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The aim of this study was to compare a variety of methods to describe the textural characteristics of various
materials. Several ways could be used to describe the morphological and textural characteristics of various
materials in detail such as: (i) adsorption-desorption of low-molecular weight probe compounds (N,, CO,, Ar, CsHg,
H,0, etc.) in the gaseous (vapor) phase with increasing-decreasing pressure; (ii) adsorption of low- or high-
molecular weight compounds from liquid solutions with increasing concentration of a solute; (iii) small angle X-ray
scattering (SAXS) or small angle neutron scattering (SANS),; (iv) quantitative analysis of images recorded using
TEM, SEM, AFM, CLSM, etc.; (v) thermoporometry based on DSC or TG measurements with decreasing-increasing
temperature; (vi) cryoporometry based on NMR spectroscopy measurements vs. temperature, and (vii) relaxometry
based on NMR spectroscopy and thermally stimulated depolarization current measurements. There are several
reasons of the use of mentioned above methods in parallel. For example, a material, which is strongly hydrated in
native state, can strongly change the texture upon drying; thus, it should be studied in both states. Various
adsorbates can penetrate into different pores or differently fill pores of different sizes that should be taken into
account upon the analyses of various data. There are accessible and inaccessible pores (such as closed or too
narrow for used adsorbate molecules), but SAXS can give information on all pores in contrast to the adsorption
methods. Thus, the larger the number of applied methods, the more comprehensive the morphological and textural
characterization of the adsorbents, and this is clearly shown below.
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INTRODUCTION materials (which are dried — wetted, heated —
cooled, being under high pressure - air — vacuum,
etc.), their stability and durability [9—23]. The aim
of this review work was to show representative
results of applications of different methods
(Fig. 1), including specific treatments of the
data, to a variety of materials for more
comprehensive description of the morphological
and textural characteristics.

Dispersion media, temperature, pressure,
treatment history, and some other conditions can
strongly affect the morphological, textural, and
other characteristics of materials those, of
course, depend on composition and chemical
structure of the materials per se [1-12]. Material
application conditions can strongly differ from
conditions during measurements of their
characteristics that can result in the evaluation

errors with respect to expected results of the NMR i‘:s:r:f;:;" NMR
applications. Clear, a measurement of a certain cryoporometry DFT, SCR, etc. relaxometry
characteristic should be carried out under N /

conditions similar to those expected upon the use Thermo- Morphology and texture rsoc

of a material. Therefore, various techniques F’(;?g“jg)‘f S, V, PSD, PWTD, PasD relaxometry
should be used upon measurements of the : F ¥

characteristics of various materials under various SEM, TEM,

conditions for a deeper insight into the S, XRO. h’:m',ﬁti:;*e FIIR, Baman.
characterization problems and to understand treatments

related features of the materials studied.

Additionally, it is better if the measurements are Fig. 1. A set of methods applied to a set of materials
carried out under varied conditions to analyze to determine the morphological and textural
their effects on the characteristics of the characteristics
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The main idea of this work could be formulated
as follows: the larger the number of applied
methods, the more comprehensive the
morphological and textural characterization of
the adsorbents. Some of the used methods are
described here in detail, but others are described
in detail in the cited literature.

CHARACTERIZATION METHODS

Adsorption. To calculate the textural
characteristics of complex materials, the nitrogen
adsorption-desorption isotherms (recorded at
77.4 K using Micromeritics ASAP 2010 or
2405N adsorption analyzers) could be written as
a sum of integral equations [12]

az(p) = cha/’(p):

75 (P) Tmay)
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— (PR ), (R)d
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where as and g; are the total adsorption and
adsorption in pores of a certain shape; oy =
= (oy + o7)/2 is the average collision diameter of
surface and fluid atoms; 7;; is determined
through modified Kelvin equation including the
thickness of the adsorbate layer #. The Lennard—
Jones potentials were used for various models of
pores. The c;j values were determined for the best
fitting of the experimental isotherms using a self-
consistent regularization (SCR) procedure with
several steps in solution of Eq. (1). The nitrogen
desorption data could be used to compute the
pore size distributions (PSD, differential f/(R) ~
dVy/dR and fs(R) ~dS/dR) using the SCR
procedure under non-negativity condition
(fv(R)>0 at any pore radius R) at a fixed
regularization parameter o =0.01. A complex
pore model was applied with slit-shaped (S) and
cylindrical (C) pores and voids (V) between
spherical nonporous nanoparticles (NPNP)
packed in random aggregates (SCV/SCR
method) [12]. The differential PSD with respect
to the pore volume fy(R) ~ dV/dR, ffv(R)dR ~V,
were recalculated to incremental PSD (IPSD) at
cI)V(Ri) = (fv(Rm) + fV(Ri))(RiH _Ri)/ 2 at Z(DV(Ri)
= V,). The fu(R) and fs(R) functions were also
used to calculate contributions of nanopores
(Vhano and  Spane  at 0.35nm <R <1 nm),
mesopores (Vimeso and Speso at 1 nm < R < 25 nm),
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and macropores  (Vuacro and — Spacro  at
25 nm < R < 100 nm) [12]. To describe better the
porosity of the studied samples, an additional
regularizer was derived using a maximum
entropy principle [24] applied to the distribution
function f{R) that can be written as N-dimension
vector (N is the number of the grid points for f)

VAR +a*(1—- S(S(f)) (2)

max

where VAR is
regularization

) = min,

the regularizer, o is
p(H=r1,

PO = fa = fit (fa = foin)s 1= LoN-1

I = =20+ [ 4 2(fe = frin) s 0 =

2,...N-1, S(f):—iskln(sk), sszk/ZN:fk,

parameter,

1
S =-In(—)-

The

maximum entropy principle of the j-order. This
procedure was used to modify the CONTIN
algorithm [25,26] (CONTIN/MEM-j where j

denotes the order of p’(f)). A self-consistent

regularization procedure with an unfixed
regularization parameter (for better fitting the
isotherms) was used upon CONTIN/MEM-j
calculations.

The specific surface area (S,) of materials
composed of spherical NPNP characterized by
the particle size distribution @(a) (calculated
using the self-consistent regularization for f/(R)
and ¢@(a) with the model of voids between
spherical NPNP) can be calculated with equation

p’(f) vector corresponds to the

2a+1) +

Qo , 3
S, = j 3; Nr, arcsin(%J\/Az -’ — pa)da ®)

N(a+t)(a—21+t)

where A=a+t+r,, ais the particle radius, p

the density of material, N the average
coordination number of nanoparticles in
aggregates, ¢ the thickness of an adsorbed

nitrogen layer, and 7, is the meniscus radius
determined at 0.05 < p/py < 0.2 corresponding to
the effective radius R of voids between spherical
particles. Condition S, =Sger can be used to
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estimate the N value. An additional criterion
[<Se>—SgEt| < 1 m*/g was used to determine the
Amin and apn.x values for the ¢(a) distributions
calculated at p/pp< 0.5 (i.e. before capillary
condensation starts) with

<8, >= [ 8,(r,.t)dtdr, ! || ded,, 4

Certain PSD were calculated using nonlocal
density functional theory (NLDFT) method (with
the models of slit-shaper, silt-shaped/cylindrical
or cylindrical pores in carbons or silicas) and
quenched solid DFT (QSDFT) method (a
slitshaped  pore = model  for  carbons)
(Quantachrome software, version 2.02 or 3.0).

SAXS. The pore size distributions f{r) based
on the small angle X-ray scattering (SAXS) data
were calculated using integral equation for the
scattering intensity I(g) [19] that was solved
using the CONTIN algorithm [25]

* (singr —grcos qr)2

. Q)
(g7)

I(g)=C j v(r) f(r)dr>

nin

where ¢ =4nsin(0)/4 is the scattering vector
value, 26 is the scattering angle, A4 is the
wavelength of incident X-ray, v(r) is the volume
of a pore with radius r (proportional to »°), and
f(r)dr represents the probability of having pores
with radius » to r+dr. Run (= T/¢mx) and
Riax (= TW/gmin) correspond to lower and upper
limit of the resolvable real space due to
instrument resolution.

The chord size distribution G(r), as a
geometrical statistic description of a multiphase
medium, was calculated using SAXS data [3, 20]

singr

G(r)= CT[K—q4I(q)]j—;[—4 ”

qu, (6)

where K is the Porod constant (scattering
intensity /(¢) ~ Kg™* in the Porod range).

The specific surface area from the SAXS
data was calculated (in m%/g) using equation

K

Sgas = 10* (1 - (7
mp(1- ) 0

a

where ¢ = p./p, is the solid fraction of adsorbent,
and Q is the invariant
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0=[q"I(q)g- ®)

The Q value is sensitive to the range used on
integration of Eq. (8) (since the experimental g
values are measured between the ¢ and Gmax
values different from O and o). Therefore, the
invariant value QO was calculated using equation
[21]

0=>(I(q,)-b)gAq, + K / gy, ©)

Gmin

where b is a constant determined using equation

Ig)q" =K + bg' (10)
valid in the Porod range.

The particle size distributions (PaSD) for
nanosilica A-300 samples were calculated using
PAN analytical Easy SAXS V. 2.0.0.405
program. The SAXS based approach was
successfully applied to carbon, silica, and
polymeric materials in comparison with the
results of different methods used to analyze the
nitrogen adsorption data [14, 27, 28].

'"H NMR cryoporometry. Water or other
liquids can be frozen in narrower pores (or voids
between nanoparticles) at lower temperatures as
described by the Gibbs—Thomson relation for the
freezing (and melting) point (7¢ or Ty)
depression for liquids confined in cylindrical
pores of radius R [9-11, 22, 23]

_ 2O-sle,oo _ &

; (11
AH,pR R

AT, =T,,~T,(R)=

where T1,(R) is the melting temperature of ice (or
other frozen probes) in cylindrical pores of
radius R, Ty the bulk melting temperature, AH
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. Eq. (11)
was used to determine the cluster size
distributions (CSD) (fy(R) =dVyw(R)/dR) of
water (or other liquids at 7<T77) unfrozen at
T<273 K [11] and adsorbed onto solid samples.
CSD was converted into incremental CSD
(ICSD) Du(R) = (f(Risr) + A(R))Riss —R)12 at
2Dy i(R) = Vyuy. Integration of the f/(R) and fs(R)
functions at R<1nm, 1 nm<R<25nm, and
25nm<R<100nm gives the volume and
specific surface area of nano-, meso- and
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macropores, respectively. The specific surface
area (S,) of adsorbents in contact with bound
water (assuming for simplicity that the density of
unfrozen bound water p,, =1 g/cm’) or other
unfrozen liquids can be determined from the

amount of this water C).° (estimating pore

volume as V= C,-"/p, for bound water) at

T=273.15 K and pore size distribution f{R) with
a model of cylindrical pores [11]

V 2CH}dXRm
S = R)dR/ | f(R)RdR>  (12)
TR, Rff( ) j S(®)

where R.;,, and R, are the minimal and
maximal radii of pores filled by unfrozen water,

respectively. The C™/p, =~ value should be

replaced by the corresponding values of the
volumes of nanopores, mesopores, oOr
macropores. Similar calculation could be done
for other probe liquids at 7' < T,

NMR relaxometry. The transverse relaxation
times were measured with Carr-Purcell-
Meiboom-Gill (CPMG) pulse sequence: 90x-(t-
180y-t-echo), with 90° pulse of 3 us and total
echo time of 500 us. A total of eight scans were
used for each measurement. The relaxation time
between scans was 0.5 s. Equilibration time of
each temperature was 5 min. To calculate a
distribution function of transverse relaxation
time f{72), CPMG echo decay envelopes (/(¢))
were used as the left term of integral equation

1()=4 j exp(—é) £(T2)dT2>

T2min

(13)

where ¢ i1s the time, T2y, and 7T2.. are the
minimal (107 s) and maximal (1 s) 72 values on
integration respectively, and A4 is a constant.
Solution of Eq. (13) is well known ill-posed
problem due to the impact of noise on measured
data, which does not allow one to utilize exact
inversion formulas or iterative algorithms.
Therefore, Eq.(13) can be solved using a
regularization procedure based on the CONTIN
algorithm [25] under nonnegativity condition
(f(T2) 2 0 at any 72) and an unfixed value of the
regularization parameter (<) determined on the
basis of the F-test and confidence regions using
the parsimony principle. It should be noted that
the solution of Eq. (13) is insensitive to the A
value which can affect only relative intensity of
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f(12) [26]. In the case of the use of the NMR
relaxometry method for estimation of the sizes of
the water and benzene structures (layers,
clusters, etc.) filling pores, equation can be
transformed for consideration for the dependence
of the CPMG echo decay envelopes (i.e.
transverse relaxation time) on the pore size

(Tyei = T4 (R)

m%l
k

i

1(t)=B J exp(——) (14)

f,(R)dR >
where B is a normalization factor, and %; is a
constant. Eq. (14) can be solved using the
regularization procedure [25, 26].

TSDC relaxometry. On thermally stimulated
depolarization current (TSDC) measurements,
the tablets (diameter 30 mm, thickness ~ 1 mm)
with the frozen aqueous suspension of materials
studied were polarized by the electrostatic field
at the intensity F,=200-300kV/m at 260 K
then cooled to 90 K with the field still applied
and heated without the field at the heating rate
£ =0.05 K/s. The current evolving due to sample
depolarization [29] was recorded by an
electrometer over the 107°-107 A range.
Relative mean errors for measured TSD current
were O = 5%, or = £2 K for temperature,
0p= 15 % for the temperature change rate.

Rinax k
C, (=4 J[(T = (R))R] J{(R)dR-

m,o,i

(15)

Modified Eq. (15) with k as a linear function
of temperature (;(7)=40 +§(T—90) K nm at T
6

between 90 and 270 K) obtained on the basis of
the calibration curves for silica gels Si-40 and
Si-60 was used for estimations of the IPSDs on
the basis of the TSDC data [11, 29, 30].

DSC thermoporometry. Differential
scanning calorimetry (DSC) investigations of
interactions of adsorbents with nonpolar (e.g.
benzene, toluene, n-decane), weakly polar
(chloroform), and polar (water, acetonitrile,
DMSO, etc.) adsorbates were carried out using a
PYRIS Diamond (Perkin Elmer Instruments,
USA)  differential  scanning  calorimeter
calibrated at different heating rates using
standard samples such as ultrapure water
(melting temperature 7,,=0°C) and indium
(T, =156.6 °C) supplied by the producer and
using the recommended standard -calibration
procedure. Measurements were carried out in an
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atmosphere of inert gas (helium). In order to
prevent the system defrosting, nitrogen was used
as a curtain gas. Experiments were performed at
a rate of temperature change in the range of
5-50 °C'min”'. Heating thermograms were
registered in the temperature range of-90 to
+50 °C.

Melting DSC curves of bound water (ice)
[31-34] can be used to calculate the pore sizes as
follows:

R, (nm) = 0.68 3233 (16)
T;n _7—;;10

where T}, and Ty, 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

(17)

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 differences in the PSD of
silicas and the adsorbate excess lead to certain
changes in integral heat flow (®(7)) [35]
T
o(T)= [ | F(T)|dT -

Truin

(18)

during heating (endo-effects due to melting) of
adsorbates bound to adsorbents.
Thermogravimetry — thermoporometry.
Thermogravimetric (TG) experiments were
carried out using a Derivatograph C (MOM,
Hungary) apparatus with the quasi-isothermal
program at a heating rate of 3 K/min (upon
complete evaporation of adsorbates). To remove
adsorbed water, the samples were heated before
experiment at 180 °C in vacuum for several
hours. Prior to experiment, silica gels were
outgassed to facilitate the penetration of liquid
adsorbate into pores in gel-like paste prepared
with excess of adsorbate (up to 2.66 ml per gram
of silica). The samples were placed in a conical
platinum crucible. For easy comparison of the
TG results, the curves were normalized by
subtraction of the silica weight and dividing by
the initial weight of a liquid. Thermoporometry
method [16, 36, 37] was used to calculate the

ISSN 2079-1704. CPTS 2018. V. 9. N 4
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PSD based on
temperature.

Infrared spectroscopy. The IR spectra of
powdered samples over the 4000-300 cm™
range (at 4 cm' resolution) were recorded in
transmission mode using a Specord M80 (Carl
Zeiss, Jena) spectrometer using sample powders
mixed with KBr (1:400), treated in a
microbreaker (with a stainless steel sphere of
10 cm® in volume and a stainless steel ball of
0.8 cm in diameter, 30 W, and frequency 50 Hz)
for 5 min to prepare a uniform blend, and then
pressed at 99 MPa to form thin tablets (~ 20 mg)
[18]. This provides a transmittance of > 10 % in
the range of the Si—O—Si asymmetric stretching
vibrations at 1100 cm™ for silica. The
transmittance spectra were recalculated into
absorbance spectra. For simplicity, the complex
band at 1100 cm™ was decomposed into two
bands at 1100 cm™ (transverse optical, TO,
phonon mode, w;) and 1200 cm™' (longitudinal
optical, LO, phonon mode, w,) [18]. Both bands
shift toward larger values of vsiosi With
increasing average size (d) of primary
nanoparticles of silica. The contribution (w,) of
the second band at 1200 cm™' decreases with
increasing value of d. For oxidized silicon
nanoparticles, a feature attributed to a surface
optical (SO) phonon mode is located between the
LO and TO phonon modes. The intensity of LO
was higher than that of TO phonon mode.

Basing on the relationship between the
values of w, or wo/w; and NP diameter (d), one
could attribute the dependence of w, (or wy/w;)
vs. d of silica nanoparticles to surface structural
features [18]. This dependence could be used to
analyze the structure of individual and complex
FMO. A polynomic function describing d value
s. relative contribution (w,, %) of the second
band around 1200 cm™' was determined using
the correlation curve and provided as Eq. (19)
[18]:

d=2604.06 — 343.7w,— 13.11(w,)*+ 4.75(w>)’—

—32.76x1072(wy)*+ 9.59x 107 (w,)’ —

—1.05x107(w,)° (19)
The relationship between the diameter of

nanoparticles of silica and the ratio of x = wy/w,
is given as Eq. (20) [18]:

d=2831.27 — 53317.04x + (0.3853 — 1.235x+
+1.185x% + 2.147x° — 4.064x*)x*x 10° (20)

the water desorption vs.
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Correction of surface content of silica in a
complex FMO, estimated from w, values, was
calculated using the wvalues of the average
diameters of nanoparticles from nitrogen
adsorption (dy,) and IR (dr) data (from Eq. (19))
with a factor of (dir—dno)/dir [18].

RESULTS AND DISCUSSION

Mesoporous silicas such as MCM or SBA
have more ordered location of pores in
comparison with fumed silicas, silica gels, efc.
(note that all these adsorbents are composed of
amorphous silica as a matter) that is clearly
visible from XRD patterns for mesoporous
silicas MCM-41 (observed reflections suggest
that it can be assigned to 2D hexagonal location
of pores with amorphous silica in pore walls),
SBA-15 (hexagonal location of pores), and
MCM-48 (3D cubic structure) [26]. For
hexagonal structure the lattice constant

a, = % corresponding to the distance between
3
pore centers, the pore size
V _ 3 .
d e =1.213d,, PVs  (py=2.2glem’ is the
+ pOI/p

true density of amorphous silica) and the pore
wall thickness f..; = a9 — dxrp can be estimated
from the dio spacing value. The dyzp and ty.y
values for MCM-48 (Table 1) were calculated
using the d»;; spacing value [26].

The average pore wall thickness is between
two (0.62 nm) and four (1.24 nm) silica layers

IPSD , arb.un.
IPSD, arb.un.

0.0

for the studied samples (Table 1, #y,). The pore
sizes estimated from the XRD (Table 1, dxrp)
and adsorption data (dy, and dpsp) are similar
(with one exception of SBA-15). A significant
difference between the dy, and dxrp values for
SBA-15 is due to contribution of narrow
mesopores at 1 <R <2 nm (Fig. 2) (these pores
can be attributed to inner-wall pores), which are
out of the main mesopore peak, on calculation of
dno. The dpsp value for the main mesopore peak
for SBA-15 is closer to dxrp than dys.

Calculation of the dy, value only for this
peak gives 9.92 nm, which is closer to the dxrp
value. Consequently, on the calculation of the
size of the main mesopores from the adsorption
data, not only external surface and the
corresponding pore volume but also the surface
and volume of narrow pores should be taken into
account. Notice that a certain difference between
the pore sizes determined from the XRD and
adsorption data can be caused by neglect or
accounting of the size of surface atoms.

The PSD calculated using CONTIN/MEM-0
with a model of cylindrical pores are narrower
than those calculated using simple regularization
procedure CONTIN (C/SCR model) (Fig. 2).
This result could be important on a study of
small changes in the PSD during partial
modification of a silica surface.

1——263K |
SBA15 2 N, \

1—— CONTIN |

2—— CONTIN/MEM-0 0.1+

3—— CONTIN/MEM-1

4—— CONTIN/MEM-2

1 10 100 03 1
Pore Radius, nm
a

Pore Radius, nm

10 100 100
Radius , nm

c

Fig. 2. Incremental pore size distributions of mesoporous silicas using a model of cylindrical pores with (a)
CONTIN/MEM-O0 (solid line) and CONTIN (dashed line) and (b) SBA-15 with CONTIN and CONTIN/MEM-j,
(c) liquid structures calculated on the basis of CPMG echo decay envelopes for benzene adsorbed onto SBA-15
(curve 1) and IPSD based on the nitrogen adsorption data (curve 2) [26]
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NMR relaxometry gives the PSD with peak and 1, respectively) in contrast to other methods
position corresponding to that calculated using of the adsorption data analyses (vide infra).
C/SCR method (Fig. 2 ¢). Thus, the XRD (as
well NMR relaxometry) method could be 1.0+ Activated carbon
effectively used for adsorbents with an ordered i 1——SAXS
structure of pores despite amorphous structure of .1\’ 21"li g__fgg\éff 3
the matter. 5 3 ] | 4= NLDFT

One could assume that the small angle X-ray 5 L - )
scattering (SAXS) method could give the most a 051
correct PSD (Fig. 3) for any material. However, 2
the SAXS method gives the PSD both for open
(accessible for probes) and closed (inaccessible
for any probes) pores. Therefore, for evaluation

of the PSD with respect to the accessibility of 0.0
different pores for different adsorbates, various
methods could be used to calculate the PSD.

1 10 100
Pore Half-width, nm

Note that the PSD calculated on the basis of Fig. 3. Pore size distributions for activated carbon
nitrogen adsorption data using the DFT method (45 % burn-off, Sper = 1351 m¥/g,
[14] gives the PSD similar to the SAXS PSD V,=1.44 cm’/g) calculated using SAXS and
over a broad range of pore sizes (Fig. 3, curves 5 nitrogen adsorption methods [11, 14, 38, 39]

Table 2. Structural characteristics of activated carbons (model of slit-like pores) activated by CO, (C-x samples)
and water vapor (Wf-x and W-i samples) [39]

SBET Snano Smeso smacrn V, Vnano Vmeso Vmacro

Sample m’/g m’/g m’/g m’/g cmg/g cm’/g cm’/g cm’/g Aw
C-0 549 493 45 11 0.981 0.259 0.253 0.469 0.007
C-25 1082 1011 65 6 1.011 0.511 0.314 0.187 0.061
C-45 1615 1510 101 4 1.319 0.751 0.406 0.162 0.132
C-62 2270 2090 175 4 1.683 1.004 0.505 0.175 0.240
C-75 3047 2626 413 6 2.349 1.223 0.904 0.222 0.334
C-86 3463 2181 1279 3 2.320 1.314 0.887 0.119 0.304
C-86%* 3463 1490 1969 4 2.320 0.606 1.567 0.148 0.626
C-30° 1145 1052 88 5 1.187 0.554 0.469 0.164 0.157
C-60 1999 1729 250 19 1.969 0.663 0.638 0.669 0.561
Wif-24 963 894 67 3 0.908 0.460 0.352 0.095 0.084
Wit-45 1194 1199 91 5 1.208 0.620 0.427 0.162 0.098
Wi-66 1780 1606 171 5 1.606 0.806 0.627 0.173 0.206
WIE-77 2080 1826 253 3 1.826 0.894 0.563 0.122 0.268
W-43 1189 1118 62 9 1.235 0.579 0.270 0.386 0.157
W-59 1677 1553 118 5 1.442 0.785 0.446 0.211 0.222
W-73 2069 1855 208 6 1.825 0.918 0.671 0.236 0.265
W-88 2793 2288 500 6 2.350 1.105 1.105 0.230 0.329
W-88* 2793 786 1989 19 2.350 0.544 1.458 0.348 0.588

Note.  Contribution of nanopores (Spao, Vnano) at half-width x <1 nm, mesopores (Speso» Vimeso) at 1 <x <25 nm, and
macropores (Siacro Vimacro) at X > 25 nm; Aw is the relative deviation of the pore shape from the slitshaped model.
*Model with a mixture of slitshaped (relative contribution 0.533 and 0.534 for C-86 and W-88, respectively) and
cylindrical (0.335 and 0.363) pores and voids between spherical nanoparticles (0.132 and 0.103) calculated using
the self-consisting regularization procedure. “C-30 was catalytically activated

As a whole, adsorbents could be of very synthesis treatments. Activated carbons (AC)
different morphology (Fig. 4) with various types despite relatively simple chemical structure
of porosity dependent on chemical structure, (polyaromatics, deformed graphene planes,
synthesis conditions, activation and other post- O-containing  functionalities) can  possess
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complex PSD strongly dependent on the
activation conditions (Table 2). For example, the
AC samples with a similar burn-off degree but
activated using CO, (at 1183 K) or water vapor
in a fixed bed reactor (similar to that used on
activation by CO, and labelled Wf-x, x =24—

Fig. 4.

77 % burn-off) and in a fluidized bed reactor at
1020-1050 K (labelled W-x, x =42.5-88.3 %
burn-off at bulk density 0.18-0.10 g/cm’,
respectively) have different textural
characteristics (Table 2, Fig. 5).

Graphene oxide.

(a, d) TEM and (b, c) SEM images of (a) nanosilica, (b) char microparticles, (c) activated carbon/PVA

composite, and (d) graphene oxide with a cluster of carbon nanoparticles

Additional information on the characteristics
of AC with varied burn-off degree could be
obtained upon comparison of the results based
on the SAXS and nitrogen adsorption data
analyses (Fig. 6), as well SEM (Fig. 7) and TEM
(Fig. 8) images (with appropriate quantitative
analysis of these images using such specific
software as Imagel/granulometry plugin or
Fiji/local thickness plugin) or the adsorption of
different probe compounds (Fig. 9) using both
adsorption methods and NMR cryoporometry or
other methods (e.gz DSC and TG
thermoporometry, TSDC relaxometry, etc.).

According to the chord length distribution
(CLD) based on the SAXS data for AC with
different burn-off degree such as C-0-—C-60
(Fig. 6 f), the pore wall thickness is mainly in the
range of 0.5-2 nm. This corresponds to two-five
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carbon sheet stacks with the maximum at
~0.8 nm corresponding to three layer stacks
because the distance between adjacent sheets is
close to 0.4 nm. Notice that carbon sheets in AC
can be relatively small (in comparison with that
in graphite or graphitized materials) and
composed of graphene clusters having a
structure similar to crumpled paper sheets. One
can assume that a simple model of slit-shaped
pores may be poorly appropriate for AC
especially with increasing burn-off degree.
Therefore, several models of pores (slit-shaped
(DFT), cylindrical (DFT) or mixed slit-shaped
and cylindrical pores (S/C, NLDFT) and voids
between spherical particles (V method) and two
different methods (nitrogen adsorption and
SAXS) were applied here for textural
characterization of the materials [14, 39].
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The overall shape of pores in AC is complex
because there are several types of pores can be
found. The narrowest pores of the slit-shaped
type can be inner pores in carbon nanoparticles
(Fig. 7) [11, 14, 38, 39]. The structure of sheets
in these nanoparticles could be non-planar
(Fig. 8) due to structural traces of a polymer
precursor, and since the temperature of
activation was lower than that of graphitization.
Therefore, nanopores can have a non-ideal slit-
shaped structure. Carbon nanoparticles of a

0.07 4

random  structure (roughly described as
spherical) form aggregates (Fig.7). Pores in
these aggregates are not of a slit-shaped type and
can include motives of voids between spherical
particles, slit-shaped, wedge-shaped, cylindrical
and spherical pores. Thus, a complex model of
pores (e.g. SCV/SCR) could be more appropriate
than a simple one. However, there is good
agreement between the DFT (slit-shaped pore
model) and SAXS PSD (Fig. 6).
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c

Incremental PSDy for carbon samples activated by (a) CO, and water vapor in (b) fixed and (¢) fluidized

bed reactors, DFT method with the model of slitshaped pores [39]

Despite certain differences in the shapes of
these PSD, the positions of the main peaks are
similar. Notice that the SAXS PSD were
calculated with unfixed regularization parameter
() that results in the o values smaller than 0.01
but ¢=0.01 was fixed on the DFT calculations.
Therefore, at x>40nm there are two SAXS
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PSD peaks, but the DFT PSD has only one peak
there [14].

The character of changes in the PSD of
nanopores and macropores with increasing burn-
off degree is simpler than that of changes in the
PSD of mesopores (Fig. 6). The SAXS and DFT
PSD clearly demonstrate the opposite changes
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for narrower (2<x<7nm) and broader
(7 <x <15 nm) mesopores (Fig. 6 ¢).

The character of pore filling by different
probes depend not only on the size of probe
molecules but also on their chemical structure as
well the pore walls. For example, water
molecules can remain in mesopores of AC
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around polar O-containing functionalities
(located at the edges of carbon sheets forming
nanopores), and, therefore, nanopores are
practically free of water. Typically, the
adsorption isotherms of water on AC are
characterized by small values at low pressures

[11].
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Fig. 6. SAXS and N, DFT pore size distributions for (a) C-0, (b) C-30, (c¢) C-45, (d) C-60; and PSDs for these ACs
with (e) SAXS and (insert in ) N, DFT; and (f) chord length distributions [14]
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Fig. 7. SEM image of AC [40, 41] (scale bar 20 nm)
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Fig. 8. Pore size distributions for activated carbons (a) C-0 (Sger =590 m*/g) and (b) C-50 (Sger = 1664 m*/g)
calculated using QSDFT (nitrogen ads-des isotherm) and from HRTEM images using ImageJ (granulometry
plugin) and Fiji (local thickness) program suits [38]

NMR cryoporometry could give a peak of
PSD determined for unfrozen water (Fig. 9 d).
However, this water can be located in broad
pores because melting of ice occurs layer-by-
layer in broad pores. In other words, ice
crystallites could form secondary porosity in
broad pores. Therefore, water is rather
inappropriate probe for NMR cryoporometry,
especially for AC [11]. Nonpolar probes located
in pores independent on the chemical structure of
the pore walls (because of nonspecific van-der-
Waals interactions) are more appropriate for
NMR cryoporometry or relaxometry as well
DSC thermoporometry.
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The textural characterization becomes much
more complex for nonuniform and composite
materials. Various mixtures of silica gel Si-60,
nanosilica A-200, AC (PS1) and carbon black
(Envicarb) were used as models of complex
materials [12]. The nitrogen adsorption-
desorption isotherms have complex shapes for
their various mixtures (Fig. 10).

Preparation of these mixtures were carried
out with no strong mechanical loading.
Therefore, the mixtures demonstrate additivity
with respect to the nitrogen adsorption (Fig. 11).
In other words, pores of different components in
the mixtures remain accessible for nitrogen
molecules as in the initial materials alone.
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components (lines) [12]

Application of the standard approaches with
firm software (e.g. NLDFT, QSDIF, BJH and
other methods from Quantachrome software)
give much worse results than those of the
SCV/SCR method (Fig. 12). There are several
reasons of poor results of firm software: (i)
absence of the possibility of the use of the
parameters for different materials (e.g., silica,
carbon, efc.) in complex systems; (ii) a restricted
set of pore models as well probe types; and (iii)
absence of self-consistent regularization. The
developed SCV/SCR method [12] has not these
disadvantages; therefore, it can be effectively
used to analyze complex materials. Additional
advantage of the SCV/SCR method is the
possibility to evaluate the contributions of
different pores of different materials in complex
systems.

The adsorption of various probes under
different conditions can give information on the
behavior of adsorbents and adsorbates in
different applications. For example, both
nitrogen and propane isotherms have open
hysteresis loops upon adsorption onto multi-
walled carbon nanotubes (CNT) (Fig. 13 a) [43].
This can be explained by the gas adsorption in
the interior of closed carbon nanotubes through
nanopores (defects) in the tube walls. The
volume of these nanopores is low, but their
contribution to the specific surface area is
significant. The inside radius of CNT
corresponds to mesopores. Additionally, the
space between CNT provides the textural
porosity of CNT clots, which corresponds to
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meso- and macropores. The adsorption of gases
inside and outside of CNT results in broad PSD
at x > 5 nm (Fig. 13 ¢).

Propane (boiling point 231 K) can be
adsorbed at 273 K (temperature of adsorption
measurements [43]) only in narrow pores.
Therefore, its main PSD peak is at x <2 nm
(Fig. 13 ¢). However, it can penetrate (but
slowly) in the interior of CNT (the hysteresis
loops are open). Therefore, there are small PSD
peaks at x > 2 nm.

The total adsorption of propane is much
smaller than that of nitrogen because of the
difference in their location. Propane molecules,
in contrast to nitrogen ones, ignore the textural
porosity between CNT and weakly fill the inner
space of CNT. There is a certain structural
difference  between CNT (1.22 at. % O),
additionally oxidized CNTy (2.06 at. % O) and
N-CNT (1.11 at. % O and 0.62 at. % N) over the
total range of pores (Fig. 13). Additionally,
CNT,x and N-CNT are characterized by larger
deviations of the pore shape from the models.
Slit-shaped pores can be located in and between
the tube walls of multi-walled CNT. Their
contribution is smaller than that of cylindrical
pores. Therefore, for CNT, a model criterion
Awey < Awgy and the Awey value correspond to
approximately 6 % deviation of the pore shape
from the model of cylindrical pores [43].

For nanosilicas (as materials with purely
textural porosity), there are well established
correlations between the average size of primary
nanoparticles and the specific surface area
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[2, 11]. However, the particle size distributions
(PaSD, ¢(a)) could be different for the materials
with similar values of Sger. Therefore,
information on PaSD is of interest and important
from a practical point of view. The PaSD could
be estivated from (i) images of high-resolution
microscopic methods (TEM, SEM, AFM) using
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specific software, (i) SAXS measurements, and
(iii) nitrogen adsorption data using V/SCR
method (Fig. 14) and the S, and Sggr values as
described above. As a whole, all these methods
give similar PaSD. The latter is simpler but more
informative approach, because it gives both PSD
(Fig. 14 a) and PaSD (Fig. 14 b) in parallel.
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normalized sum of individual Si-60, PS1 and a mixture Si-60/PS1; (¢, d) normalized sum of individual Si-
60, Envicarb and a mixture Si-60/Envicarb; and (e, f) normalized sum of individual Si-60, Envicarb, PS1
and a mixture Si-60/PS1/Envicarb (PSDs for individual components in the sums were divided by (a—d) 2

or (e, f) 3) [12]
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(a) Adsorption-desorption isotherms of nitrogen (77.4 K) and propane (273 K); slit-shaped pore model
with the SCV method used for (b) nitrogen desorption and (e) propane adsorption; (¢, d) cylindrical pore
model with Eq. (2) (DFT) with respect to (c) the pore volume and (d) specific surface area; (f) [PSDg for
CNT using the nitrogen (DFT) and propane (SCV) ads.-des. isotherms [43]
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Incremental PSD (a) and particle size distributions (b) for fumed silicas A-50 (/), A-150 (2), A-200 (3),

A-300 (4), A-380 (5), A-400 (6) and A-500 (7); model of voids between spherical particles at condition
S, = Sger and average deviation. (S, — Ser)/Sger < £0.01 [11]

Note that the SAXS method gives more
complex PaSD (Fig. 15) than that of V/SCR
(Fig. 14 b) because the former gives information
not only on primary NPNP but also on their
aggregates that is caused by features of SAXS.
Thus, for the morphological/textural analysis of
fumed oxides, it is better to use the data of both
approaches giving a more comprehensive picture
on the characteristics studied [44].
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Fig. 15. SAXS PaSD of initial and wetted-dried

nanosilica A-300 [28, 44]

Upon the analysis, one should remember that
SAXS gives information on both accessible and
inaccessible (closed) pores. This is clear visible
from comparison of PSD calculated using
SAXS, NLDFT and SCV/SCR methods for
initial and wetted-dried nanosilica [44],
especially in the range of nanopores.
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The IR spectroscopy could be used to
estimate not only the specific surface area
(Table 3) using several approaches but also the
surface content of silica in complex fumed
oxides [18]. This estimation could be accurate
upon the use of dry silicas because adsorbed
water can affect the IR surface modes and can
cause some other rather negative effects [18].

Table 3. Specific surface area of silicas estimated
from the IR spectra and nitrogen
adsorption isotherms [18]

- S, m*/ S, m*/ Sger,
Siliea 0. 19 Eq. 20 m¥g
A-50 66 66 52
A-150 129 130 134
A-200(T) 185 183 200°
A-200(11) 194 191 200°
A-300(T) 289 294 302
A-300(1I) 326 334 330
A-500 532 548 492
OX-50* 50 49 54
A-300% 299 306 300"
TS-100* 262 263 250°

Note. *Degussa silica; “Spgr according to firm
information. Numbers (I) and (II) correspond to
silicas from different sample parties (to record the IR
spectra, all samples were mixed with KBr (1 : 400)
and treated in the microbreaker for 5 min). A band at
1100 cm™ was decomposed into two bands at
1100 cm™ (TO phonon mode, w;) and 1200 cm™ (LO
phonon mode, w»), x = w,/w)
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The DSC and TG thermoporometry methods
could be used if one need information on the
behavior of adsorbents at different (low and
high) temperatures upon interaction with various
adsorbates (Fig. 17).

Comparison of DSC (n-decane) and TG
(water) PSD with NLDFT PSD (nitrogen) shows
that the shapes of PSD of mesopores are
relatively similar (Fig. 17). However, larger
molecules of decane cannot effective penetrate
into narrow pores in which nitrogen or water
molecules can penetrate (Fig. 17 a). Water is
evaporated from narrow pores with a certain
delay (Si-40) in comparison with that for broader
pores (Si-100). Thus, the use of several methods
for the textural characterization of silica gels
could be recommended, but upon the studies all
aspects should be analyzed in detail to consider
features of each used method.
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Silica gels are more rigid adsorbents, whose
PSD depend weakly on the measurement conditions
(Fig. 17) [11], in comparison, e.g., with porous
polymers [45]. A textural weakness (or flexibility, or
swelling) of porous polymers depends on several
factors: (i) cross-linking degree, (ii) chemical
structure (hydrophilicity-hydrophobicity), (iii) the
nature of adsorbates, and (iv) conditions. Soft
(Fig. 18 @) and rigid (Fig. 18 b)) polymers are
frequently  hydrophilic = and  hydrophobic,
respectively. However, hydrophobic  porous
polymers with a low degree of cross-linking could
be well swollen in hydrophobic solvents, but this
effect could be smaller than that for hydrophilic
polymers swollen in water. These aspects could be
controlled using hydrophilic fillers for hydrophobic
polymers (Fig. 19) or hydrophobic fillers for
hydrophilic polymers with varied changes in the
cross-linking degree [11, 15, 40, 41, 46].
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Pore size distributions (a, c¢) differential and (b, d) incremental calculated using (a, b) SAXS and (c, d)

nitrogen adsorption-desorption isotherms with (¢) NLDFT and (d) SCV/SCR methods for initial and

hydro-compacted A-300 [44]
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Differential PSDs of silica gels calculated using (¢) NLDFT method (nitrogen adsorption-desorption

isotherms, cylindrical pore model) and the Gibbs-Thomson equation for the freezing point depression for
n-decane confined in pores Si-40 (Sgpr =742 mY/g, V,=0.64 cm’/g), Si-60 (Sger =456 m%/g,
V,=0.82 em’/g), and Si-100 (Sger = 349 m?/g, V,=123 cm’/g) using DSC melting thermograms [35];
and (b) N, NLDFT and thermoporometry based on the TG data for water desorbed from Si-40
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Shaking of samples in ultrasonic bath (~2 min), storage for 24 h, freezing in liquid nitrogen (2 h),

filtration, drying under mild conditions then at 353 K in air; and degassing in vacuum at 353 K before
nitrogen adsorption-desorption measurements: (a) Amberlite XAD-7 (acrylic ester polymer) at Sggr = 341
(initial), 462 (treated in acetone), 488 (water) m*/g and (b) LiChrolut EN (copolymers of styrene and
divinylbenzene) at Sger = 1512 (initial), 1479 (treated in acetone), 1521 (water) m*/g [45]

Comparison of the PSD calculated using the
SAXS and SCV/SCR methods for porous
polymer particles shows that a significant part of
narrow pores is inaccessible for nitrogen
molecules as well in the case of silicas or AC
above analyzed. This aspect could be controlled
by changes in the composition and synthesis
techniques of complex porous polymer particles
[46]. It should be noted that some of the
described above methods (e.g. NMR, DSC,

ISSN 2079-1704. CPTS 2018. V. 9. N 4
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CLSM, etc.) could be effectively applied to
native (live) hydrated systems to analyze their
morphological and textural features [11].

The structure of cells depends strongly on
the degree of hydration that is well seen for
differently hydrated yeast cells studied using
TSDC relaxometry method [11,29]. Similar

results could be obtained using NMR
cryoporometry applied to hydrated cells
[11, 29, 30].
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Fig. 19. Incremental pore size distributions calculated from nitrogen adsorption-desorption isotherms and SAXS

data for lignin-containing polydivinylbenzene microspheres at Sger = (a) 409 m*/g and (b) 542 m*/g [46]
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Fig. 20. Size distribution of water clusters (which can be considered as intra-cell voids filled by water) in yeast
cells calculated on the basis of the TSDC data [29]

CONCLUSIONS in the gaseous (vapor) phase with increasing-
Several ways were described for analysis of decreasing pressure that gives the adsorption-
. 7 desorption isotherms analyzed in detail using

the morphological and textural characteristics of re frware; (ii) adsorpti fol
different materials. These approaches: (i) SPECIIIC  SOItwaTe, - {I1) —adsoTption — of - 1ow=
. . . molecular weight compounds from liquid

adsorption-desorption of low-molecular weight . oS . .

solutions with increasing concentration of a

probe compounds (N,, CO,, Ar, CsHg, H,O, etc.)
336 ISSN 2079-1704. CPTS 2018. V. 9. N 4



Various methods to describe the morphological and textural characteristics of various materials

solute; (iii) small angle X-ray scattering (SAXS)
or small angle neutron scattering (SANS); (iv)
quantitative analysis of images recorded using
microscopic methods such as HRTEM, SEM,
CLSM, efc.; (v) thermoporometry based on DSC
or TG measurements with decreasing-increasing
temperature; (vi) cryoporometry based on NMR
spectroscopy measurements vs. temperature; and
(vii) relaxometry based on NMR spectroscopy
and thermally stimulated depolarization current
measurements  vs. temperature give a
comprehensive picture on the morphology and
texture of various adsorbents. There are several
reasons of the use of these different methods in
parallel. For example, a material, which in a

native state is strongly hydrated, can change the
texture upon drying. Various adsorbates can
penetrate in different pores or differently fill
pores of different sizes that also depends on the
chemical structure of the wall of different pores
(e.g. walls of nanopores and meso/macropores of
AC can have different chemical compositions)
and the nature of probes. There are accessible
and inaccessible pores (closed or too narrow for
used adsorbates), but SAXS can give complete
information on all pores in contrast to the
adsorption methods. This information could be
useful for analysis of possible changes upon
treatment (activation) of the materials to improve
their characteristics.

Pizni meToau 1y1st onmcy MOpP(OJIOTiYHUX Ta TEKCTYPHUX XaPAKTEPUCTUK PI3HUX MaTepiatiB
B.M. I'yubko

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

Memorw pobomu 6yn0 NOpieHsAHHA PI3HUX MemOoOi8 ONUCY MEKCMYPHUX XAPAKMEPUCMUK DIZHUX Mamepianie.
Kinvrka winsxie mooice Oymu 0b6pano 01 0emanibHO20 onucy mopgonoeii ma mexcmypu pisHux mamepianis: (i)
aocopbyis-decopbyia nuzbkomoaekynapuux cnoayk (N, CO,, Ar, CsHs, H,O mowo) 6 2azosiu (napogiti) ¢gpasi 3
NIOBUIYEHHAM-3MEHWEHHAM MUCKY, WO 0a€E adc-0ec i3omepmu, SAKi AHANIZVIOMb 3 GUKOPUCTIAHHAM CReyu@iuHux
npoepam; (ii) adcopbyis HUZLKOMOIEKYISAPHUX CROIYK 3 PIOK020 cepedoguiya npu niosuujeHHi KoHyenmpayii, (iii)
MAnoKymoge pO3CIAHHA peHmeeHi8CcbKux npomenie (SAXS) uu manoxymoee poscianusa Hetimpowuig (SANS); (iv)
KinbKicHuil aunaniz mikpozoopaxcens TEM, CEM, KJICM mowo, (v) mepmonopomempis na ocuosi JJCK ma TI”
BUMIPIO8AHbL NPU 3HUMCEHHI-NIO8UWenHi memnepamypu, (Vi) kpionopomempis na ocnosi AMP cnexmpockonii npu
3MiHi memnepamypu, (Vii) peraxcomempis Ha ocnosi AMP ma mepmocmumynvosanoi denonapuzayii. € Kinvka
NPUYUH OISl NAPANETbHO20 BUKOPUCIAHHA 8KA3AHUX Memooie. Hanpuxnao, mamepian, AKuil 6 HAMUSHOMY CMaHi €
CUTBHO 2IOpAMOBAHUM, MOJICe CYMMESO 3MIHUMU MEKCmypy npu Oeziopamayii; momy mpeba euguamu 1020
Xapaxmepucmuxu 8 0box cmawnax. Pisni adcopbamu mModcymv npoHuKamu y nopu pisHUX posmipis, wo mpeda
epaxosyeamu npu aHanizi pisHux danux. € oocmynni ma Hedocmynti (3akpumi yu O0ysce 8y3vki), npome SAXS oae
nosHy iHghopmayio npo yci nopu Ha GiOMIHY 6I0 adcopOyitinux memoois. Takum yunom, yum Oilbuwia KITbKiCmb
PI3HUX  MemOoOi8 BUKOPUCMOBYEMbCA, MUM  OLlbW NOBHA MOPQONOSIUHA ma MeKCmypHA Xapakmepusayis
3abe3neuyemspcs, wjo Oyn0 NOKA3aHO 6 OaHill pobomi.

Knrwouosi  cnosa:  mexcmypui  xapaxmepucmuiy, — aocopbyis,  Kpionopomempis,  penaKxcomempis,
mepmonopomempis, SAXS, FTIR
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Pa3nble MeTOABI 17151 ONUCAHUS MOP(OTOTHUECKHX M TEKCTYPHBIX XapaKTepPUCTHK
Pa3JIMYHbIX MATEPHAJIOB

B.M. I'ynbko

Hnemumym xumuu nogepxnocmu um. A.A. Yyiika Hayuonanwnoi akademuu Hayx Ykpaumvl
ya. Fenepana Haymosa, 17, Kues, 03164, Yxpauna, viad _gunko@ukr.net

Llenvto Oannoti pabomvl ObLIO CpagHeHUe PA3HLIX MEMOO08 Ol ONUCAHUA MEKCIMYPHBIX XAPAKMepUCMuK
pazuvix mamepuanos. Heckonvko nymeti mozym Ovims uz36pansl 0isi ONUCAHUS MOPPOLO2UU U TNEKCIYPbL PA3TULHBIX
mamepuanog: (i) adcopbyus-decopobyusi HUSKomonekyasiprolx coeounenuil (N,, CO,, Ar, CsHg, H,O u m.o.) 6 eazosoti
(napoeoti) paze c nosviuleHUeM-NOHUNCEHUEM 0aBleHUs, Ymo oaem adc-0ec U30mepmul, KOMopwle AHATUSUPYIOM C
UCNOIB308aAHUEM cheyuuueckux npoepamm; (ii) aocopoyus HU3KOMONEKVIAPHBIX COCOUHEHUU U3 HCUOKOU Cpeodbl
npu nosviuleHuu KoHyewmpayuu, (iii) manoyenogoe paccesuue penmeeHosckux ayueii (SAXS) unu manoyenogoe
paccesnue Hetimponos (SANS) (iv) konuuecmsenmnviil ananuz muxpousobpascenuti TEM, CEM, KJIICM u momy
nodobuoe; (v) mepmonopomempus na octoge [CII u TI" usmepenuii npu CHUMCEHUU-NOBBIUIEHUU MEMNePAm)ypbl;
(vi) kpuonopomempus Ha ocrnoge AMP cnexmpockonuu npu usmeneHuu memnepamypul, (vVii) peraxcomempus Ha
ocnose AMP u mepmocmumynuposannol Oenonapusayuu. Ecmb  neckonvko npuyun Ona  NAPALIENsHO20
UCNONL308AHUA PA3TUYHBIX Memo0os. Hanpumep, mamepuan, Komopwvlii 8 HAMUSHOM COCMOAHUYU AGNACTNCA CUTLHO
2UOPATNUPOBAHHBIM, MOXCEM CYUECTNBEHHO USMENUMb MEKCMYpPY npu 0ecudpamayuu, nodmomy Haoo Uccied08ams
mamepuan 6 oboux cocmosHuax. Paznuunvle adcopbamuvl mMo2ym npoHuKames 6 Nopvl PA3IUYHLIX PAZMEPO8, UMO
HYJICHO VYUMbIBAMb NPU aHAU3e pA3IuuHbIX OaHHuIX. Ecmb docmynnvie u nedocmynuvie (3axkpvimole uiu 04eHb
y3kue), oonaxo SAXS oaem noanyro uHgopmayuro o écex nopax 8 omaudue om adcoOpOYUOHHBIX Memo008. Takum
0bpazom, yem Oonbuiee KOIUHECTBO DASHLIX MemOO008 UCNOAb3VEMCs, mem 6ojee NOAHAS MOPEOLocUYecKas U
MeKCMYPHAsL Xapakmepusayus obecneuugaemcs, 4mo u 6bL10 NOKA3aHO 8 OAHHOU pabome.

Knwowuesvie cnosa: mexcmyphvie Xapakmepucmuki, —aocopoyus, KpPUONOPOMEmpUs, pPeraKcoMempus,
mepmonopomempus, SAXS, FTIR
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