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Features of interfacial adsorbate/adsorbent phenomena depend on several factors: particulate morphology,
texture, and structure of adsorbents, molecular weight, shape, and polarity of adsorbates; as well as prehistory of
adsorbents pretreated under different conditions. All these factors could affect the efficiency of practical applications
of not only adsorbents but also polymer fillers, carriers, catalysts, etc. Interactions of nonpolar nitrogen, hexane,
benzene, weakly polar acetonitrile, and polar diethylamine, triethylamine, and water with individual (silica, alumina),
binary (silica/alumina (SA)) and ternary (alumina/silica/titania, AST) nanooxides were studied using experimental
and theoretical methods to elucidate the influence of the morphological and textural characteristics and surface
composition of the materials on the adsorption phenomena. The specific surface area Sy/ SNz ratio (X is an adsorbate)

changes from 0.7 for hexane adsorbed onto amorphous silica/alumina SA8 with 8 wt. % Al,O; (degassed at 200 °C)
to 1.9 for acetonitrile adsorbed onto pure fumed alumina (treated at 900 °C). These changes are relatively large
because of variations in orientation, lateral interactions, and adsorption compressing of organic molecules interacting
with surfaces characterized by certain set and amounts of various active sites, as well as due to changes in the
accessibility of pore surface for probe molecules of different sizes. Larger Sx/ SN2 > [ values are observed for complex

fumed oxides with larger primary nanoparticles, greater surface roughness, hydrophilicity, and Bronsted and Lewis
acidity of a surface. Both polar and nonpolar adsorbates can change the morphology and texture of aggregates of
oxide nanoparticles, e.g., swelling of structures, compacted during various pretreatments, upon the adsorption of
liquids. The studied effects should be considered upon practical applications of adsorbents, especially “soft” fumed
oxides.

Keywords: oxide nanoparticles, complex nanooxides, textural characteristics, nonpolar adsorbates, polar
adsorbates, interfacial phenomena

INTRODUCTION strongly affect all FMO characteristics [4—9]. The
surface and volume contents, phase composition
and crystallinity of different oxides in complex
nanoparticles could be varied in complex FMO
(due to controlled changes in the synthesis
conditions) [16-22] as well as their specific
surface area (SSA, Sger), surface roughness, and
particle aggregation responsible for textural
porosity of the powders and other important
characteristics of the materials being in different
media [24-34]. The SSA value is determined by
primary nonporous nanoparticle (NPNP) size
distribution (NPSD) because dav =~ c¢/(poSser),

Fumed metal or metalloid oxides (FMO)
composed of nanosized primary particles
(therefore, these materials are named as
‘nanooxides’) such as silica, alumina, titania, and
some others are widely used in industry,
biotechnology, and medicine as adsorbents,
polymer fillers, drug carries, additives, pigments,
catalysts, etc. [1-15]. The physicochemical
properties and characteristics of FMO can be
varied during the synthesis using small amounts
of dopants (typically forming solid solution in a
host matrix) or a blend of different precursors of

comparable amounts that form separated or/and where du fl;;lé%avi‘r;g; Nc}i)lamf: ter (or the ﬁrs(;
interpenetrated phases that can be amorphous moment o )o » € 18 a constant, an

or/and crystalline [4-9, 15-23]. The flame Po i§ the true density O,f the.mat.erial [35, 3,6]'
conditions: temperature, its gradient, ignition Typically, the NPSD dispersion increases with

torch length, flow turbulence and speed, as well increasing day value [4, 35, 36]. Changes in the

as the Oy/H, ratio and precursor amounts can structural,  textural, ~ and  morphological
characteristics of FMO affect the interactions of
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nanoparticles with their surroundings (e.g., with
adsorbates, liquids, filled polymers, etc.) [35-39],
the adsorption properties with respect to polar and
nonpolar adsorbates, and other characteristics
important for the practical applications of the
materials [1-15, 40-50]. An additional way to
change practically important FMO characteristics
is NPNP surface modification by organic or
organometallic compounds [4, 16, 17, 24-28].
The first stage of the modification is the
adsorption of modifiers onto oxide nanoparticles,
and features of the interfacial phenomena could
determine the degree of the surface modification.
As a whole, the adsorption phenomena play an
important role in many applications of FMO.
Detailed analysis of the effects of the NPSD, SSA
value, aggregation, and composition of
nanoparticles on the adsorption of both polar and
nonpolar adsorbates can be useful to provide a
deeper insight into the interfacial phenomena and
the behavior of FMO in different and practically
important systems. It is known [35, 36, 51-61]
that the effective SSA (i.e., surface area accessible
for given adsorbate molecules) of FMO decreases
with increasing molecular size of the adsorbates,
despite the fact that the primary nanoparticles are
nonporous. This effect is due to aggregation of
NPNP (formation of supra—NPNP structures)
[30-35], and narrower voids between NPNP in
aggregates could be inaccessible for larger probe
molecules [36]. There is an additional aspect
related to toxic properties of the nanomaterials
that depend on the surface composition (e.g.,
FMO surface modification could reduce these
properties), NPSD, features of NPNP interactions
with surroundings, efc. [62-66]. However,
systematic = comparative  experimental and
theoretical investigations of the adsorption of
different nonpolar, weakly polar, and polar
adsorbates onto composite FMO are rather
incomplete [15-17, 35, 36, 67—74] because a set
of adsorbates and adsorbents could be increased,
theoretical models should be improved as well as
the analysis of the textural characteristics of
FMO, especially complex ones. Therefore, the
aim of this work was to study the adsorption of a
large set of adsorbates: nonpolar nitrogen,
benzene, and hexane, weakly polar acetonitrile,
and polar diethylamine, triethylamine, and water
(functional groups of these probes can be
representatives for many other compounds) onto
individual and complex FMO  (using
representative samples) using experimental

ISSN 2079-1704. CPTS 2023. V. 14. N 4

475

methods and quantum chemical calculations with
improved cluster models.

MATERIALS

Individual fumed silica (a set of A-300
samples synthesized under different flame
conditions with SSA from 260 to 319 m%/g),
alumina (two samples) and mixed oxides
Si0,/Al,0O3 (SA8 and SA23 at alumina content
CA1203 = 8 and 23 wt. %, respectively), and

AlLO3/Si0»/TiO2 (AST03 and AST1) with
alumina as a main component (FMO composition
and treatment conditions are shown in
Tables 1-3) (Pilot plant of the Chuiko Institute of
Surface Chemistry, Kalush, Ukraine) were heated
at 200 °C for several hours to remove adsorbed
compounds and residual HCI and additionally
degassed for 2 h before adsorption measurements.
Alumina was also preheated at 600 and 900 °C
before the probe adsorption. A set of FMO
samples (20 wt. % in aqueous suspensions) were
cryogelled (Table 2) at —65 °C or —13 °C in
cylindrical stainless-steel thick-walled (~ 2 cm)
cryo-reactors with thick threading caps providing
pressure up to 1000 atm upon complete freezing
of water or FMO gelation (20 wt. % in aqueous
media) in open vessels at 20 °C and 1 atm [36]. A
blend of A—300/AST1 (1:1 w/w) was also studied
after different pretreatments. A set of nanosilica
samples were synthesized under different
conditions affecting the amounts of surface
silanols, i.e., the hydrophilicity was varied
(Table 3) [16, 35, 36]. Chemical composition of
FMO was analyzed using a XRF (Canberra, USA)
spectrophotometer with a *Fe (or 'Cd)
radioactive source, and an amplitude analyzer
(Canberra) coupled with a computer with the
AXIL program. The synthesis, characteristics,
and physicochemical properties of individual and
complex FMO were described in detail previously
[35, 36, 67-74].

ADSORPTION

To analyze the textural characteristics of
FMO, low—temperature (—195.8 °C) nitrogen
adsorption—desorption isotherms were recorded
using a Micromeritics ASAP 2405N adsorption
analyzer.

The specific surface area ( Sy, ) was calculated

according to the standard BET method [51, 75].
The total pore volume V;, was evaluated from the
nitrogen adsorption at p/py = 0.98—0.99



Table 1. Structural and textural characteristics of the FMO powders degassed at 200 °C

S S
Sample CSi02 CTiOZ CA1203 CSiOz CA1203 day SNz I/paNz Szac Sgex S[;EA STZEA
Wt%)  (wWt%)  (wt%)  (wt%)  (wt%) (nm) (mYg)  (m¥y (™) (m7g) (m/g) (m7/g)

A—300 >99.8 - 0 >99.8 - 9.2 295 0.52 261
SAS 92 - 8 29.5 70.5 8.6 303 0.68 223 207 271 265
SA23 77 - 23 73.6 26.4 6.9 347 0.82 362 247 434 384
ASTI 10.0 1.0 89.0 18.0 99 0.25 180 99 113 117
ASTO03 2.7 0.3 97.0 13.9 125 0.31 162 101 114 126
ALO; - - >99.8 - >99.8 19.3 89 0.13 95 90
ALOs* _ _ >99.8 _ >99.8 12.9 133 0.45 246 187 205 238

Note. Cx (X = Si0,, TiO,, and Al,O;3) denotes the total content of these phases in FMO, and C* is the surface content of oxides; “alumina preheated at 900 °C; d, is the
average diameter of FMO nanoparticles estimated from the Sger values; Sx (X = N, acetonitrile (ac), n-hexane (hex), DEA, and TEA) is the SSA values estimated for
monolayer adsorption; Vo is the pore volume from the nitrogen adsorption

Table 2. Textural characteristics of unmodified and differently pretreated and degassed FMO estimated from nitrogen adsorption data

: . ) P t SBET Snano Smeso Smacro Vp Vnano Vmeso Vmacro
Oxide Medam — 7CO (aim) Note (m¥g) (g (Y  (wp)  (cmp) (cmg) (emVg) (emg)

A-300 - - - Initial powder 302 94 200 9 0.734 0.035 0.523 0.176
cA-300 water -65 1000 Cryogel 297 38 258 2 0.827 0.012 0.798 0.017
ALOs - - - Initial powder 89 12 75 2 0.167 0.006 0.132 0.029
gALLO; water 20 1 Gel 76 13 60 2 0.545 0.007 0.504 0.034
gsAlL,O 0.1M NaCl 20 1 Gel/NaCl 72 4 43 26 0.521 0.002 0.150 0.369
csALO 0.1M NaCl —65 1000 Cryogel/NaCl 72 7 44 22 0.553 0.004 0.238 0.311
AST1 - - - Initial powder 83 12 68 3 0.217 0.005 0.166 0.047
gAST1 water 20 1 Gel 74 6 46 22 0.532 0.003 0.231 0.298
cAST1 water —65 1000 Cryogel 160 15 136 9 0.595 0.008 0.466 0.121
ASTO03 — - Initial
SA8 - - Initial
SA23 — - Initial 347 93 238 15 0.815 0.024 0.526 0.265

Note. Gelation of all other samples (20 wt. % in aqueous media with pure bidistilled water or 0.1 M NaCl solution) was during 12 h at temperature (7;) —65 °C (cryogel)
or 20 °C (gel). Labels in dried samples correspond to cryogel (c), cryogel with NaCl (cs), gelation at room temperature without (gel, g) or with NaCl (gs). Contributions
of nanopores (Vnano and Syano at pore radius R < 1 nm), mesopores (Vmeso and Speso at 1 nm < R < 25 nm), and macropores (Vmacro and Smacro at R > 25 nm) to the total pore
volume and SSA are shown
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(p and po denote the equilibrium and saturation in the PSD functions include, at least, three
pressure of nitrogen at —195.8 °C, respectively) sources related to the errors (i) in the adsorption
[51, 52]. The nitrogen desorption data were used isotherms (< £1 %); (ii)) used pore models
to compute the pore size distributions (PSD, (< £ 5 %); and (iii) calculation method. The first
differential fv(R) ~ dV,/dR and fs(R) ~ dS/dR) one is small because the nitrogen adsorption-
using a self—consistent regularization procedure desorption isotherms were recorded using top-
under non—negativity condition (f(R) > 0 at any level equipment. The second and third factors
pore radius R) at a fixed regularization parameter were taking into account using improved CV
o = 0.01 and a complex pore model with voids model of pores with self-consistent regularization
between spherical NPNP packed in random procedure. The fv(R) and fs(R) functions were also
aggregates and cylindrical pores (CV/SCR used to calculate contributions of nanopores (Vnano
method) [76] developed on the base of methods and Shano at R < 1 nm), mesopores (¥meso and Simeso
described elsewhere [35, 36, 77-79]. The at 1 nm < R <25 nm), and macropores (¥macro and
differential distribution functions fv/(R) were Smacro at R > 25 nm) to the total pore volume and
converted to incremental PSD (IPSD). The errors SSA.

Table 3. A set of nanosilica A—300 samples with different hydrophilicity and SSA (S)

Sample S Con Cw,105 Cw,900 Aw,mono
number (m?/g) (pmol/m?) (wt. %) (wt.%) (umol/m?)
S1 319 3.30 0.5 0.6 3.0
S2 308 3.30 1.3 1.5 44
S3 300 3.32 1.8 1.7 8.3
S4 299 3.32 1.8 2.0 8.2
S5 290 3.48 1.0 0.8 9.0
S6 267 3.67 1.6 1.4 8.2
S7 260 3.81 0.6 0.3 4.9

Note. Con is the surface amount of silanols; Cy,10s and Cw900 are the amounts of water desorbed upon heating at
20-105 °C and 105-900 °C, respectively; and a.,mono is the monolayer capacity for adsorbed water (estimated with
Langmuir equation)

To analyze the adsorption characteristics of changes in molecular conformation and surface
FMO with respect to various probes, the orientation of the probe adsorbates.
adsorption of nonpolar n-hexane (‘'hex' was used A color indicator p-(dimethyl-
as a subscript) and benzene, weakly polar amino)azobenzene (DMAAB, pK, = 3.3) was
acetonitrile (ac), and polar diethylamine (DEA), chosen to study active surface sites of
triethylamine (TEA), and water (w) was studied representative FMO with optical spectroscopy.
using an adsorption apparatus with a McBain— The diffuse reflection spectra of adsorbed
Bakr spring quartz scales at ~20 °C [74]. FMO DMAAB were recorded using a SF—18 (LOMO,
samples were degassed at 10~ Torr and 200 °C St.—Petersburg) spectrophotometer, and then
for several hours to a constant weight, and then converted to the absorption spectra. The DMAAB
they were cooled to 20£0.2 °C. The measurement adsorption from the gas phase onto FMO samples
accuracy was 1410~ mg with a relative mean previously evacuated to 10™* Torr, then heated in

special optical glass vessels at defined

error of +5%. The surface areas occupied by X
temperatures for 1 h and hermetically sealed, was

molecules of acetonitrile (¢ = 0.438 nm?), hexane i
(0.744 nm?), DEA (0.724 nm?), and TEA (0.760 carried out at 65£5 °C for 2-4 h. The doses by
nm?) were estimated using quantum chemical welght Of the FMO samples were chosen to
calculations. These o values were used to provide similar values of surface area of them.

calculate the specific surface area accessible for The assignment of the DMAAB absorption bands

various probes (Table 1, Sx). Variations in the Sx was carried out with .respect to its spectra in
values, compared to the Szt values, are due to neutral and acidic solutions. Four DMAAB bands

could be found at (a) A =~ 430470 nm
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(physisorbed DMAAB due to dispersion
interaction); (b) 470490 nm (hydrogen—bonded
DMAAB); (c) 490-545 nm (complexes with H"
transferring from the Brensted (bridging
hydroxyls, B—acid sites) active sites to DMAAB);
and (d) 550-560 nm (DMAAB complexes with
the Lewis acid sites (L—acid sites) such as
incompletely (< 6) O-coordinated Al atoms
appeared due to degassing of FMO at relatively
high temperature) [35, 36].

HIGH RESOLUTION TRANSMISSION
ELECTRON MICROSCOPY (HRTEM)

HRTEM (JEM-2100F, Japan) images were
recorded for A-300 (initial and after
cryogelation), AST1  (initial and after
cryogelation), initial alumina and SA23 as
representative FMO samples. A powder sample
was added to acetone (for chromatography) and
sonicated. Then a drop of the suspension was
deposited onto a copper grid with a thin carbon
film. After acetone evaporation, sample particles
remained on the film were studied with HRTEM.

QUANTUM CHEMICAL CALCULATIONS

Solid nanoparticles (modelled by clusters
with 44 polyhedra) with adsorbates (two
molecules bound to different active sites) were
calculated using electronic density functional
theory (DFT) methods with the Gaussian 16 [80]
and GAMESS 2022 R2 [81] program suits. The
DFT calculations were done using a hybrid
functional ®B97X-D and the cc—pVDZ basis set.
Some calculations were carried out using ab initio
method with the cc—pVDZ or 6-31G(d,p) basis
sets. The solvation effects were analyzed using
the SMD method [82] implemented in the
Gaussian and GAMESS. The calculations were
performed taking into account zero—point and
thermal corrections to the Gibbs free energy in the
gas phase and for solvated molecules and silica
clusters using the geometry optimized using
®B97X-D/cc—pVDZ (with or without SMD).
Some aspects of the interfacial phenomena
including adsorption could be elucidated using
quantum chemical calculations, especially with
consideration of solvation effects onto adsorbates
and adsorbent surface. There are several
procedures, which can be used to analyze the
interaction of adsorbate molecules with a surface
of adsorbents, e.g., fragment method with
counterpoise corrections (FMCC), Kitaura—
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Morokuma method, energy decomposition
analysis (EDA) with consideration of the basis set
superposition errors (BSSE), etc. [83—-85]. Here
three mentioned above methods are used to
estimate the interaction energies (Tables 4-6).
The distribution functions of atomic charges
(CDF) were calculated using a simple equation
[86]

)

f(@)=Qre)) Y. exp[—(¢,, ~9)] ’

2
j 20,

where j is the number of an atom of the n-th kind,
Go” is the distribution dispersion for the atoms of
the n-th kind, and ¢, is the Mulliken charge value,
and ¢ is the current value. The preparation of
initial structures, then optimized with the DFT or
ab initio methods, and final (optimized) structure
visualization were performed using the UCSF
ChimeraX [87], Avogadro2 [88], Chemcraft [89],
and Jmol [90] programs.

RESULTS AND DISCUSSION

Particulate morphology and texture of
various FMO. There are several factors strongly
affecting the behavior of nonpolar and polar
adsorbates bound to a surface of FMO: (i) the
particulate and textural characteristics such as
NPSD, PSD, SSA, V,, aggregation of
nanoparticles in supra—NPNP structures; (ii) the
amounts and distribution of various adsorption
sites including surface hydroxyls; (iii) sample
history including conditions of the synthesis,
preheating, degassing, and subsequent relaxation
of strained bonds in surface layers; (iv) molecular
sizes and shapes, polarity and polarizability of
adsorbates, changes in their conformation upon
adsorption; (v) the amounts of adsorbates and the
presence of co-adsorbates; and (vi) recon-
struction of aggregates of NPNP (< 1 pm),
agglomerates of aggregates (> 1 um), and visible
particles (hierarchical three—level supra—NPNP
structures) under action of adsorbates.

FMO under such different external actions as
heating, suspending, drying, pressing,
mechanochemical activation (MCA), even
cryogelation at ~ 1000 atm (Fig. 1) typically
remain NPNP integrity [35, 36]. However, in the
case of the presence of relatively large primary
particles of 100-200 nm in sizes (e.g., AST1),
these particles could be destroyed under
cryogelation at 1000 atm (Fig. 1 e, f). This effect
results in significant increase in the SSA value
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(Table 2). For A-300 composed of only small
NPNP (5-15 nm), the cryogelation does not lead
to decomposition of NPNP (Fig. 1 a, b), and the
SSA value slightly decreases due to compaction
of supra—NPNP  structures (Table 2).

Additionally, for the A-300/AST1 (1:1 w/w)
blend, the cryogelation does not lead to
decomposition of large AST1 particles because
small NPNP of A-300 play a role of a damper
[36, 91].
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o i

Fig. 1. TEM images of FMO: A-300 (a) initial and (b) after cryogelation, initial (¢) alumina, (d) SA23, and (e) AST1,
and (f) AST1 after cryogelation (—65 °C, 1000 atm) with destroyed large particles
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IPSD (CV/SCR method) of selected FMO initial and differently pretreated: (@) initial nanooxides; and pretreated

FMO (b) A-300, (c) alumina, and (d) AST1 (cryogelation at —65 or —13 °C and pressure ~ 1000 atm, g — gelation
at 20 °C and 1 atm, pure or with 0.1 M NacCl (s), dried and washed at room temperature, see Table 2

Thus, FMO NPNP (< 50 nm in size) are stable
under various treatments (with exception of AST1
NPNP > 50 nm in size under high—pressure of
cryogelation) in contrast to supra—NPNP
structures [35, 36, 70-74]. The supra—NPNP
structures are typically compacted under various

an increase in contribution of mesopores and
macropores due to compaction of supra—NPNP
structures. Note that the compaction effects of
organic solvents onto the FMO powders are much
smaller than that of water [35, 36, 70-74].
However, even upon the adsorption of organics,

treatments. The compaction effects depend the hysteresis loops could be open due to
strongly on conditions, e.g., the amounts of water rearrangement of supra—NPNP structures (vide
upon  hydro—compaction,  gelation, and infra).

cryogelation [35, 36, 70-74, 91]. Therefore, pre— Adsorption  results vs. structures of

history of FMO should be considered upon
adsorption measurements because the supra—
NPNP compaction results, at least, in certain
(sometimes very significant) changes in the
textural characteristics of the treated powders.
The FMO PSD (Fig. 2) depend on the NPSD
and pretreatment history of samples. Typically,
the smaller the NPNP, the stronger their
aggregation in the initial powder that results in an
increase in contribution of nanopores and narrow
mesopores (Fig. 2, Tables 1 and 2) that can
differently affect the adsorption of various
adsorbates depending on their molecular size and
shape. Pretreatment with water (suspending—
gelation—drying, cryogelation—drying) results in
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adsorbents and adsorbates. There is an additional
effect of aqueous suspending of FMO caused by
the difference in their surface composition
affecting surface acidity (Fig. 3) and interaction
of NPNP in the aqueous suspension due to
appearance of surface charges generating
repulsive interactions of the particles. Therefore,
silica as less acidic than SA (Fig. 3) could be
aggregated more strongly upon suspending—
drying than complex FMO.

Certain variations in conditions upon the
fumed synthesis at high temperatures using metal
chlorides or other precursors burned in the
O2/Ha/N, flame can result in changes in the
amounts of surface hydroxyls, e.g., at a silica
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surface (Table 3). Their variations for a set of
nanosilica A-300 samples, characterized by
similar SSA values (Table 3), lead to certain
changes in the water adsorption (Fig. 4). As a
whole, water better adsorbs onto nanosilicas more

0.3

o
N
|

o
-

Intensity (arb.un.)

0.0
400

500 550 600

Wavelength (nm)

450

Fig. 3.

Optical spectra of DMAAB adsorbed onto

hydrophilic with a greater content of silanols
(Table 3, Fig. 4) because surface silanols are the
main adsorption sites for polar adsorbates bound
to nanosilica surface [14—17, 24].

Water adsorption (mmol/g)

p/p,

Fig. 4. Water adsorption onto A—300 samples (numbers

fumed silica, alumina, and alumina/silica SA23

(as representative samples)

For all studied FMO, the nitrogen adsorption—
desorption isotherms are characterized by narrow
hysteresis loops (Figs. 5 and 6), which can be
assigned to the type Il of the [UPAC classification
[51-57]. This regularity is due to a spherical (but
non—ideal) shape of nonporous primary particles
(Fig. 1) forming hierarchical supra—NPNP
structures. Voids between NPNP in supra—_NPNP
structures provide the textural porosity of the
powdered materials with small contribution from
nanopores (Fig. 2, Tables 1 and 2) due to the
particulate morphology of any FMO. Note that the
adsorption isotherms of other studied adsorbates
(Figs. 4-8) can be assigned to the type Il because
of the texture type [51-57] of FMO. The empty
volume in loose FMO powders is very great
Vem=1/py— 1/po=10-25 cm?/g (where pp = 0.04—
0.13 g/em’ is the bulk density of the powders).
However, after suspending, gelation, or
cryogelation and drying—degassing, the textural
characteristics strongly change due to supra—
NPNP compaction (or even breakage of large
AST1 particles, Fig. 1 e, f) resulting in the
formation of the structures similar to xerogels
with predominant contribution of meso/macro-
pores (Figs. 2 and 4-8, Tables 1 and 2). These
textural changes affect the adsorption of any
adsorbates onto treated FMO. Fumed oxides with
‘soft’ supra—NPNP structures are also sensitive to
simple aging leading to compaction of the
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are in Table 3) characterized by different
content of silanols

powders and certain mass—transfer from smaller
NPNP to larger ones (especially for silica as a
hard—flowing liquid) during very long storage;
however, crystalline fumed oxides are more stable
with respect to the mass—transfer, but the powder
compaction during aging is also observed for
them [36, 91].

A major contribution of broad macrovoids in
supra—NPNP structures (Fig. 2) and thermo-
dynamically unfavorable condensation of gases or
vapors in such large pores result in ineffectively
filling of macrovoids by any gaseous or vapor
adsorbates even at p/po = 0.98-0.99. For example,

the maximal ¥\ = value among studied initial

FMO is 0.82 cm®/g for SA23 (py = 0.036 g/cm’)
(Table 1) (possessing the maximal Sy, value)

which corresponds to only ~ 3 % Vem. Another
effect appearing due to the textural porosity of
FMO is that the nitrogen adsorption is
proportional to the Sy, value at p/po up to 0.5-0.6

[35, 36] because of weak capillary condensation
and insignificant volume filling of broad voids in
the FMO powders. Incomplete infilling of
macropores is characterized for any gaseous or
vapor adsorbates of low—molecular weight bound
to FMO (Figs. 4-8). Their adsorption at room
temperature is frequently lower than that of
nitrogen adsorbed at —195.8 °C.
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Despite a certain difference in the normalized
(divided by Sy, ) nitrogen adsorption at p/po > 0.5
(Fig. 7 b) caused by variations in the NPSD and
packing of primary nanoparticles in supra—NPNP,
the particulate morphology can be assumed as
similar for all FMO studied. This is due to the
flame synthesis of FMO at high temperatures
T> 1000 °C when the primary particles can be in
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state close to liquid one in the flame that results in
the formation of spherical-like NPNP for any
FMO. However, the studied FMO powders
strongly differ in the SSA, NPSD, PSD, and the
aggregation degree of nanoparticles (affecting V)
that, as well as the difference in the nature of
oxide surfaces, can affect the adsorption of any
adsorbates (Figs. 1-8, Tables 1-3).
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Greater differences in the probe adsorption on
the same FMO are observed for more complex
and/or polar adsorbates (DEA, TEA, CH3CN,
H,0) than nitrogen (Figs. 4-8). These effects are
caused by stronger bonding of stronger electron—
donor and polar adsorbates to Brensted (bridging
hydroxyls) and Lewis (incompletely O—coordi-
nated Al or Ti atoms) acid sites and other centers
(e.g., terminal hydroxyls) of complex FMO.
However, there is a certain tendency toward a
decrease in the adsorption of any adsorbates with
decreasing SSA value, despite the difference in the
polarity, electron—donor properties and molecular
size of adsorbates. The strong influence of the SSA
value on the adsorption of any adsorbates onto
FMO is explained by the fact that a significant
contribution to the adsorbed amounts is due to the
first monolayer of adsorbates and insignificant
capillary condensation of them in broad but short
voids in supra—NPNP structures. Additional effects
are due the difference in the nature and content of
active surface sites (terminal (=EMOH) and bridging
(=M'O(H)M"=) hydroxyls and others) at FMO
surfaces responsible for the formation of strong
adsorption complexes with electron—donor and
proton—donor molecules. Note that long open
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hysteresis loops in the water, benzene, and hexane
adsorption—desorption isotherms for pretreated
A-300/AST1 blend (Fig. 8) are due to certain
changes in the textural characteristics of the
powder, e.g., loosening of compacted supra—NPNP
structures upon the interaction with the liquids
causing swelling effects for supra—NPNP
structures. Therefore, the desorption of molecules
penetrated into narrow voids demonstrates certain
delay resulting in the open hysteresis loops. In the
case of water bound to initial AST1 or pretreated
A-300/AST1 blend, the hysteresis loop could be
also caused by dissociative adsorption of water
molecules onto strained bonds at a surface of
preheated degassed samples.

The preheating temperature of FMO plays an
important role on the subsequent adsorption.
However, morphological changes in fumed
alumina (partially crystalline) are much smaller
on heating than that of nanosilica [35, 36]. This
effect is due to the difference in the types of
hydroxyls (only terminal for silica and terminal
and bridging for alumina and titania) and the
O—coordinating numbers of Si (only fourfold
O—coordinated) and Al (from fourfold to sixfold)
or Ti (fivefold and sixfold O—coordinated) atoms
(35, 36].
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Fig. 8. Adsorption isotherms of (a) water, (b) benzene, (c) diethylamine, and (d) n—hexane onto initial and pretreated
FMO individual AST1 and A-300/AST1 (1:1 w/w) blend
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Therefore, associative desorption of water
from silica leads to stronger changes in the lattice
structure than for other studied oxides.
Additionally, crystalline structure of alumina is
much more rigid than that of amorphous silica that
affect the morphological and textural changes of
these FMO upon any strong pretreatment such as
strong heating and cryogelation [36, 91].

Alumina ( Sy, =133 m?/g) preheated at 600 or

900 °C and cooled to room temperature (without
contact to air) adsorbs greater amounts of
acetonitrile and especially TEA than alumina
degassed at 200 °C (Fig. 6 b). This result as well
as large Sx/Sy, value (Table 1) can be caused by

enhancement of donor—acceptor interactions
between the N atoms of adsorbed molecules and
surface Lewis acid sites (effectively formed at a
surface of strongly dehydrated alumina at high
temperatures) and certain diminution of the size
of primary particles (that results in increased
SSA) on the strong heating due to associative
(from hydroxyls) removal of water. Additionally,
calcination at 900 °C can increase the crystallinity
degree of alumina that can also influence the
adsorption of electron—donor compounds. Notice
that the first portion of adsorbates (especially
water) can dissociatively adsorb onto strained
bonds appearing at the oxide surface degassed at
high temperatures [35, 36, 91].

The degree of NPNP aggregation
(determining ¥, value), which depends on
treatment conditions, plays a certain role in the
adsorption and changes in the Sx/Sy, values. For

example, for two samples of alumina, the ratio
Sx/ Sy, is greater for a sample with a larger V,,

value (Table 1) because the adsorption is greater
for FMO with more aggregated smaller
nanoparticles causing greater SSA (due to
diminution of NPNP sizes). Additionally,
variations in the orientation of adsorbed
molecules at a surface affect the surface area (o)
occupied by each molecule and, therefore, the
Sx/ Sy, ratio changes [35, 36, 74].

A minimal adsorption onto FMO preheated at
200 °C is observed for water (Figs. 4-8), despite
the fact that it can form strong hydrogen bonds
with surface hydroxyls (Tables 4-6, Fig. 9). The
low adsorption of water is due to several reasons.
First, saturated water vapor has low pressure
(17.5 mm Hg at 20 °C). Second, water adsorption
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results in clustered structures rather than
monolayered ones, e.g., the surface is
incompletely covered by water even at
Cy = 1520 wt. % corresponding to several
statistical monolayers [35, 36]. Third, nanopores
(nanovoids) give a small contribution to the pore
volume, as well as narrow mesopores (Fig. 2).
Among the adsorbates studied only water adsorbs
in the form of clusters. Even during single
molecule adsorption, it tends to form two
hydrogen bonds with neighboring surface
hydroxyls (Table 4). Therefore, nanopores and
narrow mesopores are more appropriate for
effective clustered or nanodomain adsorption of
water than broad mesopores and macropores. In
the latter, the formation of 3D structures totally
filling broad meso/macrovoids needs great
amounts of adsorbed water [35]. However, the
adsorption of great amounts of water in broad
pores at p/po < 0.99 is thermodynamically
unfavorable as well as for other studied
adsorbates at ~ 20 °C. All the factors mentioned
can play a certain role on the organics adsorption
onto FMO surfaces. However, thermodynamic
conditions upon their adsorption differ from that
of water. This leads to greater adsorption of some
organics onto complex FMO in comparison to
water (Figs. 4-8) at the same temperature
(~20°C).

Nonpolar hexane and weakly polar
acetonitrile adsorb better than water but worse
than polar DEA and TEA. This is due to strong
hydrogen bonding of the amines to the surface
hydroxyls (B—acid sites) and L-acid sites. The
adsorption of TEA is typically greater or close to
that of nitrogen (at the same p/po values), despite
a large difference in the adsorption temperatures
(20 °C and —195.8 °C, respectively). Temperature
determines the average kinetic energy of
molecules, and elevating temperature leads to
diminution of the physical adsorption especially
in broad voids in supra—NPNP structures where
the steric effects are absent but the interactions
with distant NPNP surfaces are very weak.

In contrast to dispersion interactions of
hexane and nitrogen with FMO, specific
interactions of acetonitrile and amines with
surface active sites can cause an overestimation of
the Sx value in comparison with the SN2 or Shex

values (Table 1). This is due to several effects
caused by features of orientation and packing of
molecules in the first adsorbed layer, as well as



Table 4. Interaction energy of DEA, TEA, and water with SA and silica clusters (#B97X—-D/cc—pVDZ) estimated using FMCC/BSSE and simple FM

Complex type Cluster model E¢ (Ha) (kczﬁfnol) AE Izl?;all /ﬁ(())lle):cule Note
1 3 4 5 6
SA---2DEA —20429.5482709 —66.6 —33.3 FM
—20429.518882572927 -273.1 -136.5 FMCC/BSSE
2DEAH--SA
g =0.558, 0.408, —0.965
SA---2DEA —20429.114585360207 -258.4 -129.2 FMCC/BSSE
2DEAH"---SA™2
q=0.764, 0.654, —1.418
SA--2TEA —20586.7590723 —-107.1 —454 FM
—20586.708701821837 -280.5 -140.2 FMCC/BSSE
2TEAH"---SA~
g=0.535,0.442,-0.977
SA---2H0 —20154.8693088 —65.2 -32.6 FM
—20154.842166758495 —285.3 -142.6 FMCC/BSSE

g=0.192, 0.306, —0.498




1 2 3 4 6
SiO,--2DEA —20708.0542610 —46.3 —23.2 FM
—20707.979222095877 -15.5 =7.7 FMCC/BSSE
H bonds with siloxane bridges
q=0.064,-0.067, 0.131
-20707.966738519899 -40.3 -20.1 H bonds with silanol
hydroxyls
g=0.087, 0.054, —0.140
SiO,--2TEA —20865.2451507 —58.1 -29.1 FM
—20865.175610715305 314 —-15.7 FMCC/BSSE
g=0.049, —0.066, 0.017
Si0,-+-2H,0 FM
—20433.3542283 -31.7 -15.9 without solvation
—20433.5331716 —46.1 -23.1 with solvation
—20433.298524647918 -21.0 -10.5 FMCC/BSSE

g=0.078, 0.102, -0.180

Note. g is the charge of two bound molecules and cluster (fragments), respectively
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conformational changes of the adsorbed
molecules. Orientation of adsorbed molecules
interacting with surface hydroxyls, especially
bridging ones, can correspond to their non—
maximal projection onto the surface. Therefore,
the effective o value can be smaller than the value
estimated from the molecular geometry of free
adsorbates resulting in the SSA overestimation.
This overestimation is maximal for acetonitrile.
Its adsorption complexes mainly correspond to
non—lengthwise orientation of the molecules that
causes a significant diminution of the effective o
value [36, 74]. However, the o value for
acetonitrile used for estimation of S (Table 1)
corresponds to the average projection area of a
molecule to a surface.

The Sx overestimation for TEA is greater than
that for DEA for samples at Sy < 125 m?/g,

significant crystallinity and surface roughness
[74]. However, for SA8 and SA23 with large Sy,

values and predominant phases with amorphous
silica and alumina, this effect is greater for DEA.
These results can be caused by different changes
in the packing of adsorbed molecules of DEA and
TEA in the first monolayer at the surface of
smaller nanoparticles more strongly aggregated in
supra—NPNP structures because the steric factor
is lower for smaller DEA molecules than for TEA
and it is smaller for FMO with larger NPNP less

aggregated. Consequently, this factor should be
greater for FMO samples with larger Sger value
because they are characterized by enhanced
aggregation of nanoparticles [35, 36]. For hexane,
the Shex Overestimation is observed for alumina
degassed at 200 and 900 °C [74].

Theoretical modeling of adsorption. Some
aspects of interactions between different FMO
(e.g., SA and silica) and various probe adsorbates
could be elucidated using quantum chemical
calculations (Tables 4-6, Fig. 9). An increase in
size of an adsorbent cluster results in an increase
in interaction energy and increased intermolecular
bonds between adsorbed molecules and clusters
(Tables 4-6). This result is due to enhanced
polarization of bound molecules and charge
transfer that are greater for larger clusters more
strongly affecting adsorbed molecules (Table 4).

The use of the fragment method with
counterpoise (and BSSE) corrections gives
overestimated values of the interaction energy
due to non—weak interactions between adsorbate
and adsorbent with transfer of significant charge
(Table 4, g) in contrast to the results of the
calculations with the Kitaura—Morokuma method
using a small oxide cluster (Table 6). However,
even in the case of a small cluster, the electrostatic
component AE. of the total interaction energy is
large (predominant) for polar molecules in
contrast to nonpolar ones (Table 6).

Table 5. Interaction energy of DEA and TEA with SA and silica clusters (see Table 4) with consideration of the
solvation effects in DEA and TEA, respectively (SMD/0wB97X-D/cc—pVDZ)

E:

AE per a molecule

Interaction (Ha) AE (keal/mol) (keal/mol)
SA---2DEA —20430.6057799432 -281.09 -140.5
SA--2TEA —20587.7942521895 —-283.98 -142.0
SiO,--2DEA -20709.1313956562 -19.06 -9.5
SiO,--2TEA —20866.3578504207 -36.87 -18.4

Table 6. Interaction energy between Bronsted acid site =(HO)SiO(H)AI(OH)= (as a simple model of SA) and an
adsorbate molecule calculated using the Kitaura—Morokuma method (6-31G(d,p) basis set)

Adsorbate AEwr (kcal/mol) AEsssk (kcal/mol) AEa (kcal/mol)
HxO -16.6 -13.5 -26.0
NH; -18.0 -15.6 -28.9
CH;CN -9.7 -8.6 -12.5
Nz -1.9 -1.2 22
CeHi4 -1.1 -0.4 -0.4

Note. AEwr is the changes in the total energy on the bonding, AEgsse is the AE value with consideration for the basis
set superposition error (BSSE) and —AEnr > —AEgssk, and AE, is the electrostatic component of AEyr
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Fig. 9. Atomic charge distribution functions for H atoms in adsorption complexes with (a) silica and (b)
alumina/silica; and atoms of (¢) O, (d) N, (e) Si, and (f) Al in adsorption complexes of DEA, TEA, and water

molecules (two molecules in each system, Table 4)

The SMD/EDA calculations with
consideration of the solvation effects using large
clusters (Table 5) give results similar to that of
FMCC/BSSE (Table 4). The interaction energy
overestimation could be also explained by the
formation of several intermolecular bonds
between a molecule and a cluster (see structures
in Table 4). As a whole, the used approaches show
decreased interaction energy for TEA > DEA (or
NHj3; in Table 6) > H,O that also corresponds to
the charge transfer values (Table 4, ¢g) and the
interactions are much stronger for SA clusters
with any adsorbates than that for silica ones
(Table 4). These results correlate to the
experimental adsorption measurements, e.g.,
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showing more strongly enhanced SSA values
estimated for adsorbates forming strong
intermolecular bonds with complex FMO or
alumina adsorbents in comparison to fumed silica
(Tables 1-3) that also is in agreement with higher
adsorption activity of various surface sites at a
surface of complex FMO and alumina in
comparison to silica (Fig. 3).

Note that the orientation of bound molecules
with respect to a cluster surface varies depending
on the types of adsorbates and adsorbents and the
structure of adsorption sites (Table 4). Obtained
results explain the effects of changes in the SSA
estimated using different adsorbates not only due
to the orientation of the molecules but also certain
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changes in their conformation especially for
strong complexes between polar molecules and
active surface sites affected by charge transfer.

The charge distribution functions (Fig. 9)
show that the interactions between bound
molecules and oxide clusters strongly affect
mainly atoms H (in B—sites), electron—donor N (in
bound DEA and TEA) or O (in adsorbates (water)
and surface hydroxyls), and Al (in L-sites with
bound adsorbate) forming the intermolecular
bonds. The CDF are more stable for O (Fig. 9 ¢)
and Si (Fig. 9 e) for silica than those for the SA
clusters with bound adsorbates because of
stronger bonding for the latter.

CONCLUSION

Performed investigations of the adsorption of
polar, weakly polar and nonpolar adsorbates (X)
onto individual and complex FMO show that the
ratio  Sx/Sy, depends on the textural,

morphological, and structural characteristics of
adsorbents, the nature and amounts of active
surface sites, conditions of FMO degassing, the
polarity of adsorbates and their ability to form
strong hydrogen (with surface Brensted acid
sites) or donor—acceptor (with Lewis acid sites)
bonds with the FMO surface. A larger
overestimation of the specific surface area Sx was
found for complex FMO at Sy = 100-133 m*/g

and high roughness of nanoparticles than that at
smaller (with weaker aggregated nanoparticles) or
larger Sy, of FMO with lower crystallinity and

with lower Brensted acidity but stronger
aggregated. Additionally, changes in the Sx/Sy,

ratio can correlate to changes in the oxide
hydrophilicity, i.e., strength and acidity of surface
sites. The amounts of water bound to FMO
nanoparticles in the aqueous suspensions are

much larger than the pore volume V, y = of the

initial powders or dried solid residua of the
suspension of the same materials. This is due to
different rearrangements of supra—NPNP
structures in the strongly wetted powders and
aqueous suspensions of FMO. Therefore, the
rearrangement of the supra—NPNP structures
under action of adsorbates or/and solvents can
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affect the adsorption capacity and energetic
characteristics as well as interactions of
nanoparticles with their surroundings in complex
liquid and polymer media. The results obtained
show that not only the specific surface area, pore
volume, pore size distributions, and particle sizes
but also surface composition of the surface
phases, surface roughness, and rearrangement of
nanoparticles affect the adsorption energy of
different adsorbates, the adsorbed layer structure,
and the behavior of the interfacial layer at
different temperatures. This influence is maximal
for adsorbates forming the strong hydrogen and
donor—acceptor bonds with most active surface
sites. The study shows that the use of the Sger
values based on the nitrogen adsorption isotherms
during consideration of adsorption of various
adsorbates could generate some systematic errors
(e.g., in adsorption per SSA unit) since the surface
accessibility for complex adsorbates depends on
several factors related to the adsorbent texture and
adsorbate characteristics. Additionally,
adsorbents such as ‘soft’ FMO can strongly
change the organization of supra-NPNP structures
under action of any adsorbate or any treatment
(even gentle one). These changes depend on the
adsorbate characteristics; therefore, under the
comparison of the adsorption of different probes,
these effects and possible differences in
adsorbates impact should be taken into account.
The effects described here could be of importance
for the optimization of the characteristics of the
FMO materials for a range of applications
including adsorbents, fillers, additives, efc. In the
future, it could be of interest to provide a complex
study of adsorption of various adsorbates onto
various carbons, porous oxides and polymers well
characterized using a set of experimental and
theoretical methods.
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AncopOuisi pi3HHX CIIOJIYK HA HAHOOKCHAAX, BUXITHUX Ta NO—Pi3HOMY TPEHOBAHMX
B.M. I'ynbko, O.K. MaTkoBcbKHUI

Tucmumym ximii nogepxui in. O.0. Yyiixa Hayionanvhoi akademii nayxk Yxpainu
eyn. I'enepana Haymosa, 17, Kuis, 03164, Vkpaina, viad_gunko@ukr.net

Ocobrueocmi  misicgpasnux seuwy adcopbam/adcopbenm 3anexcamsv 6i0 KIIbKOX ¢paxmopis: mopghonozii
YACMUHOK, MEKCMYpU ma CmpyKmypu aocopOeHmis, MOAEKyIApHOL Macu ma opmu, noasprocmi aocopbamis; a
maxooic 8i0 nepedicmopii aocopbenmia, HANPUKIAO, «M AKUX» HOPOWKIE HAHOOKCUOI8, NonepeoHbo 0OpobIeHUx )
pisnux ymoeax. Yci yi paxmopu modcymv @naueamu Ha e@exmueHicmv NPAKMUYHO2O 30CMOCY8AHHS He JuuLe
aocopbenmie, a U NOAMEPHUX HANOGHIOBAYIE, HOCII8, KAMANI3amopie mowjo. B3aemoois HenoaispHux makux
aocopbamis, sk a30m, 2eKCan ma OeH301, CIAOKONOIAPHO20 AYSMOHIMPUILY, NOJAPHUX Oi— Ma MPUEMULAMIHIE, 800U
3 IHOUBIOYANbHUMU (KpeMHe3eM, OKCUO amioMinilo), OiHapHumu (0ioKcud Kpemwito/okcuo anominito (SA)) i
nompitiHumu (OKcuo anominio/oxcud kpemuiro/okcud mumany, AST) nanookcudamu 0ocaioxcysanu 3a 0ONOMO20H0
EKCNepUMEHMATLHUX | MeOPEeMUYHUX MemOOi8 0l 3 "ACY8AHHS BNAUBY MOPPONOIYHUX | MEKCIYPHUX XAPAKMEPUCIUK
[ cknady noeepxni mamepianié Ha seuwja aocopdoyii. CniggioHoweHHs numomoi niowi nosepxmi Sy /SNz X —

aocopbam) sminoemocs 6i0 0.7 0ns eexcany, adcopbosarnoco na amop@romy SA8 3 8 mac. % Al,O3 (decazosanoeo
npu 200 °C) 0o 1.9 ona ayemonimpuny, adcopbo8ano20 Ha YUCHOMY RIPOSEHHOMY OKCUOI atoMinito (06podaeHoMy
npu 900 °C). L]i 3miHu € 6i0HOCHO 8eluKUMU Yepe3 eapiayii opicHmayii, 1ameparbHux 83aeMooill ma adcopoyitiHoeo
CMUCHEHHs OP2aHIYHUX MOJIeKYN, 5AKi 83A€MOO0iIOMb 3 NOBEPXHAMU, WO XAPAKMEPUIVIOMbCS NEGHUM HAOOpPOM i
KiIbKiCMI0 PI3HOMAHIMHUX AKMUBHUX YeHMPIB, d MAKO}C Yepe3 3MiHU O0CMYRHOCMI NOBEPXHI NOP 01 MOJEKY PI3SHUX

posmipie. Binewi snauenns Sy /Sy, > 1 cnocmepizaiompcs Ons CKIAOHUX HAHOOKCUOIE 3 GIbUUMU NePEUHHUMU

HAHOYACTMUHKAMY, OLIbUION WOPCMKICMIO No8epXHi, 2iopoghinbHicmio ma xuciomuicmio (yewmpu bpencmeoa i
Jlvioica) nogepxmi. Ax nonapui, max i Henoaapui adcopbamiu MOX4CYMb 3MIHIO8AMU MOP@OA02ito | meKcmypy
azpe2amié HAHOYACMUHOK OKCUOIB, HANPUKIAO, NPU3BOOUMU 00 HAOYXAHHA CMPYKMYp (VWilbHeHux nio 4ac pisHux
nonepeowix 06pooox) npu adcopbyii pioun. Busueni echexmu mpeba 8paxogygamu npu NPaAKmMuUyHOMY 3ACMOCYBAHHIO
aocopbenmie, 0cobIUBO MAKUX, SIK «M SIKL» HAHOOKCUOU.

Kntouosi cnosa: namouacmumxu OKcuois, CKIAOHI HAHOOKCUOU, MEKCMYDHI XAPAKMEPUCTUKU, HEeNnONapHi
aocopbamu, noaspHi adcopoamu, AEUWA HA MENCAX NOOLLY
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