incremental
PSD (IPSD) ®(7) = (f(ri+1) + fv(7:))(riv1 — 11)/2 for
better view of the PSD at larger » values (similar
to the PSD based on the adsorption data). The
main advantage of the SAXS method upon the
textural characterization [16, 36-39] is that all
open and closed pores could be analyzed in
contrast to the adsorption methods giving the
characteristics only of pores accessible for probe
molecules (Figs. 6 and 7); therefore, practically
always Ssaxs > Sger (Figs. 6-8). Comparison of
the SAXS and adsorption PSD, as well the Ssaxs
and Sger values, allows one a deeper insight into
the textural features of the materials studied under
various conditions. Additionally, the SAXS data
could be used to compute the PaSD for particles
of different shapes [37].
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Fig. 7. Pore size distributions of activated carbon
(carbonization of phenol formaldehyde resin
and subsequent activation by CO, at 1183 K
with 60 % burn-off) (Sger = 1999 m%g and
Ssaxs = 2211 m?/g) calculated using SAXS,
DFT (Eq. (7)) and NLDFT methods (some
details were described elsewhere [38])

where C'is a constant, r is the radius of particles, f{r)
is the distribution function (differential PaSD), and
P(r) is the form factor for spherical particles [39]
(the kernel of the integral equation):
P(g,») = @3 [D(g)] where
d(q,r) = (3/(gr))[sin(gr) — grcos(qr)]. The PaSD
with respect to the volume of particles (as
abundance in vol %) could be calculated as follows

abundance (vol %)= 7" f(r)/ .[r3 f(rdr. (9
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For cylindrical particles, there are two Ling
variable parameters, such as the radius (r) and I(g)=C J. P(q,L)f(L)dL, (11)
length (H) of cylinders L
- where L is the lamellar thickness, and the
I(g)=C j _[f (H)f(r)P(q,H,r)dHdr,  (10) prefactor (1/¢%) is the so-called Lorentz factor
Hypiy Tiin required to randomize the orientation of the
. 2
where lamellar particle and P(g,L)=(L/qg) sin(gL/2)
(qL/2)
¢ 2J,(grsin @) sin(0.5¢H cos6) ) [39]. In the case of complex systems, several
P(q’H’r)_CV.([ ;rsing 0.5gH cos 6 sin6d6 models with various blends of spherical,
cylindrical and lamellar particles could be used
Ji(x) is the first-order Bessel function, V' =mr"H is with certain weight coefficients.

For a complex model of particles, the integral

the cylinder volume, and C is a constant [39]. otd
equation includes three terms [37]

For lamellar particles [39]

2

1@=cp | [F] | = (sinar)—greostan | (1
’ 3 ) L(gr)

Tmin

Lmax b 2

vy | (L/qp| S D N epyar

j( q){ o | @ (12)
+c,, j f(H) [ LN j sin2/1(¢7sn0) sin(0.5gH 050) e iny

0 e qrsin® 0.5gH cos9

where I(g) is the X-ray scattering intensity, G(h) = CI[K q'l (Q)] e [ s1n;l] hjdq’ (13)
q = 4msin(0)/A is the scattering vector value, 20 is 9
the scattering angle, 4 is the wavelength of where K is the Porod constant (corresponding to
incident X-ray, R is the radius of particles, H and scattering intensity /(q) ~ Kg™* in the Porod
R are the length and radius of cylinders, L is the range).
lamellar thickness, f(r), AL), and f{H) are the The specific surface area from the SAXS data
distribution functions, Ji(x) is the first-order could be calculated (in m%/g) using equation
Bessel function, ¢, are the weight coefficients
calculated, as well f{x) functions, using a self- S =10* 7g(1— @) K (14)
consistent regularization procedure [17] to solve SAXS , ’
Eq. (12). For example, Fig. 8 shows changes in
the PaSD function (calculated with Eq. (12) using where ¢= pi/po is the solid fraction of adsorbent,
the SCR procedure) upon carbonization of and Q is the invariant
resorcinol-formaldehyde resin bound to bentonite o
particles. These changes show that particle 0= qul (9)dq - (15)

(polymer phase) carbonization results not only in
diminution of the particles (e.g. at r < 7 nm) but
also in certain consolidation of them (at
r=8-15 nm and » > 30 nm).

The chord size distribution, G(h) as a

The Q value is sensitive to the range used on
integration of Eq. (15) (since experimental g
values are measured between the gmin and @max

geometrical statistic description of a multiphase values different from O and o). Therefore, the

medium, could be calculated from the SAXS data invariant value O could be calculated using
[40, 41] equation [42]
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Gmax

0= Z(I(qi)_b)qiqui +K/qmax

Gimin (16)
where b is a constant determined using equation
Iq)q* =K + bq" (17)
valid in the Porod range.

The G(h) curves (Fig. 9) show that

carbonization of resorcinol-formaldehyde resin

0.04 -

0.03

0.02 4

IPaSD (arb.un.)

0014 :

0.00 ¢

Particle radius (nm)

Fig. 8. Particle

size distributions of resorcinol-
formaldehyde resin/bentonite (Sger = 160 m?/g
and Ssaxs = 194 m?%g) and char/bentonite
(20/80 w/w) composite (Sger = 122 m*/g and
Ssaxs = 211 m?/g), prepared upon carbonization
of resorcinol-formaldehyde resin added to
bentonite, calculated using SAXS/SCR method
with a complex model with spherical,
cylindrical and lamellar particles (Eq. (12))

(some details were described elsewhere [37])

Note that the SAXS data treatments described
above were successfully used for carbon, silica, and
polymeric materials in comparison with the results
of various methods used to analyze the nitrogen
adsorption data [37, 38, 43-45] or analysis of
microscopic  images. Additional not only
morphological but also textural quantitative
characteristics could be derived from adsorption and
SAXS data, as well from TEM and SEM images.

HIGH-RESOLUTION TRANSITION
ELECTRON MICROSCOPY (HRTEM)

TEM and SEM images (Fig. 10) could be
used to calculate both PSD [16, 28] and PaSD
(Figs. 2 and 11 a) functions. However, this needs
certain methods (computer programs) for image

ISSN 2079-1704. X®TI12020. T. 11. Ne 1
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Fig. 9.

bound to bentonite particles results in diminution
of the thickness of pore walls over the total range.
The carbonization results in a decrease in the
value of Sger (160 m*g > 122 m?g) due to
consolidation of particles that causes an increase
in a part of closed pores since the Ssaxs value
increases (194 m%g > 211 m?%g) during the
carbonization (Fig. 9). Thus, the SAXS method
gives useful information on global textural
changes in the materials that significantly
completes the adsorption data.

Chord SD (arb.un.)

1 10 100
Chord value (nm)

Chord size G(h) distributions of resorcinol-
formaldehyde resin/bentonite (Sger = 160 m%/g
and Ssaxs = 194 m%/g) and char/bentonite
(20/80 w/w) composite (Sger = 122 m?%/g and
Ssaxs = 211 m*/g), prepared upon carbonization
of resorcinol-formaldehyde resin added to
bentonite, calculated using SAXS method with
Eq. (13) (some details were described elsewhere

(37D

treatment using, e.g., such software as ImagelJ
[46] (with a granulometry plugin), Fiji [47] (with
a local thickness plugin) or others [48]. The
quantitative analyses of microscopic images have
certain advantages and disadvantages described
in detail elsewhere [48]. The advantages are due
to practically direct quantitative information on
the particulate morphology and texture of the
materials studied that can be compared with the
results based on indirect information based, e.g.
on the adsorption and SAXS data. The
disadvantages of the approaches are due to certain
problems of quantitative analysis of images,
especially pore walls and pore sizes, with a certain
ambiguity of their representation on gray-scale
images [48].
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Figure 10 shows images of fresh A-300 and
aged (about 15 years) A-500. The latter lost the
surface area from 492 m*g (fresh) to 331 m?/g
(aged). This effect is caused by enhanced
aggregation of NPNP (comp. Figs. 10 a-d and
10 ¢, f) that results in significant changes in the
adsorption-desorption

nitrogen isotherm

(Fig. 11 a) and PSD (Fig. 11 b). These textural
changes over the total range of pores (voids
between NPNP) are similar (but slightly different)
to those observed after the mechanical
compaction of the FMO powders described
above.

Fig. 10. (a, ¢, ¢) SEM and (b, d, f) TEM images of (a, b, ¢, d) fresh A-300 and (e, f) A-500 (aged during 15 years)
showing NPNP aggregates and agglomerates of aggregates

14
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Thus, FMO based on amorphous silica or
other amorphous silicas (which are a hard-moving
liquid), e.g. silica gels, are aged-time-sensitive
materials. This time-dependent aggregation effect
is of importance from a practical point of view.

) 700+

o

600 4

500

400+

3004

2004

Adsorption (cm® STP/g)

100

pip,
(b) 0.064  A-500
1—— Fresh

0.051 > Aged

0.044

0.03

IPSD (cm¥g)

0.02 1

0.014

0.00 -+ 4 LA R R L | T LA R |
1 10 100

Pore radius (nm)

Fig. 11.  (a) Nitrogen adsorption-desorption isotherms
for fresh (/) and 15-years aged A-500 (2) and

(b) V/IDFT PSD (based on Egs. (4)—(6))
QUASI-ELASTIC LIGHT SCATTERING

The characteristics of such highly disperse
materials as FMO depend strongly on the
dispersion media properties because of several
factors: (i) surface charging, (ii) NPNP swelling,
(iii) colloidal stability and aggregation instability
and others [16-20, 49-51]. Electrophoretic
mobility and secondary particle size distribution
(SPSD) investigations could be performed using
such apparatus based on the quasi-elastic light
scattering (QELS) (photon  correlation
spectroscopy, static light scattering, or dynamic
light scattering) method as a Zetasizer 3000
(Malvern Instruments). Deionized distilled water
and FMO samples (1-30 g per dm® of the water)
could be utilized to prepare suspensions sonicated
for several min using an ultrasonic disperser (e.g.
Sonicator Misonix, power 500 W and frequency
22 kHz). The pH values could be adjusted by
addition of 0.1 M HCI or NaOH solutions, and the

ISSN 2079-1704. X®TI12020. T. 11. Ne 1
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salinity could be changed by addition of NaCl,
NaClOy, etc. The electrophoretic behavior and the
SPSD with respect to the intensity of scattered
light (SPDSi) and particle number (SPDSx) of
FMO in the aqueous suspensions were described
in detail elsewhere [16, 18, 49, 50].

(a) 044
0.3
e
5
o)
@ 0.2
)
%)
m
& 014
0.0
0
Particle radius (nm)
(b) 3,
2 8
- L
o 28 b g
%] Z 5 ES
1 = < <
0 T T T
10 100 1000
Particle diameter (nm)
Fig. 12. (@) Primary nanoparticle size distributions of

A-300 (Sger = 294 m?/g) estimated from the
data of nitrogen adsorption (V/SCR method),
HRTEM (ImageJ with granulometry plugin
[46]), SAXS (with a model of spherical
particles), and QELS (a model of spherical
particles); and (b) particle size distribution
(SPSDs) in aqueous suspension of A-300
(St = 330 m%/g, concentration of 3 wt. %)

According to the Smoluchowski theory [51],
there is a linear relationship between the
electrophoretic mobility U. (QELS measured)
and the {'potential: U. =A¢, where A is a constant
for a thin electrical double layer (EDL) at xka >> 1
(where a denotes the particle radius, and x is the
Debye-Huckel parameter). For a thick EDL
(ka < 1), e.g., at pH close to the isoelectric point
(IEP), the equation with the Henry correction
factor is more appropriate U. = 2¢ ¢/(377), where
¢ is the dielectric permittivity; and 7 is the
viscosity of the liquid [51]. For FMO dispersions
in the aqueous media, aggregation of NPNP is
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always characteristic [49, 50]. However,
sometimes the first peak of SPSD (Fig. 12 a,
curve 4) corresponds to NPNP. The
hydrodynamic diameter of NPNP could be
5-20 % larger than the geometric one due to the
presence of an immobile layer in EDL of
liquid/bound counter ions depending on pH, IEP,
salinity, etc. Other peaks in the SPSD correspond
to NPNP aggregates and aggregates/agglomerates
(Fig. 12 b). Note that QELS PaSD peak of NPNP
corresponds to smaller sizes than that estimated
from TEM image and nitrogen adsorption data
because there were different A-300 samples with
330 m%g (QELS) and 294 m?%g (TEM, nitrogen
adsorption). Thus, the QELS method could be
used to estimate the aggregation of FMO particles
in liquid dispersion media depending on
conditions of the measurements. This FMO
behavior can affect the results of the NMR
cryoporometry and relaxometry investigations of
the suspensions.

NMR CRYOPOROMETRY

The confined space effects play an important
role for liquid adsorbates or dispersion media (e.g.
water, etc.) especially at temperatures lower than
freezing temperature of bulk liquid that can be
utilized in various methods to estimate the
textural characteristics on the base of the
temperature behavior of liquids confined in pores
[16, 18, 19, 52-54]. Water can be frozen in
narrower pores (or voids between nanoparticles)
at lower temperatures as described by the
Gibbs—Thomson (GT) relation for the freezing

point depression for liquids confined in
cylindrical pores at radius R [16, 52—-54]
20,1,
AL =T, T (Ry=— e e g
’ AH, pR R’

where Tin(R) is the melting temperature of ice in
cylindrical pores of radius R, Tme the bulk
melting temperature, AHy the bulk enthalpy of
fusion, p the density of the solid, oy the energy of
solid-liquid interaction, and kgr is the
Gibbs—Thomson constant (kg = 40-90 K nm for
various FMO, porous oxides (silica gels),
polymers, carbons, etc.). Eq. (18) could be used
to determine the cluster size distributions (CSD)
(fv(R) = dVuw(R)/dR) of water unfrozen at
T <273 K [16] and bound to disperse or porous
solids wetted or located in the aqueous
suspensions.

16

Eq. (18) can be transformed into Eq. (19) for
two (or more if their signals could be separated in
total spectra deconvoluted) immiscible liquids
(e.g. water and benzene characterized by different
"H NMR signals [16, 27]) with consideration for
their amounts in a mixture and their temperature-

dependent signal intensity (obtained on

deconvolution of the total signal)

dv.. A dcC .

So= (=T, L) (19)
dR k 0 dT

1

where i denotes an adsorbate number, C,(7) is
the integral intensity of a du band for the i-th
adsorbate as a function of temperature, and 4; is a
weight constant dependent on the molecular
volume (v;), the number of protons (#;) in a
molecule of the i-th adsorbate and the used units.
Eq. (19) can be transformed into integral GT
(IGT) equation, replacing dV/dR by AR),
converting dC/dT to dC/dR and integrating by R,

k ’
. (20
C, (1) =4 j ((T — (R))RJ f(RydR-  (20)

}'IlOOl mz

CSD could be converted into incremental
CSD (ICSD) ch(R) = (V(Ri+1) + NMR))(Rin1 —
R)/2 at 2 Dvi(R) = Vyw. Integration of the f/(R)
and fs(R) functions at R<1nm, 1 nm <R <25 nm,
and 25 nm < R < 100 nm gives the volume and
specific surface area of nano-, meso- and
macropores, respectively, filled by unfrozen
liquid. The specific surface area (Suw) of
adsorbents in contact with bound water (assuming
for simplicity that the density of unfrozen bound
water pu = 1 g/cm’) can be determined from the

amount of this water C,.  (estimating pore

volume as Vyw = C\™/puw) at 273 K and pore size

distribution f{R) with a model of cylindrical pores
[16]

V Cmdx

Sy =y = j F(RYdR/ j F(R)RAR

av uw R

21

where Rmin and Rmax are the minimal and maximal
radii of pores filled by unfrozen water,
respectively. In the case of calculations of the
structural characteristics of nanopores (R < 1 nm),
mesopores (1 nm < R < 25 nm) and macropores
(R > 25 nm), the Rmin and Rmax values are the
boundary R values for the corresponding pore
types (including Ruin = 0.2 nm for nanopores).
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The C**/ p,,, value should be replaced by the

corresponding values of the volumes of
nanopores, mesopores, or macropores [16]. The
average melting temperature <7,> could be
calculated using formula related to the ratio of the
first and zero moments of the distribution function
[20]

L I
<T >= j TC, (T)dT/ j C (T)dT, (22)
T. T.

min min

0.154

C(SI0,) (wi%)

o

e

o
I

0.05+

f(R) (arb.un.)

0.00LE 4 : ; )
0 5 10 15 20

Pore Radius (nm)

Fig. 13. Size distributions of pores (nitrogen adsorp-
tion/desorption treated with V/SCR method)
and clusters with unfrozen water (7' < 273 K)
filling voids between silica (A-300) NPNP in
aggregates located in aqueous suspensions at
different concentration of silica (GT method)
described elsewhere

(some details

[16])

were

The NMR cryoporometry gives useful
information on the behavior of bound water
depending not only on the silica (water) content,
but also on the A-300 treatment (e.g. MCA)
effects (Fig. 14). A strong increase in the content
of water from 4 = 3 g/g (wetted powder) to
40.7 g/g (suspension) results in a relative decrease
in the content of strongly bound water forming
small clusters in narrow voids because in the
suspension, the average distance between NPNP
can strongly increase (due to electrostatic
repulsion interactions). The MCA compaction of
A-300 results in a relative increase in contribution
of small clusters (R < 2 nm) because contribution
of narrow voids increases (Figs. 3 and 14). An
enhancement in the MCA compaction resulting in

ISSN 2079-1704. X®TI12020. T. 11. Ne 1

where 7o = 273.15 K, and 7w, is the temperature
corresponding to Cyy = 0.

Fig. 13 shows the f{R) functions for the
aqueous suspensions of A-300 at different
concentrations of silica in comparison to the N,
adsorption PSD (V/SCR). The value of
Ca300 = 123 wt. % is close to that causing
complete structurization (clusterization) of the
dispersion [16]. Therefore, changes in the f(R)
curves are non-monotonic with increasing Ca-3o0
value due to different structurization of the
dispersion vs. A-300 concentration.

0.5+
Yo Initial
044 g? —o— Wetted
s —o— Suspended
o . Wetted
S 0.3+ Py g/cm3
2
&
a 0.2
]
o
0.14
0.0+5
0.5

Radius (nm)

Fig. 14. Differential functions with respect to the sizes
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of unfrozen water structures for hydrated silicas
(h = 3.0, 40.7, 1.2 and 1.0 g/g, respectively)
with the specific surface area in contact with
unfrozen water Sy = 322, 281, 123, 124 m%/g,
respectively (additional details are elsewhere

[34])

a greater p, value (from 0.22 to 0.39 g/cm’)
slightly affects the distribution of unfrozen water
clusters in wetted samples over the total size
range (Fig. 14) because the PSD changes too
(Fig. 3), but the water content is not enough to
strongly change the NPNP aggregation that
observed in the aqueous suspensions. Thus, NMR
cryoporometry gives information not only on the
textural characteristics of the materials being in
different dispersion media but also on the
temperature behavior of unfrozen liquids
confined in different pores. Similar information
could be obtained wusing the DSC
thermoporometry method based on the
Gibbs—Thomson relation for the melting point
depression for liquids confined in pores.
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DSC THERMOPOROMETRY

Melting DSC curves of bound water (ice)
[55-58] can be used to calculate the pore sizes
filled by this water as follows:

32.33
T -T,

m

R,(nm)=0.68 - (23)

where Tm and T are the melting temperatures of
confined and bulk water, respectively. The pore
size distribution dV/dR can be calculated from the
DSC melting curves of bound ice

ﬁ (Tm - TmO)2
dt , (24)
32.33pfmAH(T)

%(cm%m"lg"l) =

where dqg/dt, p, B, m and AH(T) are the DSC heat
flow, the water density, the heating rate, the
sample mass and the melting enthalpy of ice,
respectively. The AH values as a function of
temperature for water can be estimated as follows
[55-58]

AH(T)Jg)=332+1139(T, -T,,) +

+0.155(T, - T,,)" - (25)

m

The Gibbs-Thomson equation applied to DSC
melting thermograms allows one to accurate
calculate the PSD for silica gels (with the model
of cylindrical pores since the errors of this model
are relatively small for silica gels [16, 17]) using
melting curves at 7 < Ty, ie. using the low-
temperature DSC peaks [60]. Melting curves of
n-decane at 7 < 243 K could be used to calculate
the PSD for silicas with the GT equation
R = kor/(Tom—Tm) for cylindrical pore radius at
kor = 64.6 K nm, where Tom and Tn, were the
melting temperatures for pure bulk crystallites
and confined in pores of radius R, respectively.
For the freezing point depression of n-decane
confined in pores (voids), these calculations
resulted in the PSD similar to the NLDFT PSD
[28]. For water as a probe, there are certain
differences between nitrogen adsorption PSD and
DSC PSD for different silicas (Fig. 15) that is due
to several factors: (i) water can be layer-by-layer
frozen in mesopores and macropores; (ii) ice
(having a larger volume than liquid water) can
affects the PSD; (iii) model errors caused by the
difference between model pore shape (e.g.
cylindrical) and real one (e.g. voids between
NPNP). However, qualitative changes in the DSC
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PSD and adsorption PSD are similar upon the
MCA compaction of A-300 (Fig. 15 @). The DSC
thermoporometry [16, 28, 55-60], as well
thermogravimetry porometry [28, 61] could be
used for the characterization of the behavior of
adsorbates at low and high temperatures that gives
additional information on the confined space
effects important on practical applications of the
materials under different conditions. Note that the
confined space effects can be observed not only
for unfrozen liquids but also for frozen ones using
the TSDC method [62].

(a) N o
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g % —+— Water, DSC
= £ 40 - - =N, SCV/SCR
3 i /L1  A300MCAGh
@ S § /11 ——Water DSC
= § i %! ----N,SCWSCR
[m] i i %‘t!
D ooz jooe R
- i iy
g 0.014 2 ¢ 1\
o e i’ ‘\g& S
”/ ~ 2 ‘.T“ i \:* “"}
00045527 j‘ £ el :
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Pore Radius (nm)
(b) 0.09-
0.08 Syloid 244
= . —— Water, DSC
5 007 N,, SCV/SCR
Ko
& 0.0
(]
O 0.05
o
_ 0.04
[=]
o 0.03]
@
0.02]
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Pore Radius (nm)

Comparison of the IPSD calculated from
nitrogen adsorption-desorption isotherms and
ISD based on the DSC melting thermograms
of water (ice) bound to (@) initial A-300
(Seer =331 m%g, V,=0.826 cm¥/g), MCA 6 h
A-300 (Sger = 331 m?/g, V, = 0.771 cm?/g),
and (b) Syloid 244 (Sger = 336 m?g,
Vo, = 1.591 cm’/g) (some details were
described elsewhere [60])

TSDC RELAXOMETRY

Fig. 15.

Thermally stimulated (de)polarization current
(TSDC) method could be used to analyze the
confined space effects for frozen polar liquids
(e.g. water > ice) bound to various disperse or
porous solids even at low their content, i.e.,
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diluted aqueous suspensions could be studied due
to high sensitivity of the TSDC method
measuring low depolarization currents at
107°~1077 A [62]. The tablets (diameter 30 mm,
thickness ~1 mm) with frozen studied materials
differently hydrated (hydration 2 = 0.03-99 gram
of water per gram of a dry material) could be
polarized by the electrostatic field at the intensity
F, =0.1-0.5 MV/m at 260-265 K then cooled to
80-90 K with the field still applied and heated
without the field to 265-270 K at a various
heating rate (e.g. = 0.05 K/s). The current (/)
evolving due to sample depolarization could be
recorded by an electrometer over the 107'°-107 A
range. Relative mean errors for measured TSDC
are relatively small & = £5 %, or = £2 K for
temperature, & = 5 % for the temperature
change rate [62].

The temperature range on the TSDC
measurements is much broader (80-270 K) than
that on the '"H NMR measurements (180290 K)

because the dipolar relaxation (TSDC)

A-300, wi%
1—1

0.02-

c

3

=
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g oot

0.00
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Fig. 16. Size distributions of water clusters located in Fig. 17.
voids between silica NPNP in aggregates
located in frozen aqueous suspensions of
different
concentrations (some details were described

A-300 (TSDC/GT method) at

elsewhere [62])

Similar to the 'H NMR cryoporometry
results for the A-300 suspensions (Fig. 13) the
water cluster distributions based the TSDC data
(Fig. 16) demonstrate nonmonotonic changes in
the nanostructured clusters (R < 1 nm) and
mesostructured clusters and domains
(R = 1-5 nm) with increasing concentration of
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observed at 7<200-220 K is linked to the polar
bond rotations or molecular fragment relaxation
(observed in confined ice) which cannot be
registered in the 'H NMR spectra (of static
samples with narrow bandwidth of 20 kHz [16])
of mobile low-molecular molecules (water,
benzene, acetone, efc.) that appears only at
higher temperatures. However, the temperature
ranges of the throughout conductivity (dc
relaxation in TSDC) and the molecular mobility
("H NMR) are relatively close but not the same
[16, 62] because the dc relaxation requires the
throughout percolation of ions in the samples
from one electrode to another, but the molecular
mobility reflected in the '"H NMR spectra can
be due to local (cluster) mobility of bound or
bulk water (from individual molecules, clusters,
nanodomains to bulk water with elevating
temperature). Therefore, the dc relaxation in
TSDC is observed at slightly higher
temperature than the 'H NMR spectra of
unfrozen clusters of confined water [16, 62].

€ 0010
g
=
a
& 0.005-
S} o
g 00x
= 0.000 :
0 1 2 3 4
Radius (nm)
Size distributions of pores (nitrogen

adsorption/desorption treated with SCV/SCR
method) and water clusters located in voids
between silica NPNP in aggregates located in
frozen aqueous suspensions of A-50, A-300,
and A-500 (TSDC/GT method) at 7 wt. %
(some details were described elsewhere
[16, 62])

silica in the aqueous suspensions. However, for
different  nanosilicas such as  A-50
(Sper = 52 m%/g), A-300 (294 m?*/g), and A-500
(492 m?%g), there are practically monotonic
changes in the cluster sizes and their
contributions (Fig. 17) because the smaller the
NPNP size, the stronger the aggregation of
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NPNP affecting the TSDC spectra of confined
water (ice). Note that integral GT equation
based on the TSDC relaxation vs. temperature
(similar to integral GT equation (20) for NMR
cryoporometry but with a certain dependence of
kot on T [16, 62]) gives the f{R) function close
to the N> PSD than that calculated using non-
integral equation (Fig. 18). Thus, the TSDC
relaxation data could be used for additional
characterization of confined liquids at 7 < Tt
when only dipolar relaxation of bonds and
certain atomic fragments is observed in ice (i.e.
with no the molecular mobility for confined
unfrozen liquids observed in the NMR
cryoporometry or DSC thermoporometry).
TSDC relaxometry characterized by certain
advantages and disadvantages, as well other
described methods, gives additional
information allowing one a deeper insight into
the interfacial phenomena and more complete
characterization of the materials in different
conditions.
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Fig. 18. Size distributions of pores (nitrogen

adsorption/desorption treated with a model
of cylindrical pores) and water clusters
located in pores of MCM-48 located in
frozen aqueous suspension (TSDC/GT and
integral GT methods) at 16.7 wt. % (some
details were described elsewhere [16, 62])
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CONCLUSION

The present study deals with analyses of a set of
methods used to investigate the morphological and
textural characteristics of nano/meso/macroporous
materials being in various dispersion media, as well
the interfacial phenomena basic for various
approaches in the characterization of materials.
There are several ways in these studies: (i)
adsorption-desorption of low-molecular weight
probe compounds (N>, Ar, etc.); (ii) adsorption or
confinement of low- or high-molecular weight
compounds in pores (voids) of solid particles being
in liquid media; (iii) small angle X-ray scattering
(SAXS); (iv) quantitative analysis of images
recorded using various microscopic methods; (v)
thermoporometry based on differential scanning
calorimetry (DSC) with decreasing-increasing
temperature using melting thermograms; (vi)
cryoporometry based on low-temperature 'H NMR
spectroscopy giving the dependence of signal
intensity of a mobile phase vs. temperature; (vii)
relaxometry based on NMR spectroscopy with
transverse relaxation time vs. temperature; and (viii)
relaxometry based on thermally stimulated
depolarization current (TSDC) measurements. Each
method could be characterized by certain systematic
errors. However, the use of several aforementioned
methods in parallel can allow one to elucidate the
reasons and level of systematic errors that is on
importance for correct characterization of the
materials studied. Thus, the larger the number of in
parallel used methods, the more comprehensive the
morphological and textural characterization of the
adsorbents.

One of the main effects of liquid dispersion
media onto FMO is changes in the organization of
the secondary particles, i.e. NPNP aggregates and
agglomerates of aggregates, that nonmono-
tonically depends on the concentration of FMO
and typically the secondary particles become less
compacted. The opposite effect is due to any
mechanical loading on dry or wetted FMO
powders, which become more compacted.
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Xapakrepu3anisi HAHO/Me30/MaKPONOPUCTHX MaTepiaJiB y 3aJ1€KHOCTI Bijg
eKCIepIMEeHTAJIbLHUX YMOB Ta 0c00JIMBOCTell MeTO/iB, 1110 BUKOPHCTOBYIOThCS

B.M. I'ynbko

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

Memoro ybo2o docniodicenHs 6y8 aHaniz PisHUX Memoois, ujo UKOPUCMOBYIOMb OISl Xapakmepuszayii mopghonozii ma
meKcmypu mamepianie, ki nepebysaromy y pisHUX OUCHEPCILIHUX CepedosUaX, A MAKOIC ABULY HA MeXCAX NOOLLY, WO €
OCHOBOI) DIZHUX BUKOPUCHAHUX Memools. € OeKibKa WUIAXI6 8 aHAI0SIYHUX 00cniodxceHHsx: (i) adcopbyis-Oecopbyis
HU3bKOMOAEKYIApHUX cnoayk (N, Ar mowo); (i) aOcopbyis uu obMedCeHHs y NpoCcmopi NOp HU3LKO- YU
BUCOKOMOJIEKYAPHUX CHOTYK NPU 83AEMOOIT 3 MBepOUMU YACMUHKAMU Y PIOKOMY cepedosuyi; (iii) MAaroKymose po3CiaHHs
DEHMEeHIBCbKUX NpoMeHie abo Helimpouie, (iv) uwuciosuil ananiz mikpozoopasxceno TEM, CEM mowo; (v)
MEPMONOPOMEMPIst HA OCHOGI OUpEPEHYILIHOT CKAHYIOUOT KANOPUMEMPIT 3 UKOPUCTNAHHIM MEPMOSPam NaaGieHHsl, (Vi)
Kpionopomempisi Ha 0CHO8I Hu3bkomemnepamypHoi AMP cnekmpockonii o000 3aneicHOCE IHMEeHCUBHOCI CUSHATIB 610
MeMnepamypu, HUXCHoi 3a memnepamypy 3amep3anHs iibHoi piounu, (vii) penakcomempis na octosi IMP cnekmpockonii
OO0 MeMNepamypPHol 3a1eHCHOCMI Yacy nonepeynol penaxcayii; ma (Viii) penaxcomempii Ha OCHOGI 3aNEHCHOCI CIMPYMY
MEPMOCIULYIbOBAHOI denonsipusayii 6io memnepamypu. Kooicen 3 yux memooie Modice XapaKmepusy8amucsi ne6HUMU
cucmemamuynumu noxubxamu. Ilpome napanenvhe GUKOPUCANHSL KITbKOX MemOOI6 0036018€ GUSHAUUMU NPUYUHU A
DIBEHb CUCMEMAMUYHUX NOMUTIOK, WO € BANCTUBUM OJsL KOPEKMHOL Xapakmepusayii Mamepianis, wjo 00CIONCYIOMbCsL 8
PizHUX cepedosuwyax. Takum wuHom, yum Oinbue Memooie GUKOPUCIIOBYEMbCS Y NAPANETIbHUX OOCTIONCEHHSIX, muM Oitbu
HAOIIHOI0 1 NOBHOI MOdice OYymu MOPEHONO2IUHA MA MEKCIYPHA Xapakmepu3ayis adcopoenmis pisHoi npupoou.

Knrouosi cnosa: nipocenti okcuou, me30nopucmi Kpemtesemu, CUlikazeib, akKmugosane 8y2iLis, Mophonozisi
YACTMUHOK, MEKCMYPHI XapaKmepucmuKu, CUCmMeMamudri NOMUIKU

XapakTepu3ainusi HAaHO/Me30/MAKPONOPUCTHIX MATEPUAJIOB B 3aBUCUMOCTH OT
IKCHEPUMEHTAJIbHBIX YCJIOBH M 0COOEHHOCTEH MCNO0JIb30BAHHBIX METO/I0B

B.M. I'yubko

HUnemumym xumuu nosepxnocmu um. A.A. Yyixo Hayuonanvroti akademuu Hayk Yxpaurol
ya. F'enepana Haymosa, 17, Kues, 03164, Yxkpauna, viad _gunko@ukr.net

Lenvio Oanno2o uccredosanus Obll AHATU3 PASHBIX Memo008, KOMopble UCHOAb3VIOMCA 051 MOPGHOL0SUYECKOl U
MEKCMYPHOU XapaKmepusayuu Mamepuaios, KOmopvle HAXO0SMCS 8 PA3IUYHBIX OUCHEPCUOHHBIX Cpedax, d MaKoice
SAGNEHULL HA 2PAHUYax pazoend, KOmopble SesI0mcst OCHOBOU OaHHbIX Memo008. Ecmb neckonvko nymeii ¢ anano2uunbix
uccneoosanusx: (i) adcopoyus-oecopoyus HUSKOMONEKYIApHbIX coedutenuu (N Ar u m.o.); (ii) adcopbyua unu
NPOCMPAHCMBEHHOE 02PAHUYEHUE 8 NOPAX HUSKO- U BbICOKOMOEKYISPHbIX COCOUHEHULL NPU 63AUMOOUCBUU ¢ MEEPObIMU
yacmuyamu 6 HCuoKou cpeoe; (iif) Mauioyenosoe pacceusanue PeHmeeH08CKUX yyell Wil HeumpoHos, (Iv) YUC/eHHbII
ananuz muxpouszoopadxcenu TOM, COM u dp.; (v) mepmonopomempusi Ha 0cHo8e OughpeperyuanbHoll cKanupyiowet
KAnopumempuu ¢ UCNONb308AHUEM TNEPMOSPAMM NAAGIEHU,; (Vi) KPUONOpoMempusl Ha OCHO8e Huskomemnepamyprou AMP
CREKMPOCKONUY OMHOCUMENBHO 3A6UCUMOCIIU UHIMEHCUBHOCIU CUSHAI08 OWl MEMNEpamypbl Hudice Mmemnepanypbl
3amep3anus  c60OOOHOU  dicuokocmu;  (vii) penaxcomempus Ha ocrose HAMP  cnekmpockonuu OmMHOCUMETLHO
MeMNEPantypHoll 3a8UCUMOCIIU BDEMEHU NONEPEY Ol pellakcayuu, u (Vi) penaxcomempuu Ha OCHO8e 3A6UCUMOCHIU TMOKA
MEPMOCIUMYTUPOBAHHEOU Oenoaspu3ayuu om memnepamypul. Kasxcowitl us smux Memooos Modjicenm Xapakmepu3oeanbcs
onpeodenenHbiMu cucmemamudeckumu noepeunocmsimu. OOHAKO NAPALIeIbHoe UCHOTb306AHUE HECKOTIbKUX MEmMO008
HO360J151eN YCMAHOBUNb NPUYUHBL U YPOBEHb CUCIEMAMUYECKUX OUUOOK, YMO 6aJICHO OJisi KOPPEKMHOU XapaKmepu3ayuu
MaAmepuanos, ucciedyemvix 8 paziuyhbix cpedax. Takum 06pazom, yem Oonblie Memooos UCHOIb3YEMCsl 8 NAPATIETbHBIX
uccnedoeanusix, mem Oonee HAOEHCHOU U NOHOU MOdJicem Oblmb MOPHONOSUNECKds U MEKCHYPHASL XAPAKMepUu3ayus
adcopbenmos pasHot npupoobL.

Knwuesvie cnosa: nupocernHnvie OKCH()bZ, mezonopucmbuvle KpemHesembvl, CUlIUKaceib, deu@MpO@aHHbllz )yeoib,
MOpd)O]ZOZM}Z uacmuy, mexkcnypHhsle xapakmepucmuKku, cucmemamudecKkue noepeHocmu
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