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Highly disperse or porous complex and hybrid materials and nanocomposites characterized by the presence of
several phases, nonuniform particulate morphology, and complicated porosity with contributions of pores of various
shapes are widely used in various applications in industry and medicine. Accurate determination of their textural
characteristics is of importance from a practical point of view because these characteristics play an important role in
practically all applications of the materials. The aim of this study, to solve the mentioned task, is to develop a self-
consistent regularization (SCR) procedure applied to integral adsorption equations based on complex models with
slit-shaped and cylindrical pores and voids between spherical particles packed in random aggregates (SCV model) for
two or three types of components (such as activated carbon, carbon black, silica gel, and fumed silica) in composites,
mechanically treated, with application of the density functional theory (DFT) method. The pore size distribution (PSD)
functions calculated using the DFT SCV/SCR method are compared to the PSD calculated for the same materials with
the SCV/SCR method based on the modified BET/Kelvin equations (MND method) previously developed. The DFT
SCV/SCR method works better than the latter since it gives smaller model errors and better describes the PSD functions
of composite components alone. The DFT SCV/SCR method could be used to study the textural characteristics of
various complex and hybrid materials and composites which are characterized by a nonuniform porosity. It should be
noted that the PSD functions of similar complex adsorbents are difficult to be calculated using standard approaches
distributed with firm sofiware due to restriction on the type of material (typically one) and the absence of SCR.

Keywords: complex adsorbents, pore size distributions, textural characteristics, binary mixtures, ternary mixtures,
DFT with self-consistent regularization

INTRODUCTION [12-17], etc. are widely used. Frequently,
obsolete Barrett—Joyner—Halenda (BJH) method
[18] implemented in firm software is also used
despite its known disadvantages. In the firm DFT
software, the complex pore models are applied
only to one matter, e.g. carbon, silica, zeolite, or
clay, etc. This is an obvious disadvantage upon
analysis of hybrid and complex materials. There
is an additional disadvantage related to the use of
the mentioned complex pore models with fixed
contributions of pores of different shapes into the
adsorbents. Clearly, components in composites
can give various contributions into the textural
characteristics that can also change due to the
material interactions and changes, e.g., upon
preparation and storage of the materials. For
example, mechanical mixing of activated carbons
and mineral adsorbents, polymer filling by porous
particles, attachment of nanoparticles to polymer
brushes, efc. can affect the pore accessibility of
each component in the composites. As a whole, if
an adsorbent is composed of several different

Textural characterization of complex
multicomponent materials (such as carbon-
mineral, polymer-mineral, oxide I — oxide
II/carbon I — carbon II, etc.) is not a simple task
because of significant differences in surface and
pore structures of components. Firm software
(implemented in various adsorption analyzer
equipment) based on density functional theory
(DFT) [1, 2] includes different models of pores
and matters. For example, models with slit-
shaped pores in carbons, cylindrical pores in silica
and zeolites, 2D-discs in carbons and windows in
clays (Micromeritics, http://www.micromeritics.com/)
[3—11], or slit-shaped and slit/cylindrical pores in
carbons and cylindrical pores in silica or zeolites
(nonlocal DFT, NLDFT) and slit-shaped,
cylindrical, slit/cylindrical, cylindrical/spherical
and slit-shaped, cylindrical and spherical pores in
carbons (quenched solid DFT, QSDFT)
(Quantachrome, http://www.quantachrome.com/)
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components (e.g., a mixture of silica and carbon
adsorbents) it is difficult to assume that the
mentioned pore models for one component (e.g.
silica or carbon) can give an appropriate pore size
distribution (PSD) for another component and,
therefore, for the whole composite material. Note
that there is a variety of developments [19-45] not
yet implemented in the firm software which,
however, can be used for more accurate
description of complex and hybrid materials. In
previous papers [43-45], a self-consistent
regularization (SCR) procedure applied to
complex models of pores in complex materials
(nanosilica + silica gel + carbons (activated
carbon and carbon black)) was described. This
approach was based on a blend of Kelvin and
modified BET equations [46—48] (MND method)
that was used in the SCV/SCR method with
models of slit-shaped and cylindrical pores and
voids between spherical nanoparticles (SCV
model) [43—45]. Note that the SCR procedure was
also successfully applied to analyze the SAXS
data to compute the particle size distributions with
models of spherical, lamellar, and cylindrical
particles [49-51]. However, the MND method has
some disadvantages. Therefore, the aim of this
paper was to develop the SCV/SCR approach on
the basis of the DFT method and to test it using a
set of nitrogen adsorption-desorption isotherms
for binary (nanosilica A—200/silica gel Si—60,
A-200/activated carbon (PS1), A—200/carbon
black Envicarb, Si—60/Envicarb, Si—60/PS1, and
PS1/Envicarb) and ternary
(A—-200/Si—-60/Envicarb, A-200/Si—60/PS1,
A-200/PS1/Envicarb, and Si—60/PS1/Envicarb)
systems previously studied using the MND
SCV/SCR method [43].

MATERIALS AND METHODS

To analyze the textural characteristics of
complex adsorbents, four types of materials were
used here: silica gel Si—60 (Merck, particles of

U(r,R)=n"p.c 0 63, r
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where F[a., B, v, ] is the hypergeometric series, »
is the radial coordinate, gy is the surface-fluid
parameter in the Lennard—Jones potential,
ot = (ostoy)/2 is the average collision diameter of
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0.2-0.5 mm in diameter), fumed silica A—200
(Pilot plant of the Chuiko Institute of Surface
Chemistry, Kalush, Ukraine, primary
nanoparticles of 11.7 nm in average diameter),
activated carbon (PS1) prepared from plum
stones (PSO MASKPOL, Poland, particles of
0.5-1.0 mm in size), and graphitized carbon black
Envicarb (Supelco, Bellefonte, particles of
4060 pum in diameter). These materials as
individual and complex adsorbents were
described in detail elsewhere [35-43]. A set of
complex adsorbents (Table 1) was prepared by
mechanical mixing of individual adsorbents as
1 : 1 w/w for binary systems or 1 : 1 : 1 w/w/w for
ternary systems with no strong mechanical
loading in a porcelain mortar.

To analyze the textural characteristics of
individual and complex materials (Table 1), low-
temperature (77.4 K) nitrogen adsorption/desorption
isotherms (Fig. 1) were recorded using a
Micromeritics ASAP 2405N adsorption analyzer
or a Quantachrome Autosorb analyzer. The
specific surface area (Sger) was calculated
according to the standard BET method [52]. The
total pore volume V, was evaluated from the
nitrogen adsorption at p/po = 0.99 (p and po denote
the equilibrium and saturation pressure of
nitrogen at 77.4 K, respectively) [53].

The Steele potential [46, 47] was used to
calculate the nitrogen adsorption in slit-shaped pores

o(y) =4np,cle N0 2(&)10 -0 5(&)4 _0-7?/] ’
Oy Ey AT ™y 6A(y+0,61A)
(2)

where A = 0.3354 nm is the thickness of a
monomolecular nitrogen layer, and y is the
distance to the plane.

The solid-fluid interaction in cylindrical pores
was determined by equation [54]

3)

O-Sf

surface and fluid atoms; and ps is the density of
surface (e.g., carbon or oxygen) atoms.

The PSD functions were calculated using overall
equation (with the framework of DFT) [55,56]
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Table 1. Textural characteristics of individual adsorbents and their binary (1:1 w/w) and ternary (1:1:1 w/w) mixtures (DFT SCV/SCR)

Adsorbent SBET, SBET,ad, A A Vp, Vp,ad, Vnano, Vmeso, Vmacro, Snano, Smeso, Smacro, <RV>, <RS>,

m?%/g m?%/g WSCRMND | AWSCRDFT | omdfg | em®/g | em®g | em¥g | em®g | m¥g | m¥g | m¥g nm nm
A-200 233 0.557 0 0.269 0.288 0 202 31 25.5 9.9
Si-60 456 0.822 0.076 0.746 0 123 333 0 3.2 2.3
PS1 810 0.447 0.386 0.060 0.001 774 37 0 0.98 0.62
Envicarb 99 0.753 0.041 0.615 0.097 46 51 2 15.8 5.0
A-200/Si-60 376 344 0.194 0.097 0.798 0.690 0.145 0.579 0.075 196 177 2 8.0 1.9
A-200/PS1 699 522 0.267 0.275 0.530 0.502 0.283 0.197 0.050 614 83 2 7.5 0.97
A-200/Envicarb 160 166 0.151 0.045 0.564 0.655 0.062 0.426 0.076 90 68 2 15.0 34
Si-60/PS1 629 633 0.124 0.051 0.645 0.635 0.266 0.368 0.011 463 166 0.2 32 1.1
Si-60/Envicarb 277 278 0.255 0.149 0.857 0.788 0.059 0.418 0.380 116 145 17 21.0 4.9
Envicarb/PS1 462 455 0.149 0.121 0.620 0.600 0.145 0.250 0.225 399 51 11 21.8 2.2
A-200/Si-60/PS1 540 500 0.255 0.036 0.623 0.609 0.229 0.362 0.032 394 145 1 5.1 1.2
A-200/Si-60/Envicarb 254 263 0.147 0.033 0.667 0.711 0.094 0.476 0.097 132 120 2 14.9 2.5
A-200/PS1/Envicarb 405 381 0.328 0.281 0.546 0.586 0.137 0.315 0.094 306 94 4 13.5 1.8
Si-60/PS1/Envicarb 487 455 0.212 0.111 0.707 0.674 0.195 0.442 0.070 351 133 3 9.6 1.6

Note. The Viano and Snano Values were calculated by integration of the fv(R) and fs(R) function, respectively, at 0.35 nm <R< 1 nm, Vmeso and Smeso at 1 nm <R< 25 nm,
and Viacro and Smacro at 25 nm <R< 100 nm. Additive values Sget,ad =2iSBeT,i/M and Vp, a4 =ZiV;,i/n, where n is the number of components. Awscr mnp and Awscr prr are the
model errors (see Eq. (12)) for MND SCV/SCR and DFT SCV/SCR methods. The values of <Rv> and <Rs> correspond to the first moments of the distribution functions

Rinax Rinax

<R, >= I Rf, o ( R)dR/ J f o ( R)dR with respect to the pore volume (X = V) and specific surface area (X = S)

min min
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where W is the adsorption, where vv the liquid
molar volume, pr the fluid density in occupied
pores, pm the density of the multi-layered
adsorbate in pores, 7« the radius of pores occupied

p=pT[R, +Bp+Cp’ + Dp* + Ep" + Fp’ + (G + Hp*) p’ exp(—ap°)],

4)

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 [57] was used

)

where B = az—az/T—a3/T2—a4/T3—a5/T4; C = a5+a7/T+a8/T2; D = aota;/T; E = ajtai/T: F = ai3/T;
G = a1/T’+a;s/T'+a1s/T°; H = a;7/T’+a19/T*+a19/T°; az = p.?; a; are constants, and R, is the gas constant.
Transition from gas (subscript g) to liquid (/) or fluid in the form of multi-layered adsorbate in pores ()

can be linked to the corresponding fugacity 1

WS TP _pTp) ]

[lp(T.0)-R,1p1 %
0 P

RTp RIp  R[T
and

Ei m
ﬁ,m = ﬂ exp(RT) 2

where F is the interaction energy of an adsorbate
molecule with the pore walls and neighboring
molecules calculated with the LD potentials.
The integral adsorption equation may be
written as a sum of several equation (4) for
various components of complex adsorbents with
different pore size distribution functions
describing pores of different shapes [43—45]

Az(p) ZZC_,'W,'(p)’ (3)

where W(p) is the adsorption into j-type of pores,
Cj = Csiit, Copt, and cyoiq are the weight constants
(cstit + Ceyi + cvoia = 1) determining contributions of
slit-shaped and cylindrical pores and voids
between spherical particles to the volume filled by
adsorbate under pressure p(As(p)); rx,is the half-
width of slit pores, the radius of cylindrical pores
or meniscus radius for voids.

Equation (8) can be solved using self-
consistent regularization (based on CONTIN
algorithm [58]) with respect to slit-shaped and
cylindrical pores and voids between spherical
particles (model SCV) with fixed regularization
parameter (0.01 or 0.001). The ¢; values were
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(6)

(7

determined under condition of the best fitting of
an experimental isotherm (4exp(p)) by a combined
isotherm determined by Eq. (8) using
minimization of the functional

Pmax
\P(Cf) = j pil[Aexp (p) _ZC/VVJ(p)]de - mjnimum
Pumin J

at Y€ g andj=1,2,3,
dc.

J

©)

where pmin and pmax are minimal and maximal
pressures of nitrogen for recorded isotherm. The
initial cgiro, Cewo, and cywido values can be
estimated from known morphology of a complex
materials. If this morphology is unknown that it is
possible to assume the initial condition
Cslit, = Ceyl,0 = Cvoido = 1/3. According to the cyiso,
Ceyi,0, and cyoiq0 values, the corresponding portions
of the adsorption isotherm are determined and
three integral adsorption equations of a type (8)
for different pore models and different materials
can be solved using the SCR procedure. The next
step is the minimization of the functional as
described in Eq. (9). Then calculated new cyir s,
Ceyti, and Cyoig values are used in a new partition
of the isotherms and a new regularization step
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Textural characteristics of composite adsorbentsanalyzed with density functional theory and self-consistent

starts. Typically, 8-10 iterations in the regulari-
zation/functional minimization are enough to
obtain the self-consistent solution. Notice, that
each pore model can be used for different
materials that allows the calculations of the PSD
for composite materials with  different
components characterized by different pore
shapes. The DFT SCV/SCR procedure differs
from the standard DFT methods implemented in
firm software in respect to (i) the possibility of
simultaneous use of several types of the pore
models for different materials and (ii) unfixed
weight coefficients (¢;) in the overall integral
equation (8) for different types of pores in
different adsorbents.

The specific surface area determined under
the complex pore model (Ss.») can be calculated
from the differential pore size distributions fs; (R)
as follows

Ripax R w. V
Sun =200, | S BMR=Te; [ G U (RO
(10)

where R, and R4 are the minimal and maximal
values of pore radius (in this paper, Ryui» = 0.35 nm
and Ry.x = 100 nm), w; = 1 for ideal slit-shaped
pores, w; = 2 and 3 for cylindrical and spherical
pores, respectively, and w; = 1.36 for a cubic
lattice with nonporous spherical particles.
Effective wer value for random aggregates with
nonporous spherical particles under the SCR
procedure can be estimated as follows

) [Rfs(R)aR
TR

For evaluation of deviation (Aw) of the pore
shape from the model, a parameter [59]

)

S
- BET _ 1
[ fs®dr

R

Aw = 12)

min

where Rmax and Rmin are the maximal and minimal
pore radii, respectively, may be used as a criterion
of the reliability of the pore model, since Szeris a
conventional parameter independent on the pore
shape and material type.

The differential PSDs (calculated using the
SCV/SCR model) with respect to pore volume

ISSN 2079-1704. X®TI12020. T. 11. Ne 2
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F(R) ~ dVIdR, [/(R)dR ~ V,) were re-calculated
to incremental PSD (IPSD, ®v(R;) = (fv(Ri+1) +
SV(R))(Ri+1—R))/2 at 2 Dv(R;) = V) [43-45]. This
recalculation provides better view of the PSD in
the large range (from nanopores to broad
mesopores and macropores) since the differential
fv(R) is much lower in the range of broad
mesopores and macropores than that in the range
of nanopores and narrow mesopores. The fv(R)
and fs(R) functions were also used to calculate
contributions of nanopores (Vpano and Spano at
0.35 nm < R < 1 nm), mesopores (Vmeso and Smeso
at 1 nm < R <25 nm), and macropores (¥macro and
Smacro at 25 nm < R < 100 nm) to the total pore
volume and the specific surface area.

RESULTS AND DISCUSSION

It should be noted that some compositions
demonstrate additivity of the values of Sger
(Table 1, Sger and Sger.ad, €.g2., A—200/Envicarb,
Si—60/Envicarb,  Si—60/PS1,  Envicarb/PS1,
A-200/Si—60/Envicarb), V, and Vpa.d, e.g.,
Si—-60/PS1, Envicarb/PS1), but others are
characterized by certain differences in these
values. The latter could be explained by, at least,
three factors: (i) partial decomposition of carbon
particles (especially PS1) upon interaction with
more rigid silica particles during mechanical
mixing; (ii) partial filling of pores by small
nanoparticles or carbon particle fragments; and
(iii) compaction of nano/microparticles during
mechanical mixing.

To compare the PSD calculated using the
DFT and MND SCV/SCR methods, two carbons
(activated carbons PS1 and graphitized carbon
black Envicarb) and two silicas (silica gel Si—60
and fumed silica A-200) were selected as
representative different materials with different
texture. The materials are: (i) with nonporous
nanoparticles (average diameter 11.7 nm)
forming porous aggregates (< 1 um) and agglo-
merates of aggregates (> 1 um) (A-200); (ii)
weakly porous microparticles of 40-60 pm in
diameter (Envicarb); (iii) or strongly porous
globules of millimeter scale, which are mainly
nanoporous (PS1) or mesoporous (Si-60). Thus,
the adsorbents particles have pores of different
shapes in different size ranges from nanopores
(pore half-width or radius R < 1 nm), mesopores
(1 nm < R £ 25 nm) to macropores (R > 25 nm)
(Table 1).
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Simple mixing, stirring, mechanochemical
activation or other treatments of complex and
hybrid materials can affect the morphology,
structure, and texture of components [40, 42].
Therefore, the additivity of the textural
characteristics of individual materials in the
complex systems can be only partial (Table 1, S
and V). Special approaches such as DFT and
MND SCV/SCR can be used for appropriate
determination of the textural characteristics of
complex and hybrid materials.
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Fig. 1. Nitrogen adsorption-desorption isotherms for
individual adsorbents (a¢) Si—60 and (b)
A-200, PS1, and Envicarb, and (a, b) their
binary and ternary mixtures (STP — standard

temperature and pressure conditions)

Nitrogen adsorption-desorption isotherms for
complex materials have a complex shape (Fig. 1).
Sometimes the isotherms have unusual hysteresis
loops (Fig. 1 a, curves 2-7), when pores of
components (e.g., A—200 and Envicarb) are of
different shapes but in close size ranges. If
components have pores mainly in different size
ranges (e.g. A-200 and PS1) that the nitrogen
adsorption/desorption isotherms for the mixtures
can have nearly standard shapes with clear
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contributions of different components to the sum
isotherms (Fig. 1, compare the isotherms for
individual adsorbents and their mixtures). The
isotherm shapes suggest that pores of components
in mechanical mixtures studied are accessible for
nitrogen molecules since some portions of the
isotherms for binary and ternary materials well
correspond to those of individual components
with consideration of their weight contributions to
the mixtures (Fig. 1). Thus, the adsorbents blends
could possess the textural characteristics roughly
corresponding to weight contributions of
individual components (Table 1). However,
during mechanical mixing the fragments of
carbon particles can cover a surface of silica
particles, especially fumed silica A—200, which is
composed of nonporous primary nanoparticles.
Partial decomposition of carbon particles and the
formation of carbon deposits on a silica surface
can affect the pore volume and Sger values of the
mixtures (Table 1).

The aforementioned results can be explained
by more effective decomposition of PS1 particles
upon interaction with A-200 particles (during
their mechanical mixing) than with much larger
Si—60 or Envicarb particles. Silica and Envicarb
particles are more stable than PS1 particles.
Primary particles of both silicas are stable even
during mechanical mixing with a grinder giving
much stronger mechanical loading [40, 42].
However, secondary particles (aggregates of
nanoparticles and agglomerates of aggregates) of
A-200 can be easily destroyed. A partial
decomposition of the PS1 particle is accompanied
by opening of a portion of pores closed in the
initial AC particles. This effect leads to an
increase in the specific surface area of the carbon
component in the mechanical mixtures (Table 1,
Sset). In the case of silica gel Si—60, carbon (from
decomposed carbon particles) can form a partial
coverage mainly at the outer surface of silica
globules. A carbon layer is practically absent in
intra-globular mesopores of Si—60 (see PSD in
Figs. 2 and 3); i.e., the pores in silica gel globules
are not strongly blocked by carbon deposits.
Therefore, the isotherms for the mixtures are not
lower than that for the normalized sums of the
isotherms for the corresponding components [43].
Thus, different effects of mixing of silicas and
carbon adsorbents lead to a question: how the
PSD of the silica/carbon mixtures should be
calculated with respect to the pore models (e.g.
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slit-shaped or cylindrical models) and what
material types should be considered (i.e. carbon
or silica)?

For the binary systems (Table 1, Fig. 2), the
DFT SCV/SCR method provides better
correspondence between the PSD of the blends
and the PSD of individual components (e.g.
nanopores in PS1, Fig. 2 b, d, f, or mesopores in
Si-60, Fig. 2 e) than that for the MND method.
Certain displacements of the PSD peaks for
composites could be explained by several factors
(appearing during mechanical treatment of the
blends) such as decomposition of soft PS1
particles, partial filling of pores by the carbon

(a) A-200/Envicarb .
SCVISCR i
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0.024 2- - -MND oy

. DFT 734
2 3+~ A-200 ! 3
I 1

g 4~ =+ Envicarb N

S i .

a !

w \
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Fig. 2.

fragments, deposition of a carbon phase onto a
silica surface, opening a portion of carbon pores,
which were closed in the initial adsorbent,
compaction of secondary structures with
nanoparticles and fragments that results in a shift
of PSD peak of meso/macropores toward larger
pore sizes (systems with carbon black or
nanosilica). As a whole, tendencies in the changes
in the PSD of the blends are similar for both DFT
and MND approaches. However, the model errors
(Table 1, Aw) are smaller for DFT than for MND
for all systems.

003 A-200/PS1
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Incremental PSD for binary (DFT and MND SCV/SCR PSD) and individual (DFT, multiplied by 0.5) systems

(a) A—200 and Envicarb, (b) A—200 and PS1, (¢) A—200 and Si—60, (d) PS1 and Envicarb, (¢) Si—60 and

Envicarb, and (f) Si—60 and PS1
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For the ternary systems (Table 1, Fig. 3), the
results of the DFT SCV/SCR method are better
than those of the MND SCV/SCR method since
the Aw values are smaller, and the correspondence
of'the total PSD to the PSD of components is more
clearly visible. The maximal difference between
the DFT and MND PSD is observed for
A-200/PS1/Envicarb in the range of narrow pores
at R < 3 nm (Fig. 3 «@). Similar but smaller
differences are observed for other systems: the
DFT PSD for narrow pores shift toward smaller
pore sizes in comparison to the MND PSD, and
the opposite result is for mesopores. These results
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Fig. 3.

(d)
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could be explained by a stronger sensitivity of the
DFT method to the presence of carbon deposits on
a silica surface. For example, this deposition
results in a predominant contribution of the
carbon phase in the ¢; weight constants up to
76-91 % (DFT) vs. 54—64 % (MND) for systems
with soft PS1. Additionally, the DFT method
provides smaller model deviations than MND
(Table 1, Aw) with the average value of 0.115
(DFT) vs. 0.236 (MND) for the ternary systems.
However, the difference in the average Aw values
is smaller for the binary systems with 0.123
(DFT) vs. 0.190 (MND).

A-200/5i-60/Envicarb
SCV/SCR 2
1——DFT 1
2 - MND 2
DFT 1
0.024{3--— A200

0.03-

-
4---= Envicarb i '
Gl i EL
e
IR
0.011 !
’:
-},- a..l : .’z_ ;
0.00 il g
1 10 100
Pore radius (nm)
Si-60/PS1/Envicarh
SCVISCR
0.02 13 1——DFT
1t 2= - MND

\: DFT

0.01-

0.00 14570

1 10

Pore radius (nm)

100

Incremental PSD for ternary (DFT and MND SCV/SCR PSD) and individual (DFT, multiplied by 0.333)

systems (a) A—200, PS1 and Envicarb, (b) A—200, Si—60 and Envicarb, (¢) A—200, Si—60 and PS1, (d) Si—60,

PS1 and Envicarb

CONCLUSION

The model with slit-shaped and cylindrical
pores and voids between spherical particles
(SCV) with the DFT method and self-consistent
regularization (SCR) procedure was applied to
different binary and ternary adsorbents composed
of activated carbon, carbon black, silica gel, and
fumed silica mixed in the equal weight parts. The
SCV/SCR approach based on the DFT method is
effective to analyze the pore size distributions of

170

complex materials and textural changes in the
composites in comparison with the corresponding
individual materials. Additionally, changes in the
textural characteristics of the materials during
their ~ preparation  or  treatments, e.g.
decomposition of one component and deposition
of its fragments onto another component, pore
blocking, changes in the particle morphology and
texture, efc., can be analyzed in detail using the
described approach. The developed DFT
SCV/SCR method gives smaller deviations from
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the models than the MND SCV/SCR method Lublin, Poland), and Dr. O.P. Kozynchenko
developed previously [43]. (MAST Carbon International Ltd.) for some
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CTpyKTypHa XapakTepHu3alisi CKJIaJHUX aICOPOCHTIB B paMKax Teopil PyHKIiOHATY
TYCTHHHU TA NPOLEAYPH CAMOY3T0IKEeHOI peryJaspu3anii

B.M. I'yubko

Tnemumym ximii nogepxui in. O.0. Yyiixa Hayionanvhoi akademii Hayx Yxpainu
eyn. I'enepana Haymosa, 17, Kuig, 03164, Yrpaina, viad gunko@ukr.net

Bucokooucnepcni ma nopucmi xomniexcni ma 2i6puoHi mamepianu i HAHOKOMNO3UMU, SIKI XAPAKMEPU3VIOMbCsL
HAsIBHICMIO KIIbKOX (Da3, HeOOHOPIOHOI0 MOPQONLIEN0 HaCmMUHOK ma CKAAOHOK MONOA0ZIEI0 Nop pizHoi gopmu,
WUPOKO BUKOPUCTOBYIOMb 8 PIZHUX MEXHOA02IAX 6 IHOycmpil ma meouyuni. Toune 6u3HAYEHHs IXHIX MEKCMYpPHUX
XapaKkmepucmuK € 6aniCIUGUM 3 NPAKMUUHOL MOYKU 30PY, OCKIIbKU Yi XaPAKMepUCmuKy 8I0Iieparms 8axiciusgy poib
NPAKMUYHO Y 6CIX 3ACMOCYSAHHAX yux mamepianie. Mema pobomu: ons eupiwenHs yiei 3a0aui 6y10 po3podieHo
npoyedypy camoyzeooaiceroi peeyaapusayii (SCR), wjo suxopucmosyemucs 01 piuieHHsl IHMe2parbHux aocopoyiiHux
DIBHANb, WO ONUCYIOMb AOCOPOYit0 Y CKIAOHUX NOPAX HA OCHO8I MOOeni WIMUHHUX Mda YUTIHOPUYHUX NOp ma
NPOMIHCOK MidHC CepuyHUMU HAHOYACTUHKAMU, WO YMBopooms unaokosi acpecamu (SCV moodens), 01 060x- uu
MPU-KOMNOHEHMHUX CUCMEM, W0 BKII0YAIOMb AKMUBOBAHE 8Y2iliA, CAdXCy, CUlikazenb ma HaHoKpemHesem. Lletl
nioxio 6yno po3pobaeno Ha ocHogi memody meopii pyukyionany ecycmunu (DFT). Posnooinu nop 3a posmipamu (PSD),
pospaxosani memooom DFT SCV/SCR, 6yno nopisusno 3 PSD, po3paxosanumu 3 6UKOPUCMAHHAM MOOUPDIKOBAHO20
pisnanns BET ma pisusnns Kenvsina (MND memod) ma SCV/SCR npoyedypu, sikuii 6yno pospobneno paniuie. Memoo
DFT SCV/SCR npayioe kpawe, ockinbKu 8iH 0ae MeHUuLy ROXUOKY MOOei OJis YCIX OIHAPHUX Ma NOMPIUHUX CUCTEM
ma Kpawe sionosioac PSD komnonenmis, wjo exodsams 0o komnosumis. Memoo DFT SCV/SCR moowce 6ymu
BUKOPUCMAHO OISl BUBUEHHS MEKCMYPHUX (CIMPYKMYPHO-A0COPOYIUHUX) XAPAKMEPUCMUK PISHUX KOMNIEKCHUX ma
2iopudnux mamepianie. Tpeba 3aznauumu, wo PSD makux cxnadwux aocopOenmis 6adicKo po3paxoeysamu 3
BUKOPUCIMAHHAM CIAHOAPMHUX HAOIUNCEHD, SIKI GUKOPUCMOBYIOMb )Y NPOSPAMHOMY 3a0e3neyeHHi pisHux (ipm, AKi
supobnaoms adcopoyiline 001AOHAHHA, OCKIIbKU € 00MeNCeHHs Ha munu mamepianié (3a3euuail 8 0OHili Mooeni -
ooun) ma eiocymuicmes SCR npoyedypu.

Knwowuosi cnosa: komnsaekcHi adcopbeHmu, po3nodin nop 3a po3mipaMmu, mekCcmypHi xapakmepucmuku,
6iHapHi cymiwi, nompitiHi cymiwii, meopii hynkyionany eycmunu 3 camoy3eo0i4cenol0 pecyiapu3ayicio

CTpyKTypHasi XapaKkTepHu3alus CJI0KHBIX /ICOPOEHTOB B paMKaxX Teopuu GyHKINOHAIA
IJIOTHOCTH H NMPOLEAYPbI CAMOCOIIACOBAHHOM peryJisipu3aluu

B.M. I'yubko

Hnemumym xumuu nosepxnocmu um. A.A. Yyixo Hayuonansroii akademuu Hayk Yxkpaurol
ya. I'enepana Haymosa, 17, Kues, 03164, Ykpauna, viad_gunko@ukr.net

Bvicokooucnepcuvie u  nopucmele KoMnieKcHole U CUOPUOHbIE  MAMeEpUudnrvl U - HAHOKOMNO3UMDbI,
Xapaxmepusylowjuecs Hanuduem HecKOAbKUxX (as, HeOOHOPOOHOU MOPGhoNO2Uell Hacuy U CLONHCHOU MONOO2UE NOP
PpasHoll hopmul, WUPOKO UCNOALIYIOM 8 PAZHBIX MEXHOL02UAX 8 UHOycmpuu u meduyune. TouHoe onpedeneHue ux
MEeKCMYPHLIX XAPAKMEPUCMUK 8AHNCHO C NPAKMUYECKOU MOYKU 3PeHUs, NOCKOIbKY MU XApaKmepucmuky uzparom
BAICHYIO POIb NPAKMUYECKU B0 6CEX NPUMEHEHUAX dMUX mamepuanos. Llenv pabomoi: 01 peuteHuss 9moil 3a0a4u
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bvia paspabomana npoyedypa camocoznacosannou pezyrsapusayuu (SCR), komopas ucnonvzyemcs O peuteHus
UHMESPATLHBIX A0COPOYUOHHBIX YPAGHEHUL, KOMOPbIE ONUCHIBAION A0COPOYUIO 6 CLONCHBIX NOPAX HA OCHOBE MOOeIU
wenesvix U YUTUHOPUYECKUX TOP U NPOMEIICYMKOE MedHCOy ChepuyecKuMU HAHOYACMUYamy, Komopule 0opasyiom
cayuatinvie azpecamol (SCV moodens), 05 08yX- U MPeXKOMNOHEHMHBIX CUCEM, GKIIOUAIOWUX AKMUSUPOBAHHBIL
Y2Olb, cadicy, CUnuKazeib U HaHOKpemuezem. Omom nooxod Ovll paspaboman Ha OCHOGe Memood meopuu
@yuxyuonana niomuocmu (DFT). Pacnpedenenus nop no pasmepam (PSD), paccuumannvie memooom DFT SCV/SCR,
ovLiu conocmasnenvt ¢ PSD, paccuumanneimu 01 mex dce Mamepuanos ¢ UCHOIb308AHUEM MOOUPUYUPOBAHHO20
ypasrnenusi BOT u ypasnenus Kenvsuna (MND memod) u SCV/SCR npoyedyput, paspabomannoi panee. Memoo DFT
SCV/SCR pabomaem nyuwie, noCKOIbKY OH 0aem MeHbuiue OWubKYU MoOeu 0l 6CexX OUHAPHBIX U MPOUHBIX CUCTEM
u ayuwe coomeemcmgyem PSD xomnonenmos, éxooawux ¢ xomnosumel. Memoo DFT SCV/SCR mooicem 6vimo
UCNONB308AH OISl U3YUEHUL MEKCMYPHBIX (CIMPYKMYPHO-A0COPOYUOHHBIX) XAPAKMEPUCTNUK PA3HBIX KOMIIEKCHBIX U
2ubpuoHvix mamepuanog. Credyem ommemums, 4umo PSD maxux ciodcHvlx a0copbeHmos CioHCHO paccyumuléams ¢
UCNONBL308AHUEM CMAHOAPMHBIX NPUOTUICEHUTI, UCTIONLIYEMbIX 8 NPOSPAMMHOM O0OeCneyenuu pasHuix upm,
UB2OMOBNAIOWUX A0COPOYUOHHOE 000PYO08aAHUE, NOCKONLKY eCHb OZPAHUYEHUEe HA MUNnbl Mamepuaios (8 OHOU
Mmodenu — ooun) u omcymcemsue SCR npoyedypul.

Knrwouegvie cnosa: xomniexcHvle aocopbenmvl, pacnpeoeieHue Nop No - pA3MepaM,  MeKCmypHble
Xapaxmepucmuxy, OUHApPHble CMecU, MPOLHble cMeCU, Meopusi (PYHKYUOHANA NIOMHOCHU C CAMOCO2NACOBAHHOU
peaynapusayuen
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