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Various composites with nanosilicas, as well as with other nanooxides, and polymers are of importance from a
practical point of view. Detailed textural and morphological characterization, applied here to nanosilicas treated
alone and in composites with a set of polymers (poly(vinyl pyrrolidone), poly(vinyl alcohol), poly(ethylene oxide),
poly(ethylene glycol), polydimethylsiloxane, and polymethylsiloxane) and proteins (egg albumin, gelatin, and ossein),
could be considered as a tool to evaluate the reorganization of hierarchical structures in composites from aggregates
of nanoparticles, agglomerates of aggregates, to micro and visible particles. This analysis allows one to elucidate
various changes in the porosity, accessible surface area, contributions of pores of different sizes and shapes and pore
walls with silica or polymer/protein depending on a set of varied factors. Collected information could be used to
forecast possible characteristics and properties of various composites with nanooxides. Among the factors affecting
the properties and characteristics of the composites, a type, molecular weight, and content of a polymer and treatment
conditions may play an important role. The presence of a large set of the factors makes difficult analysis of the
composites using simplified approaches and methods. As a whole, selection of the composition and certain conditions
of the composite preparation allows one to control all the textural characteristics of the final materials. For these
purposes, the characteristics should be accurately estimated with minimum possible errors using well developed and
adequate methods.
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INTRODUCTION can be filled by adsorbed molecules, but nitrogen or
other low-molecular weight probes can fill only a
small part of Vem due to very weak interactions of
adsorbate molecules with distant NPNP in
agglomerates. Any low- or high-molecular weight
adsorbate can change the organization of the
secondary and ternary structures of fumed oxides
because the bonds between neighboring NPNP are
weak (non-covalent) and mainly caused by
electrostatic and van-der-Waals forces [8-13].
Therefore, in sonicated aqueous suspensions, NPNP
can be located alone or remain in certain aggregates
that depends on several factors (concentration, pH,
salinity, characteristics of fumed oxides, treatment

Fumed oxides are “soft” materials due to their
hierarchical particular morphology and weak bonds
between adjacent nonporous nanoparticles (NPNP).
NPNP form loose aggregates (secondary structures
typically < 1 pm in size, average coordination
number of NPNP is between 2 and 3). The
aggregates form very loose agglomerates (ternary
structures > 1 pm), which form loose visible
particles in the powders characterized by low bulk
density p, = 0.04-0.13 g/cm® [1-10]. The py value
increases with decreasing specific surface area
(SSA, Sser) or increasing average NPNP sizes

d ~ 6/(Sser), where oy ~ 2.2 g/em’ is the true conditions, efc.) [1-4, 8-14]. Wetting-suspending-
density of amorphous silica [8-10]. The low o adsorption-treating-drying  results in  strong
value causes a great empty volume in the nanosilica reorganization of the secondary and ternary
powders Vem = 1/p, — 1/ up to 24.5 cm’/g, which structures that affects the textural characteristics of
is much greater than the pore volume (V}) value, dried residues [8]. The latter can be considered as
determined from the nitrogen adsorption isotherms nanocomposites, e.g., in the case of
at relative pressure p/po =0.98—0.99. Voids between polymer/nanooxide systems.

NPNP in the secondary and ternary structures For composites with fumed oxides and
provide textural porosity, mainly polymers, there are such several hybrid systems
meso/macroporous. Typically, any treatment of as (i) polymers filled by NPNP (typically, the
nanosilicas causes increasing p, value. The voids filler amount is < 10 wt. %); (ii) nanooxides
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modified by adsorption or impregnation with
polymers from solutions then dried (around
monolayer coverage with 10-20 wt. % for linear
polymers and up to 40-50 wt. % for globular
proteins); (iii) nanooxides chemically modified
by attached polymers (or fragments) up to
monolayer coverage or higher; (iv) combination
of two previous cases; (v) composites with close
contents of polymers and fumed oxides (that are
typically unstable) [1-4, 8, 9]. There are several
methods of the composite preparation: (i)
equilibrium adsorption of a polymer from a
solution and separation of the residue; (ii)
impregnation of a powder by a concentrated
polymer solution; (iii) stirring of blends dry or
with addition of a low amount (30-50 wt. %) of a
solvent; (iv) precursor polymerization with the
presence of solid particles; (v) formation of solid
particles in a polymer or precursor solution; (vi)
mixing of molten polymer with solid particles
(e.g., in 3D printing), etc. Many of these systems
are of interest for different applications that
determines limiting contents of nanooxides and
polymers in the composites [15-32]. The
composite organization depends not only on the
contents of components but also on their
characteristics, e.g., surface composition of
nanooxides, 2D- or 3D-structure, chemical
composition of polymers, preparation routes and
other conditions. Clearly, features of the polymer-
polymer, polymer-NPNP, and NPNP-NPNP
interactions play not only an important role in the
properties and characteristics of the composites
but also determine the reorganization of the
hierarchical structures under any external action.
Therefore, changes in the textural organization of
polymer (or protein)/nanosilica composites
prepared using various routes are here analyzed
for different polymers: linear polydimethyl-
siloxane (PDMS) [33, 34], 3D polymethyl-
siloxane (PMS) [35-37], poly(vinyl pyrrolidone)
(PVP) [38-43], poly(vinyl alcohol) (PVA)
[43—45], poly(ethylene oxide) (PEO) [43, 46], and
poly(ethylene glycol) (PEG) [43], and proteins:
egg albumin, gelatin, and ossein [47-53], which
are characterized by different adsorbate-adsorbate
and adsorbate-NPNP interactions. Several
samples of nanosilicas with the Sger values from
232 to 378 m*/g (for the pristine powders) are
used to prepare various composites (105 samples
in total).

As a whole, some properties of nano-
structured materials could be negative, e.g., easy
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dusting, too active surface sites generating
charged and free radical particles, efc.
[1-7, 10, 54-56]. To reduce the negative effects,
several methods could be used, e.g., controlled
hydro-compaction  (anti-dusting) [57] or
mechano-chemical activation (MCA) under
various conditions [58—62], surface adsorption or
chemical modification by low- or high-molecular
compounds (to change the surface nature), efc.
[1-10, 23-53]. The surface sites, as well as the
particle size distributions, can affect the toxic
properties of nanostructured silicas or other
nanooxides and composites [1-7, 50, 63].
However, certain modifications of fumed oxides
can strongly change their textural and other
characteristics that can affect the toxicity of the
final materials. The aim of this study is to analyze
the mentioned textural aspects upon interactions
of fumed silicas with high-molecular compounds
(polymers and proteins) prepared and treated
under different conditions.

MATERIALS

Fumed silicas (A-300 and A-380, 99.8 %
purity, Sger = 232-378 m?/g, Pilot plant of the
Chuiko Institute of Surface Chemistry, Kalush,
Ukraine) used as the initial materials were heated
at 650—700 K for several hours to remove residual
HCl and other adsorbed compounds
[8-10, 57-62].

Poly(vinyl pyrrolidone), PVP (Biopharma,
Kyiv, pharmaceutical purity) (-~CH>CHR-),,
where R = NC;Hs0, n = 100, molecular weight of
1260042700, was used as received. Several series
of PVP/nanosilica compositions were prepared
using different conditions and treatment methods
(Tables 1-3) described in detail elsewhere
[38—43]. First (Table 1), the PVP solution was
added to the aqueous suspension of silica
(5 wt. %) MCA (a ball-mill of 1 dm?®, 30 porcelain
balls at 2-3 cm in diameter, 60 rpm) treated
during a few hours, or fumed silica powder was
added to the PVP solution then agitated
(1000 rpm) in a pseudo-liquid state reactor
(PLSR) for several hours, then sonicated for
5—6 min and then dried. The concentration ratio
¥ = Cpvp/Ca-300 was between 0 and 1. The value
y < 0.1 corresponds to practically irreversible
adsorption of PVP onto a silica surface, and
evaluation of statistical monolayer coverage gives
=~ 0.17-0.19. The PVP adsorption (Table 1) was
determined spectrophotometrically [38—43].
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Table 1. Characteristics of pristine powder and dried suspensions of fumed silica A-300 and silica/PVP

Sample Crvp SBET o Shano Smeso Smacro Vnano Vmeso Vmacro <Rv> <Rs> Aw Cvoid Ceyl Cvoid
(Wt.%) (m%g) (em’/g) (m%g) (m’g) (mYg) (em’/g) (cmYg) (em’/g) (nm)  (nm)

1A-300 0 345 0.566 0.3 320 25 0.040 0.334 0.192 2274  5.12 -0389  0.100 0.880  0.120
5A-300 0 184 0.790 0 140 44 0.017 0.553 0.219 20.31 9.74 0.167 0.075 0904 0.021
®A-300/PVP 5 173 1.055 23 133 17 0.010 0.751 0.294 20.77 11.16  0.026  0.057* 0.825* 0.118
®A-300/PVP 10 159 0.447 50 103 6 0.018 0.309 0.120 20.61 5.52 0.168  0.001* 0.655* 0.344
2A-300(1) 0 365 0.890 - 324 27 0.034 0.490 0.366 26.18 733  -0.290 0.224 0.691  0.085
A-300/PVP(2) 14.9 239 0.891 - 187 52 0.035 0.441 0.415 27.00 6.83  -0.006 0.068* 0.929*  0.003
A-300/PVP(3) 10.5 276 0.806 - 237 39 0.044 0.429 0.333 25.04 523 0.006  0.001* 0.826* 0.173
A-300/PVP(4) 10.5 279 1.218 - 208 71 0.040 0.508 0.699 2936  7.67 -0.030 0.066* 0.867* 0.067
A-300/PVP(5) 10.5 278 0.953 - 228 49 0.027 0.439 0.487 28.74  7.07 -0.165 0.188* 0.510* 0.302

Note. *Pristine powder, °dried powders from solid residual of the aqueous suspensions; the ¢ and *c values are for silica (pore model with voids between NPNP) and
PVP (voids and cylindrical pores with a surface covered by polymer) contributions. The Viano and Snano Values were calculated by integration of the fv(R) and fs(R)
function, respectively, at 0.35 nm <R< 1 nm, Vmeso and Smeso at 1 nm <R< 25 nm, and Vmacro and Siacro at 25 nm <R< 100 nm. Aw is the model error

R,

Aw=[S,,, / j fo(RYAR] -1 for DFT VCV/SCR method. The values of <Ry> and <Rs> correspond to the first moments of the distribution functions
R

mi

Table 2. Characteristics of initial silica and PVP/silica differently treated

tmca Y SBET Vp Smeso S'macro Vhano Vmeso Vmacro <Rv> <Rs> Aw Cvoid Ceyl Cvoid
(h) (m¥g) (emYg) (m¥Yy) (m¥y (mYy) (mYg (m¥m  (m)  (nm)

9 0 311 0.732 276 35 0.019 0.407 0.306 27.16 7.52 -0.283 0.375 0.622 0.003
1 0 283 1.358 204 79 0.012 0.498 0.849 30.87 13.34 0.033 0.474 0.311 0.215
3 0 286 1.376 205 81 0.029 0.864 0.483 23.08 10.69 0.226 0.030 0.785 0.185
5 0 282 1.136 227 55 0.022 0.758 0.356 23.90 9.64 0.006 0.254 0.695 0.051
1 0.1 258 1.228 188 70 0.022 0.658 0.548 25.84 9.13 0.113 0.006* 0.728* 0.266
3 0.1 254 1.092 200 54 0.024 0.751 0.317 22.17 7.78 0.024 0* 0.799* 0.201
4 0.1 261 1.063 211 50 0.026 0.722 0.314 22.44 7.31 0.012 0.001* 0.787* 0.212
1 0.2 224 1.276 144 80 0.017 0.729 0.530 25.21 10.59 0.040 0.102* 0.832* 0.066
1 0.2 165 0.997 101 64 0.016 0.506 0.475 27.43 10.31 -0.045 0.004* 0.831* 0.165
1 0.2 166 0.848 123 43 0.011 0.537 0.301 25.63 9.46 0.096 0.246* 0.666* 0.088
3 0.2 163 0.637 134 29 0.017 0.553 0.067 14.20 6.56 0.099 0.037* 0.956* 0.007
5 0.2 166 0.553 144 22 0.012 0.462 0.080 15.19 5.73 -0.015 0* 0.764* 0.236

Note. Samples 2, 3, and 4 correspond to the MCA of dry A-300 for 1, 3, and 5 h, respectively. Samples 5, 6, and 7 are dry PVP/silica (y = 0.1) after the MCA for 1, 3,
and 5 h, respectively. Sample 8 is dry PVP/silica (y= 0.2) after the MCA for 1 h. Sample 9 corresponds to Sample 8 dried after exposition in saturated vapor of
water/ethanol (1:1) for 10 h. Samples 10, 11, and 12 correspond to dried powders with addition of 25% solution of PVP in a mixture of ethanol and water (1:1) giving
v= 0.2 (the ratio between silica + PVP and water + ethanol is 2:1) after the MCA for 1, 3, and 5 h, respectively; *c values for PVP contribution at the pore walls



Table 3. Characteristics of initial silica and PVP/silica treated and dried

No CPVP tact HZO/ C 2:HsOH S BET Vp S, meso S macro Vhano Vmeso Vmacro <Rv> <Rs> A . .
wt.%) () (Wt.%) (m¥g) (em¥g) (m¥g) (m¥g) (ecm¥g) (em¥g) (emYg) (nm)  (nm) SO
1 0 0 0/0 255 0.570 229 26 0.027 0.318 0.224  26.04 6.40 -0.306 0.019 0.574  0.407
2 0 1? 0/0 236 1.312 157 79 0.022 0.428 0.862 3436  13.78 0.011 0.108 0.722  0.170
3 0 1? 30/0 234 0.921 187 47 0.028 0.597 0.296 2349 8.63 -0.017 0.008 0.815 0.177
4 0 1° 30/0 239 0.999 189 50 0.019 0.530 0.449 28.84 1045 -0.040 0.097 0.546  0.357
5 0 12 0/30 243 0.764 205 38 0.017 0.363 0.384  29.53 9.15 -0.213 0.408 0.469 0.123
6 0 1° 0/30 253 0.684 220 33 0.026 0.336 0.322  29.05 7.70 -0.275 0.043 0.600  0.357
7 15 12 30/0 164 0.877 116 48 0.016 0.587 0.274  22.53 8.72 -0.117  0.008*  0.928*  0.065
8 15 12 0/30 172 0.879 120 52 0.015 0.493 0.371  25.67 9.33 0.012 0.003*  0.859*  0.138
9 15 3b 0/30 179 0.656 144 35 0.016 0.305 0.335 2890 7.66 -0.123  0.223*  0.529* 0.248
10 15 0.5° 0/0 224 0.577 197 27 0.036 0.310 0.232  26.24 4.81 0.042 0.005*  0.844*  0.151
11 15 3b 0/0 177 0.755 133 44 0.019 0.275 0.461 31.78 8.51 -0.101 0* 0.676* 0.324
12 16 0.5° 0/0 218 0.569 192 26 0.027 0.305 0.237  27.48 5.19 0.214  0.058* 0.586* 0.356
13 16 9b 0/30 180 0.525 152 28 0.025 0.251 0.249  27.69 5.69 0.096 0.148*  0.819* 0.033
14 17.5 1° 0/0 235 0.755 199 36 0.033 0.340 0.382 31.84 597 0.021 0.002*  0.887* 0.111
15 17.5 1° 0/40 181 0.688 142 39 0.020 0.268 0.401 31.92 7.63 -0.179  0.006*  0.656* 0.338
16 17.5 3b 0/40 167 0.809 118 49 0.015 0.313 0.481 31.19 9.39 0.013 0.003*  0.665* 0.332
17 17.5 6P 0/40 170 0.909 113 57 0.015 0.405 0489 29.87 10.01 0.067 0.011*  0.779* 0.210
Note. ®MCA, "PLSR, *c values for PVP contribution
Table 4. Characteristics of A-300 alone and modified by PVA (15 wt.%)
Sample SBET Vp Smeso Smacro Vhano Vmeso Vmacro <Rv> <Rs> Aw Cvoid Covl Cvoid
(m¥g)  (em¥g) (m¥g)  (mYg) (ecm¥g) (cm¥g) (em¥g (am)  (nm) @
I 252 1.408 161 91 0.015 0.494 0.899 30.57 14.18 0.145 0.237 0.450 0.313
II 177 0.684 139 38 0.019 0.409 0.257 23.54 7.09 0.075 0.022* 0.700%* 0.278
I 218 1.198 140 78 0.021 0.621 0.556 25.85 9.42 -0.012  0.170%* 0.744%* 0.086
v 215 1.282 132 83 0.020 0.534 0.728 29.91 11.28 0.034 0* 0.903* 0.097
v 237 1.031 179 58 0.023 0.598 0.411 24.70 8.31 0.102 0* 0.741%* 0.259
VI 230 0.782 191 39 0.029 0.485 0.268 22.61 6.40 0.057 0* 0.820%* 0.180
VII 247 1.568 145 102 0.013 0.683 0.872 27.92 14.90 0.357 0.030 0.435 0.535
VIII 230 1.066 132 98 0.010 0.790 0.214 19.61 10.28 0.212 0.038%* 0.900* 0.062

Note. Treatment: (1) suspending-drying; (II) suspending with PVA (15 wt.%) and drying; (III) MCA of dry powder with PVA (15 wt.%); (IV) MCA of dry powder
with PVA, adsorption of water from saturated vapour and drying; (V) MCA of dry powder with PVA, adsorption of ethanol from saturated vapour and drying; (VI)
MCA of oxides with PVA and 30 wt.% of water and drying; (VII) A-300 alone and (VIII) A-300/PVA, *c values for PVA contribution



Textural characteristics and organization of composites with fumed silicas and high-molecular weight compounds

Additionally (Table 1), PVP was bound to
A-300 (content of isolated surface silanols
Con =~ 0.65 mmol/g, sample A-300(1)) at
y = 0.175 g/g using the PLS reactor. The
adsorption of PVP was carried onto the preheated
silica powder. The silica powder was loaded in the
PLS reactor, then the PVP powder was added and
the mixture was agitated for 0.5 h. Then ethanol
(30 wt. % with respect to the silica weight) was
dripped (one drop per second) in the reactor at
room temperature and the mixture was agitated
for 6 h, and then it was dried at room temperature.
The samples were heated at 353 K for 2 h
(Table 1, A-300/PVP(2)). Mixing of
A-300/PVP(2) (30 g) with pure silica A-300(1)
(20 g) in the PLSR for 0.5 h gives a sample
A-300/PVP(3). The PLSR treatment of
A-300/PVP(3) for 6 h in the presence of ethanol
(30 wt. %) and drying at room temperature gives
A-300/PVP(4). Then it was dried at 353 K for 2 h
to prepare a sample A-300/PVP(5) (Table 1) [41].

The second set (Table 2), PVP was added to
dry silica powder (then exposed in the saturated
vapor of water or ethanol) or the aqueous
suspension of silica, which then was treated in the
ball mill during several hours. In another case,
PVP was added to the aged aqueous suspension of
silica. The textural characteristics of series of
PVP/silica samples at different time of the MCA
are shown in Table 2. The first sample is the initial
A-300 heated at 723 K during several hours.
Samples 2, 3, and 4 correspond to the MCA of dry
A-300 for 1, 3, and 5 h, respectively. Samples 5,
6, and 7 are dry PVP/silica (y=0.1) after the MCA
for 1, 3, and 5 h, respectively. Sample 8 is dry
PVP/silica (y = 0.2) after the MCA for 1 h. Sample
9 corresponds to Sample 8 dried after exposition
in saturated vapor of water/ethanol (1:1) for 10 h.
Samples 10, 11, and 12 correspond to dried
powders with addition of 25 % solution of PVP in
a mixture of ethanol and water (1:1) giving y =0.2
(the ratio between silica + PVP and water +
ethanol is 2:1) after the MCA for 1-5 h [38-43].

The third set (Table 3), preparation of
PVP/silica nanocomposites was carried out using
two methods with (i) MCA and (ii) PLSR. In the
first case, 25 g of silica (previously heated at
723 K for 3—4 h) was loaded into the ball mill and
treated at room temperature. Amounts of added
water, alcohol, and PVP and the activation time
(fact) are shown in Table 3. Then ball-milled
samples were air-cured for 12 h and heated at
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343 K for 2 h. In the case of the PLSR treatment,
25 g of silica loaded into the reactor was agitated
at room temperature for 30 min. Then a given
solution of PVP was added by drops and mixed at
room temperature for 0.5-9 h (the treatment time
is shown in Table 3), and then samples were dried
as described above[38—43].

Commercial poly(vinyl alcohol) (PO
“Stirol”, Severodonetsk, Ukraine; molecular
weight 43+7 kDa) was used as received
(Tables 4 and 5). Various techniques were used

to prepare oxide samples and PVA/silica
nanocomposites (Table 4) [43-45]:
D suspending-drying ~ of  nanosilicas;

(I) suspending of oxides with PVA (monolayer
loading) and drying; (III) mechanochemical
activation of dry oxide powder with PVA in the
ball-mill; (IV) MCA of dry oxide powder with
PVA, adsorption of water from saturated vapour,
aging for 24 h and drying; (V) MCA of dry oxide
powder with PVA, adsorption of ethanol from
saturated vapour, aging for 24 h and drying; and
(VD) MCA of oxides with PVA and 30 wt. % of
water and drying (Table 4). The PVA/oxide
powders were also prepared by MCA suspending
and drying of their mixtures at room temperature
for 72 h and at 333 K for several hours at
Crva = 9.1 and 16.7 wt. % with respect to silica
(Table 5). The adsorption of PVA onto fumed
oxides was carried out from distilled water and
measured using a viscosimetry method. The
adsorption was determined using a calibrating
graph from the difference in the flow velocity of
the PVA solution in a glass capillary before and
after the adsorption (solid residue with adsorbed
PVA was removed by centrifugation) at pH
6.3£0.2 and T = 298+2 K. Three measurements
were performed for each adsorption point, and
the average errors were smaller than +5 %
[43-45].

Poly(ethylene  oxide), PEO  (Sigma,
MW =~ 600 kDa) was used in the adsorption
experiments [43, 46]. Samples of PEO/silica
(Table 6) were prepared with a dried solid residual
(after the PEO adsorption onto fumed silica in the
aqueous medium, sample centrifugation and
subsequent drying at room temperature and then
at 343-393 K). Note that distribution of PEO at a
surface of nanosilica using restricted amounts
(= 30 wt. %) of solvents (water or alcohol) was
unsuccessful due to the visco-mechanical
properties of long PEO at MW =600 kDa.



Table 5. Characteristics of A-300 alone and modified by PVA suspended and dried

CPVA SBET Vp Smeso Smacro Vnano Vmeso Vmacro <RV> <RS> A X .
wWt.%)  (m¥g)  (cm¥g)  (m%g) (m%/g) (cm¥g)  (em®g)  (emPg)  (nm) (nm) i Cvoid Ceyl Croid

0 189 1.766 60 129 0.013 0.719 1.035 29.80 18.53 0.160 0.175 0.703 0.122

1.5 229 1.439 133 96 0.018 0.854 0.568 24.07 11.10 -0.027 0.001* 0.880* 0.119

7.0 178 1.353 67 111 0.006 0.913 0.434 21.91 12.94 -0.074 0.048* 0.921* 0.031

9.1 154 1.434 68 86 0.002 0.135 1.297 51.33 26.43 -0.379 0.491* 0.205* 0.304

13.0 140 1.105 50 90 0.007 0.586 0.512 25.98 13.13 -0.047 0.048* 0.770* 0.182

16.7 149 1.070 84 65 0.008 0.266 0.796 38.21 14.97 0.274 0.120* 0.582* 0.297

Note. *c values for PVA contribution

Table 6. Characteristics of initial and PEO-modified fumed silica in aqueous media (dried and degassed before the nitrogen adsorption measurements)

Sample CPEO SBET Vp Smeso Smacro Vnano Vmeso Vmacro <RV> <RS> AW Cvoid Cevl Cvoid

(g/2) (m*g) (em¥g) (m*g) (m*g) (ecmg) (ecm'/g) (ecm'/g) (nm) (nm) '

A-300 0 316 1.412 237 79 0.033 1.133 0.246 18.46 9.15 0.145 0.007 0.834 0.159
2 0.01 303 1.412 225 78 0.027 1.080 0.305 19.57 8.25 -0.025 0.017* 0.880* 0.103
3 0.02 282 1.331 209 73 0.026 0.994 0.311 20.01 8.09 -0.028 0.003* 0.792* 0.205
4 0.04 273 1.509 183 90 0.024 1.162 0.322 20.12 9.02 -0.101 0.003* 0.877* 0.120
5 0.08 259 1.547 165 94 0.025 1.060 0.462 21.80 9.43 -0.093 0.114* 0.756* 0.130
6 0.12 222 1.414 132 90 0.029 1.042 0.344 20.63 8.77 -0.266 0* 0.976* 0.024
7 0.16 192 1.213 120 72 0.023 0.770 0.347 22.77 9.23 -0.162 0.116* 0.759* 0.124
8 0.20 176 1.181 105 71 0.021 0.642 0.340 22.74 9.37 -0.217 0.067* 0.824* 0.109

Note. *c values for PEO contribution

Table 7. Characteristics of initial and PEG (0.18 g/g, monolayer) modified fumed silica A-380

Sample SBET Vp Smeso Smacro Vhano Vmeso Vmacro <Rv> <Rs> Aw Croid Covl Croid

(m¥g)  (em¥g) (mYg) (m¥Yg) (em¥g)  (emYg)  (em¥g)  (nm) (nm) »

A-380° 268 1.482 176 92 0.021 0.809 0.652 24.82 12.85 0.360 0.083 0.704 0.213
28 164 1.555 51 113 0.009 0.780 0.766 27.28 14.21 -0.120 0* 0.954* 0.056
34 177 0.828 127 50 0.017 0.431 0.381 2541 8.93 0.099 0.031* 0.750* 0.219
4wy 169 0.578 142 27 0.020 0.362 0.196 23.54 6.64 0.128 0.002* 0.715% 0.283
5av 163 0.788 117 46 0.015 0.400 0.372 26.15 9.25 0.091 0* 0.780* 0.220
6° 165 0.739 132 33 0.017 0.467 0.255 25.70 7.86 0.055 0.248* 0.632* 0.120

Note. MCA treated (1 h) Ssuspension, dry powder, **water vapor, ®ethanol vapor, °30 wt.% water;*c values for PEG contribution at the pore walls



Textural characteristics and organization of composites with fumed silicas and high-molecular weight compounds

Therefore, the PEO adsorption on fumed silica
A-300 was carried out in the aqueous medium.
Measurements of the PEO adsorption was
performed at varied initial Cpro and a constant
amount of fumed silica A-300 in the aqueous
suspension (Csio2 = 1 wt. %) at room temperature.
The aqueous suspension of the silica with a given
amount of dissolved PEO was stirred for 1 h. Then
it was centrifuged at 8000 rpm for 30 min. The
solid residue was dried at room temperature then
at 373-393 K. Comparison of the PEO adsorption
occurred for 1 h and 24 h showed near the same
adsorption values. Therefore, the adsorption
values were measured after the adsorption for 1 h.
The PEO concentration in the liquid residue was
determined interferometrically (from
interferential diagrams for a pure solvent and
given noncolored solutions of the studied solute
in this solvent) using an ITR-2 (LOMO)
interferometer. This apparatus provides the
measurement accuracy of the index of refraction
n', up to +4x107° which allows one to study both

concentrated and diluted solutions of polymers
[46].

Commercial poly(ethylene glycol), PEG
(Fluka, 35 kDa) (Tables 7 and 8) was used as
received. The interaction of PEG with fumed
silica was previously described [43]. Several
preparations of the silica/polymer powders were
used: (i) ball-milling of dry mixtures of polymer
and silica powders for 1 h; (ii) treatment of
similar mixtures in saturated vapors of water or
ethanol for 24 h followed by ball-milling for 1 h
and drying; (iii) addition of 30 wt. % of water or
ethanol to the treated dry silica/polymer
powders; (iv) adsorption of polymers from
aqueous solution, centrifugation and drying of
the residual solid. Similar treatments were used
to prepare nanosilica alone. Before the nitrogen
adsorption/desorption  measurements, silica
samples were heated at 200 °C, but
oxide/polymer materials were heated at 80 °C for
2 h [43].

Commercial polydimethylsiloxanes
PDMS200 (label P1, viscosity of ca. 200 mm?/s,
Table 9), PDMS1000 (P2, viscosity of ca.
1000 mm?¥s) (“Kremniypolymer”, Zaporozhye,
Ukraine), and PDMSI12500 (P3) (Wacker®
AK 12500 silicone fluid, purity > 99 %, viscosity
of ca. 12500 mm?s at 25 °C, density of
ca. 097 g/cm®) were used for A-300
modification and preparation of composites
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(Table 9) [33, 34]. A series of modified silicas
with the same content (16.7 wt. %) of chemically
bound different PDMS was synthesized (in a
glass reactor, volume 1 dm®, with a mixer,
500 rpm) with the presence of dimethyl
carbonate (DMC (label D), purity > 99.0 wt. %,
as a siloxane bond breaking reagent, which does
not contribute the weight of modified silica due
to the reaction mechanism) in the gaseous
dispersion media (i.e., without a solvent) at 100
or 200 °C (using 10 g A-300,2 g PDMS, and 2 g
DMC). Upon the second stage, P3 (dissolved in
n-hexane, purity > 99.9 %) was physically
adsorbed (in the amount of 14-95 wt. %) onto
unmodified or PDMS/DMC modified silicas
(PDMS was rather filled by modified silica at
Cp3 > 50 wt. %). Before the PDMS adsorption,
the samples were dried at 100 °C for 1 h, and
then the n-hexane solution (3 wt. %) of P3 was
added and the suspension was carefully stirred.
It was dried at room temperature for 24 h and
then at 100 °C for 3 h [33, 34].

Commercial  polymethylsiloxane (PMS)
hydrogel, synthesized using methyltrichlorosilane
as a precursor, at ~ 7-8 wt. % of PMS and
93-92 wt. % of water (Enterosgel, Kreoma-
Pharm, Ukraine) was used as an initial material
(Table 10) [35-37]. After drying at room
temperature for a week, the amount of water
bound in PMS was small (0.7 wt. %). Dried and
stirred PMS was rehydrated (2 =1 g/g) and stirred
again. The bulk density of hydro-compacted
wetted PMS powder is p ~ 0.5 g/em’ at
Vem = 1.5 cm’/g; i.e., it remains as a disperse
material, as well the blends with nanosilica
(Table 8).

Samples of dry PMS and A-300 were mixed
in a porcelain mortar, and then distilled water
(h =1 g/g) was added. If the system was stirred
without any strong mechanical loading (simple
mixing) that p, = 0.5 g/cm’® (PMS/A-300). If the
system was stirred under strong mechanical
loading (careful grinding in a porcelain mortar
with strong hand-loading giving ~ 20 atm,
estimated from the geometry of the mortar and a
pestle used and a loading weight, for 15 min) that
o~ 0.6 g/cm®. This is a hydro-compacted sample
labeled as cPMS/A-300. Hydro-compaction of a
set of nanomaterials based on unmodified and
modified nanooxides was described in detail
elsewhere [35-37, 57-62].



Table 8. Characteristics of initial and PEG (0.125 g/g, monolayer) modified fumed silica A-300

Samnple SBET Vp Smeso Smacro Vhano Vmeso Vmacro <Rv> <Rs> Aw Cvo ¢ Cuo
P (m%g)  (emYg) (mYg)  (mYg) (cm¥g) (emYg) (emYg)  (um)  (nm) o > e
S1s 163 1.156 64 99 0.011 0.608 0.537 26.08 12.46 -0.145 0.003* 0.928* 0.069
S2d 172 1.097 100 72 0.011 0.508 0.578 28.23 12.13 0.107 0.199* 0.725* 0.076
S3wv 185 1.193 100 85 0.012 0.649 0.532 25.35 12.05 0.029 0.001* 0.874* 0.125
S48y 196 1.368 100 96 0.013 0.723 0.632 26.51 12.58 -0.010 0* 0.886* 0.114
S5b 157 1.026 92 65 0.014 0.440 0.572 29.18 11.37 0.066 0.269%* 0.579* 0.152
Note. MCA treated (1 h) *suspension, “dry powder, *Ywater vapor, “‘ethanol vapor, ®30 wt. % water; *c values for PEG contribution
Table 9. Characteristics of A-300 alone and modified by PDMS/DMC (VCV/SCR method)
CP3 SBET Vp Smcso Smacrn Vhano Vneso Vmacro <Rv> <Rs> i )
Sample (filler) Label Wt.%) (mYg) (cm¥g) (mYg) (m¥g) (cmg) (cm¥lg)  (cm¥g) (nm) (nm) Aw Cvoid Ceyl Cvoid
A-300 A 0 277 0.917 226 51 0.023 0.348 0.546 36.00 10.04  -0.245 0.175 0.609  0.216
A-300 AP3 14 14 171 1.269 82 89 0.009 0.232 1.028 45.26 1528 0.376  0.551* 0.352* 0.097
A-300 AP3 20 20 144 0.842 83 61 0.010 0.242 0.589 39.25 11.10  0.203 0.199*  0.489*  0.312
A-300 AP3 40 40 82 0.507 45 37 0.008 0.093 0.406 44.03 10.60  -0.015 0.005* 0.737* 0.258
A-300/PDMS200/DMC AP1D 0 165 0.686 122 43 0.016 0.291 0.379 33.06 7.78 0.193 0.236*  0.470* 0.294
A-300/PDMS200/DMC APIDP3 14 14 100 0.776 46 54 0.007 0.123 0.646 48.17 1479  0.204  0.337* 0.501* 0.162
A-300/PDMS200/DMC AP1DP3 20 20 94 0.782 38 56 0.008 0.193 0.582 39.31 12.57  -0.183  0.002*  0.937* 0.061
A-300/PDMS200/DMC AP1DP3 30 30 76 0.631 37 39 0.003 0.108 0.521 50.22 15.66 0.103 0.022*  0.703*  0.275
A-300/PDMS200/DMC AP1DP3 40 40 59 0.301 37 22 0.008 0.064 0.229 40.60 8.14 -0.119 0* 0.870*  0.130
A-300/PDMS1000/DMC AP2D 0 172 0.603 136 36 0.029 0.330 0.245 25.38 5.32 -0.171 0* 0.903*  0.097
A-300/PDMS1000/DMC AP2DP3 14 14 124 0.861 55 69 0.008 0.214 0.639 40.28 12.57  0.107  0.284* 0.578* 0.138
A-300/PDMS1000/DMC AP2DP3 20 20 106 0.932 46 60 0.002 0.075 0.855 57.19 2549 -0.382 0.770* 0.219* 0.011
A-300/PDMS1000/DMC AP2DP3 30 30 64 0.604 28 36 0.005 0.104 0.495 52.96 15.78  -0.044 0* 0.754*  0.246
A-300/PDMS1000/DMC AP2DP3 40 40 56 0.407 32 24 0.005 0.054 0.347 51.81 1231 -0.024  0.019* 0.749  0.232
A-300/PDMS12500/DMC AP3D 0 196 0.655 160 36 0.025 0.329 0.300 28.68 6.02 0.058  0.012*  0.693* 0.294
A-300/PDMS12500/DMC  AP3DP3 14 14 109 0.853 45 64 0.001 0.083 0.769 48.26 21.57 -0.361 0.708* 0.187* 0.105
A-300/PDMS12500/DMC  AP3DP3 20 20 99 0.739 42 57 0 0.039 0.700 52.56 27.68 -0.389  0.938* 0.027* 0.035
A-300/PDMS12500/DMC  AP3DP3 30 30 77 0.664 37 40 0.005 0.115 0.544 51.32 1472 -0.023 0* 0.750*  0.250
A-300/PDMS12500/DMC  AP3DP3 40 40 60 0.314 38 22 0.007 0.069 0.239 4435 8.72 0.054  0.001* 0.767* 0.232




Table 10. Characteristics of PMS alone and PMS/A-300

Sample SBET Vp Smesu Smacru Vhano Vmeso Vmacro <Rv> <Rs> Aw Cvoid Covl Cvoid
(m?/g) (em¥/g)  (m’/g) (m?/g) (em¥g)  (em¥g) (em¥g)  (nm) (nm) " v Vo'
PMS 507 1.320 454 53 0.024 1.153 0.142 11.35 4.51 0.003 0.001* 0.735* 0.264*
Stirred PMS 572 2.604 493 79 0.016 2.252 0.336 16.47 7.03 -0.013 0.002* 0.898%* 0.100*
PMS/A-300 354 1.265 297 57 0.028 1.013 0.225 17.36 7.12 -0.039 0.033* 0.879* 0.088
cPMS/A-300 407 1.021 372 35 0.024 0.955 0.042 8.28 4.28 0.046 0.015* 0.878* 0.107
A-300 289 0.850 249 40 0.026 0.437 0.387 27.91 8.18 -0.262 0.078 0.874 0.048
Table 11. Characteristics of dried suspensions of silica alone and with bound proteins
Sorbate Ca SBET Vp S'meso Smacro Vhano Vieso Vmacro <Rv> <Rs> Aw Cvoid Covl Cvoid
Wt.%) (m¥g) (emYg)  (m¥g)  (mYg)  (em¥g)  (em¥g)  (em¥g)  (um) (nm) o

- 0 278 1.458 184 94 0.022 0.958 0.478 21.58 12.40 0.339 0.004 0.797 0.199
Albumin 17.2 178 1.172 89 89 0.015 0.645 0.512 25.37 11.62 0.044 0.002* 0.678%* 0.320
Albumin 23.0 160 1.084 88 72 0.009 0.554 0.521 2542 13.20 0.227 0.171* 0.505* 0.324
Albumin 27.6 141 0.951 78 63 0.009 0.503 0.438 24.98 12.50 0.145 0.138* 0.557* 0.305
Gelatin 21.1 145 1.002 78 67 0.008 0.526 0.468 25.25 13.48 0.225 0.129* 0.514* 0.357
Gelatin 313 125 0.877 45 80 0.009 0.487 0.381 25.84 12.65 0.046 0.018* 0.722* 0.259
- 0 220¢ 1.424 109 111 0.021 1.197 0.206 20.46 12.80 0.082 0.006 0.899 0.095
Ossein 3.1 221 0.718 193 28 0.021 0.597 0.100 14.80 5.37 -0.074 0.002* 0.829 0.169
Ossein 13.6 151 0.543 128 23 0.012 0.444 0.087 15.80 5.98 -0.070 0.084* 0.830%* 0.086
Ossein 24.0 112 0.405 96 16 0.001 0.276 0.127 22.40 8.68 -0.410 0.653* 0.306* 0.041

Note. *c values for protein contribution, Ssuspension dried
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Egg albumin (molecular weight ~ 4.4x10%),
gelatin (molecular weight ~ 3.5x10°), ossein
(Indar, Kyiv, 20-29 kDa), and ethanol were used
as received. Adsorption of proteins (Table 11)
was studied without strong oxide pretreatment
and with no addition of the electrolyte buffer
solution [47-53]. Silica (40 mg of oxide per 5 ml
of protein solution or 1 g oxide per 125 ml of the
solution) was added to protein solution
(0.6 wt. %), agitated for 0.5 h and adsorption was
measured after exposure for 1 h (enough to reach
the plateau adsorption value) and the suspension
was centrifuged at 6000 rpm for 15 min. The
Biuret reactant (4 ml) was added to the obtained
supernatant (1 ml). After agitating, the solution
was exposed for 0.5 h, then its optical density was
measured spectrophotometrically at 4 = 540 nm
to calculate the adsorbed amounts of proteins
comparing with the initial protein solution. This
method is described in detail elsewhere. Notice
that dependence of the albumin adsorption onto
fumed oxides on pH was studied previously.
Protein/silica residual was dried at 313 K and
degassed at 333 K for 2 h before nitrogen
adsorption measurements [47-53].

NITROGEN ADSORPTION

The nitrogen adsorption (77.4 K) has been
used to evaluate the accessible specific surface
area (SSA, Sser), pore volume (V},), and pore size
distributions (PSD) and related contributions of
nano-, meso-, and macropores [47—49, 64]. The
nitrogen adsorption-desorption isotherms
(Micromeritics ASAP 2010, 2020, 2405N, or
2420 and Quantachrome Autosorb adsorption
analyzers), recorded for samples degassed at
80-100 °C (with polymer and protein composites)
or 150-200 °C (pure silicas) for several hours,
could be used to compute the differential PSD
Sv(R) ~dV,/dR and fs(R) ~ dS/dR for nanopores at
radius R < 1 nm, mesopores at 1 nm < R <25 nm,
and macropores at 25 nm < R < 100 nm using such
methods as density functional theory (DFT)
[65, 66] and non-local DFT (NLDFT) [67, 68].
Complex pore models with cylindrical (C) pores
and voids (V) between spherical nanoparticles
(VCV method) with the corresponding equation
parameters for different phases (both V and C for
polymers and V for silica in composites and VCV
for pure silicas) [69]. The VCV method with a
self-consistent regularization (SCR) procedure
[66, 69] allows one to consider the presence of
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several phases since the parameters of several
types of surfaces (e.g., silica, polymers, etc.)
could be simultaneously used with appropriate
pore models for each component. The use of the
SCR/VCV procedure gives information on
contributions (weight coefficients) of different
pore types and different components into the total
porosity and SSA. As a whole, the model errors
can remain upon the use of the VCV/SCR method
because the texture of any adsorbent is not
strongly ordered (pores can have very complex
shapes) and affected by a surface roughness, efc.
However, the VCV/SCR method reduces the
systematic errors appearing upon the application
of the firm software for complex materials. As a
whole, the accuracy of the textural characteristics
depends on several factors such as the errors in:
(1) estimation of the characteristics of probe
molecules (e.g., occupied area for N, depends on
the surface chemistry of adsorbents and it is equal
to 0.162 nm* for basal planes of carbons and
0.137 nm? for silica); (ii) the pore models; and
(iii)) the solution of the integral equations
describing adsorption [64—78]. The total errors
could be estimated as +10—15 % with a high level
of the repeatability of the adsorption data. It
should be noted that the errors caused by the
inaccuracy of the used computation methods
(using appropriate complex models of pores and
adsorbent surfaces) are smaller than those caused
by some inaccuracy of the measurement methods
[69—74]. In the case of the equilibrium adsorption
of polymers, the errors appear due to some
inaccuracy in determination of fractions of non-
adsorbed and adsorbed polymers using various
spectroscopic  and  gravimetric ~ methods.
Typically, the relative errors increase with
decreasing  equilibrium  concentrations  of
polymers in the solutions. However, in the
adsorption ranges close to monolayer or greater,
the errors could be smaller that +£5 %
[1-4, 33-78].

For better view of the PSD at large R values,
the differential PSD with respect to the pore
volume fy(R) ~ dV/dR, [f/(R)dR ~ Vo could be
recalculated to incremental PSD (IPSD) at
Oy(R) = (fv(Rin1) + F(R))(Rin —R)2 at
YOv(R) = Vp) as it was shown for various
adsorbents [66, 69—74]. The PSD functions with
respect to the SSA f(R)=w(f,(R)-V,/R)/R

are calculated using the formfactor for cylindrical
pores w =2 and 1.36 for voids between NPNP in
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cubic aggregates. The fs(R) functions were used
to compute the values of Shano, Smeso, aNd Smacro
(Table 1). The effective wer values for random
NPNP aggregates
Wy = (Sper 1V, RA(RYRI| £, (RYR  were

also used to estimate the Smeso and Smacro Values by

integration of Ss®=w,(f,(A-V,/R)/R
(Tables 2—-11).
RESULTS AND DISCUSSION
The textural characteristics of disperse

adsorbents depend strongly on the particulate
morphology and the presence of hierarchical
structures (e.g., NPNP, aggregates, agglomerates,
and visible particles for fumed oxides) from nano-
to macro-sizes in the powder materials
[1-4, 8, 11, 64, 75-78]. The morphological and
textural characteristics can determine the efficiency
of many applications (both nanooxides and
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composites) [1-7, 23-32, 79-82]. However, these
characteristics also affect the toxicity of
nanomaterials [83] that is, however, minimal for
fumed silica [63]. For porous adsorbents with
characteristic shapes of pores (e.g., slit-shaped or
cylindrical), there is a simple relationship between
the average pore sizes (d) and the S/V ratio d =
aVp/Seer (where « is the pore shape formfactor)
[11, 64]. For highly disperse adsorbents composed
of NPNP of various sizes, the similar dependence is
rather questionable due to the absence of pores of a
certain fixed shape (e.g., cylindrical or slit-shaped)
since voids between NPNP, characterized by a
certain particle size distribution, have random and
complex shapes. However, for fumed silicas, there
is a certain tendency of increasing pore volume with
increasing SSA value (or decreasing NPNP sizes)
[73, 74] (Fig. 1 a).
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A-200, A-300, A—380, A—400) and A—300 and A—380 in various compositions with polymers and proteins with the
similar ranges of the SSA values; (b) SSA and contributions of meso- and macropores, (c) ¥}, and nano-, meso-, and
macropore contributions, (/) average pore radii with respect to the pore volume and SSA vs. sorbate content; (€) Smeso
VS. Vineso and Smacro VS. Vmacro; and (f) Aw vs. sorbate content. Pearson correlation coefficients for linear approximation
is 0.89 for pristine silicas in (a), but for other cases, it is lower than 0.6, i.e., the correlations are practically absent due

to high scatters
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This is due to enhanced aggregation of NPNP
with decreasing their sizes. This tendency remains
upon modification of nanosilicas by polymers or
proteins if the systems remain porous (Fig. 1 a).
However, the scatter becomes very high for the
total set of the hybrid composites in comparison
to pure nanosilicas with the SSA values in the
same range. As a whole, the V, values for the
composites can be larger than that for pristine
powder nanosilicas (Fig. 1 «). This effect is
caused by several factors: (i) bulk density of
composites or nanosilicas treated alone is greater
than that of pristine silicas (V.m decreases) but V,,
can increase because nitrogen adsorption
efficiency increases; (ii) SSA value decreases
(Fig. 1 b); (iii) a decrease in the distances between
NPNP/polymer in the secondary and ternary
structures (narrowing voids due to enhanced
aggregation) results in an increase in contribution
of narrower meso/macropores (Figs. 1 ¢ and 2);

0.09900
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Q000

(iv) the <Rv> value can increase more strongly
than <Rs> (Fig. 1 d); (v) effective sizes of
nanostructures with NPNP/polymer increase in
comparison to pristine nanosilica; and (vi) the
organization of the secondary and ternary
structures changes, as well as the pore wall
shapes. The presence of several different and
sometimes opposite factors affecting the textural
and morphological characteristics of all the
composites studied causes a great scatter in the
relationships between any pairs of the
characteristics for the total set of samples (Fig. 1,
Tables 1-11). However, stronger correlations
could be found for each type of various
composites (vide infra). Note that a contribution
of nanopores (R < 1 nm) and narrow mesopores
(1 nm < R < 3 nm) into porosity is small and
depends weakly on the type and amounts of
polymers/proteins in the composites (Figs. 2—11,
Tables 1-11).
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Fig. 2. DFT VCV/SCR IPSD for fumed silicas (a) alone and (b) in composition with polymers and proteins (samples

are the same as in Fig. 1)

Features of the interactions of polymer —
NPNP and polymer — polymer depend on the
structure and numbers of active sites in the
polymer chains and on NPNP surface. If the
polymer sites are only electron-donor, electron-
acceptor, and proton-acceptor ones (e.g., C=0,
C-0-C, C=N-C, Si-O-Si in PVP, PEO, PEG,
PDMS, PMS) but non-proton-donor that the
interactions with a silica surface should be
stronger than that of polymer — polymer. If
polymers (or proteins) include proton-donor,
proton-acceptor and charged sites (e.g., COH,
COOH, COO~, NH, NH", SiOH, etc.) that the
interactions of adsorbates with silica NPNP
(mainly with the SiOH groups) are characterized
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by similar energies as polymer - polymer (protein
— protein) interactions [1-4, 8, 84-87]. Other
factors such as co-adsorbates (e.g., water,
alcohol), temperature, concentrations, media
characteristics, treatment conditions, efc. can also
affect the structure of the whole composites and
interfacial layers in the hybrid systems [1-10].
As a whole, the polymer composites can
remain texturally porous, despite a certain
decrease in the porosity and SSA values with
increasing sorbate content (Tables 1-11).
Therefore, 3D IPSD (DFT VCV/SCR) for
nanosilicas alone is similar to that of the
composites of nanosilicas with polymers and
proteins (Fig. 2). However, there are some
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differences caused by reasons mentioned above,
especially by sorbate types, structures of polymer

(a)0.07—

0.06+

1] A-300 (345 m?/g)
2- - A-300 (311 m%g)
3—— A-300 (s-d)
PVP/A-300 (g/g)
= 4——0.05
$0.04{ 5—01

[a) 6—— 0.2
£0.03-

50.05

0.02-

0.014
Pore radius (nm)

1 18k
81 72
&b
e |
i

IPSDg (m?/g)

Pore radius (nm)

Fig. 3.

10 100

chains and active sites, and content that will be
analyzed below.
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Pore size distributions: DFT VCV/SCR IPSD with respect to (a) pore volume and (b) SSA, (c) differential

NLDFT (model with cylindrical pores in silica) for A-300 alone and in composition with PVP; and (d) DFT
VCV/SCR IPSD for A-300 (/) and A-300/PVP (2-5) (insert: AFM images of sizes 500x500 nm? [41])

(samples are shown in Table 1)

PVP interactions with silica nanoparticles and
the textural organization of the composites
depend on the PVP content (Table 1, Fig. 3), as
well as on the MCA time and media
characteristics (Tables 1-3, Figs. 3-5), affecting
the amounts of silanol groups accessible for
sorbates. An increase in the PVP content (Cpvp)
and MCA time (fuca) leads to a decrease in the
SSA wvalues, but the V], values demonstrate
nonmonotonic changes. The main PSD peak of
meso/macropores  (Figs. 3-5, Tables 1-3,
Stmeso,macros Vmeso,macro) 18 typically shifted toward
smaller pore sizes with increasing Cpyvp. In
general, the DFT VCV/SCR IPSDs functions with
respect to SSA (Fig. 3 b) are similar to differential
NLDFT (Fig. 3 ¢) with respect to mesopores. A
large number of NLDFT PSD peaks (i.e., dentate
PSD curves) is due to a small value of the
regularization parameter (fixed at too small value
in Quantachrome software). Contribution of
nanopores and narrow mesopores to the pore
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volume remains small, but it is larger for the SSA
(comp. Figs. 3 a, ¢ and 3 b). The main
contribution into the PSD is caused by cylindrical
pores with a polymer-covered surface of the pore
walls (Tables 1-3, ccy1). Note that PVP is used in
medicine as an adhesive polymer. Its molecules,
studied here, are relatively long (up to ~ 25 nm in
length), and each linear PVP molecule can
interact with several silica NPNP (< 10 nm in
size). Therefore, the adhesive properties of PVP
appear in shrinkage of the secondary structures of
nanosilica (Fig. 4 clearly demonstrates this effect
with shifted PSD peak vs. Cpvp and fmca). The
average values of the pore sizes (Tables 1-3,
<Rv> and <Rs> as the first moments of the
distributions) show rather nonmonotonic changes.
According to atom force microscopy images
(Fig. 3 d, insert), enhanced treatments of the
PVP/A-300+A-300 composite result in
decreasing aggregates sizes and more uniform
distribution of PVP with migration of a part of
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macromolecules onto added fraction of A-300
[41]. All the textural and morphological changes
in the PVP/A-300 composites are relatively
complex because several factors can play an
important role depending on the sorbate amounts,
treatment time and other conditions. The complex
morphology and topology of the composites
reflect in changes in the pore model errors
(Tables 1-3, Aw). Typically, treated nanosilicas
alone are characterized by larger Aw values than
composites. This is due to filling of interparticle
voids by polymers; therefore, the pore walls
become smoother and the Aw value (as a measure
of surface roughness and random pore shapes)
becomes smaller.

0.07
0.06 4
0.05

0.04+

IPSD (cm¥g)

Pore radius (nm)

Fig. 4. Pore size distributions DFT VCV/SCR IPSD
with respect to the pore volume for A-300 and

PVP/A-300 samples shown in Table 2

IPSD (cm®g)

0.02

0.00-

Pore radius (nm)

Fig. 5. Pore size distributions DFT VCV/SCR IPSD
with respect to the pore volume for A-300 and
PVP/A-300 samples shown in Table 3
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Comparison of PVA having the proton-
donor/proton-acceptor C—OH groups (Tables 4
and 5, Fig. 6) with PEO having much longer
molecules (Fig. 7, Table 6) or PEG with
molecules of similar length (Fig. 8, Tables 7 and
8) but having only proton-acceptor C—O-C
groups shows that the PVA effects on the textural
organization of the composites are rather similar
to that of PVP since the PSD peak positions
depend on Cpya and treatment conditions. The
adsorption of PEO and PEG can be rather
considered as filling of large voids without so
strong reorganization of the secondary and
ternary structures of NPNP as by PVP or PVA.
For the PEO/PEG composites, the PSD peaks
(main contributions of cylindrical pores with the
pore walls covered by polymers) do not shift but
reduce the intensity with increasing polymer
content in the composites.

Thus, PVP (-CH,CHR-),, with the polar side
groups R =NC4H¢O and PVA (-CH,CHR-), with
R = OH groups can more strongly interact with
silica NPNP than PEO or PEG with the C-O-C
bridges in the polymer chains (—-O—CH;—CHj—),.
However, PVP can be more easily distributed on
the NPNP surfaces than PVA since the presence
of the C—OH groups in PVA causes a tendency of
the formation of tight polymer clews which are
more poorly dissolved than PVP in the aqueous
media. Therefore, according to the infrared
spectra [43], the perturbation degree of free
surface silanols of A-300 as a function of the
polymer loading vs. Cpol/Miseg (Where miseg is the
molecular weight of a segment) is similar for
PEG, PEO, PVP, PDMS, and albumin but smaller
for PVA. On the other hand, the composite
durability and strength can be greater for
PVA/A-300 than that for other systems studied
here because of stronger binding —C(H)-OH- to
=Si—OH and smaller steric effects in comparison
to that for —CH,—O-CH>— or -Si(CH;3),-O—
Si(CHj3),—. This effect for the composites could be
used to control the durability and dissolution rate
of such water-soluble polymer films as
PV A/starch/nanosilica.

For hydrophobic PDMS, there are the
opposite effects with a certain shift of the PSD
peaks toward larger pore sizes with Cepums (Fig. 9)
than in the case of hydrophilic polymers
(Figs. 3-8). This effect is confirmed by an
increase in the values of <Ry> and <Rs>
(Table 9).
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Fig. 7. Pore size distributions: DFT VCV/SCR IPSD with respect to pore volume for A-300 alone and with PEO

(sample numbers correspond to them in Table 6)
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Fig. 8. Pore size distributions: DFT VCV/SCR IPSD with respect to pore volume for nanosilica alone and with PEG
(sample numbers correspond to them in (a) Table 7 and (b) Table 8)

Additionally, in the case of PDMS, nanosilica
chemically modified by PDMS/DMC
(16.7 wt. %) was also adsorption modified with
PDMS12500 (14-40 wt. %). Therefore, the
double modification results in a strong diminution
of the SSA and V), values and an increase in
contribution of macropores (Table 9, Viacro, Smacro
<Rv>). However, this diminution could be
stronger if shorter PDMS (e.g., PDMS200 or
PDMS1000 instead of PDMS12500) is used as a
modifier. A similar effect is observed during
chemical modification of A-300 with
PDMS/DMC and without adsorbed PDMS12500,
e.g., a diminution of the Sger value becomes
smaller with the molecular weight of PDMS
(Table 9, Sget, Smeso). This effect is due to steric
barriers for location of longer coil PDMS chains
in narrower voids. For the pore volumes, there is
similar tendency but not so clear due to different
reorganization of the secondary and ternary
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structures in composites and larger contribution
of macropores (Table 9, Vimacro) than mesopores
(Vmeso). Note that the pore model errors are
minimal (Aw) at maximal amounts of PDMS in
the composites and predominance of contribution
of cylindrical pores with the pore walls with
PDMS (Table 9, ccyi*). The Vnano values are very
small due to blocking of narrow voids by PDMS
chemically and physically bound to the nanosilica
surface.

In contrast to other studied polymers, PMS is
3D polymer with nanoclews bonded by certain
bridges into 3D porous structures, which can be
decomposed during MCA treatment [36, 37]. The
SSA value of PMS is larger than that of A—300
with main contribution of mesopores (Table 10,
Fig. 10). For the PMS/A-300 blends, the PSD
peak shift depends strongly on the type of sample
treatment because PMS is a relatively soft 3D
polymer. The pretreatment with forced hydro-
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compaction results in a stronger decrease in the
pore sizes (PSD peak shits toward smaller sizes of
pore radius) than for the composite with non-
forced hydro-compaction demonstrating almost
additive effect with respect to the PSD (Fig. 10,

a
@ 06
5 0051
£ 0.041
o 003

0
O 0.02-

Table 10). This effect for the latter can be
explained by the fact that for the PMS/A-300
blends, aggregates of nanoparticles of both types
remain in the composite [36, 37].

0.00 -+,

(c) 0.08-
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S 0.061
&
£ 005
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0.04+
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0 0.03-
o
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0.014

0.00 -~

Pore radius (nm)
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Fig. 9. Pore size distributions: DFT VCV/SCR IPSD with respect to pore volume for nanosilica alone and with PDMS
(sample numbers correspond to them in Table 9 for four series of samples)
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Pore radius (nm)

Pore size distributions: DFT VCV/SCR IPSD with respect to pore volume for nanosilica and PMS alone

and PMS/A-300 composites (samples correspond to Table 10)

For various proteins (Table 11, Fig. 11),
characterized by strong intramolecular and
intermolecular interactions, as well as by strong
interactions with surface silanols, the textural
changes in the composites depend on the
molecular shape and size of such proteins as
globular albumin and non-globular gelatin or
ossein, protein content and other conditions. A
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maximal shift of the PSD peaks toward smaller
pore sizes is observed for ossein (possessing
minimal molecular weight among proteins
studied) with a stronger diminution of the pore
volume (Fig. 11, Table 11). Contributions of a
protein surface into the values of weight
coefficients are minimal for globular albumin
(minimal PSD shift) and maximal for ossein
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(Table 11, c*) with the maximal PSD shift
(Fig. 11) and maximal pore filling (Table 11, V}).

For egg albumin and gelatin, filling of large
voids is stronger than the aggregate/agglomerate
structure reorganization since the PSD peak shifts
are not significant in the range of mesopores
(Fig. 11 a) in contrast to ossein (Fig. 11 d).
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Changes in the IPSDs in the range of nanopores
and narrow mesopores can be explained by
narrow voids filling since the PSD intensity
decreases (Fig. 11 b, ¢) with certain shift toward
larger R values in comparison to A—300 alone, as
well as own porosity of secondary protein
structures.
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AlbuminfA-300 g
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Pore size distributions: (a, b, d) DFT VCV/SCR IPSD and (c) NLDFT with respect to (a, ¢, d) pore volume

and (b) SSA for nanosilica alone and with proteins (samples correspond to Table 11)

Fig. 11.
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As a whole, the SSA loss dependent on the
sorbate amounts is in similar courses for different
compounds (Fig. 12 a). However, the difference
in the SSA loss can reach up to 20 %, e.g., for
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1—c— PVP
2——PVA
3——PEO
4——PDMS
5—e— Albumin
6—=— Gelatin
\ 7—+— Ossein

f‘\N

30
Cy (wt.%)

Relative changes (%) in the (@) Sser and (b) ¥, values vs. content of sorbates for certain sets of samples

globular egg albumin macromolecules (Fig. 12 q,
curve 5), remaining globular during adsorption,
and smaller and non-globular  ossein
macromolecules (curve 7). PVA demonstrates
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rather atypical curve because of enhanced
PVA-PVA interactions with increasing sorbate
amounts (Fig. 12 a). Relative changes in the V
values are both positive and negative at
Cx < 20 wt. % (Fig. 12 b) due to different
reorganization of the hierarchical structures and
occupation by adsorbed nitrogen only of a part of
the empty volume since for highly disperse
powders V, < Vem. However, at Cx > 20 wt. %,
only the loss of the pore volume is observed due
to strong filling of voids by adsorbed
macromolecules and compaction of the secondary
and ternary structures.

CONCLUSION

The study of the textural and morphological
characteristics of nanosilicas treated alone and in
composites with PVP, PVA, PEO, PEG, PDMS,
PMS, egg albumin, gelatin, and ossein shows that
the reorganization of a set of hierarchical
structures  (aggregates of  nanoparticles,
agglomerates of aggregates, micro and visible
particles), changes in the porosity and accessible
surface area, contributions of pores of different
sizes and shapes and with the pore walls with
silica or polymer/protein depend on many factors.
Among these factors, the type, molecular weight,
and content of polymer/protein and treatment
conditions play the main role. For total set of
samples, the presence of a large set of factors
results in strong scattering of the relationships for
any pair of the textural characteristics or the
amounts of sorbates and any textural
characteristic. For narrow series of samples with
the same silica and the same sorbate with only
changes in the sorbate amount, there is stronger
correlations for the SSA vs. Cx (since particle
sizes increase due to adsorption of
macromolecules) than that for the pore volume.
This result is due to the textural organization
features of highly disperse adsorbents
characterized by a strong inequality V,<<Vem. The

ISSN 2079-1704. X®DTT1. 2022. T. 13. Ne 2

145

composite reorganization at all the structural
hierarchy levels is strong but differently affects
the Vp, Vianos Vmeso, Vmacro and Vem values, but the
inequality Vp<Vem remains. However, the
difference becomes smaller because the bulk
density of any treated system with nanosilica
increases and Vem decreases in comparison to the
pristine powders. As a whole, selection of
polymer, nanooxide, composition and certain
conditions of the composite preparation allows
one to control all the textural characteristics of the
final material.

Developed VCV/SCR DFT method allows
one to estimate not only the textural
characteristics of complex systems but also to
evaluate surface contributions of different phases
in the nanocomposites with polymers or proteins
and nanosilicas. Note that Quantachrome
software (NLDFT) gives much worse PSD
functions than VCV/SCR DFT due to several
factors: (i) absence of the SCR procedure with
estimation of contributions of different phases of
samples studied; (ii) parameters of only one
material which could be used (e.g., silica or
carbon); (iii) the regularization parameter is fixed
and too small that results in generation of dentate
PSD curves.
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TexcTypHi XapaKTepUCTHKH Ta OPraHi3anis KOMIIO3HUTIB i3 NipOreHHOro KpeMHe3eMy
Ta BUCOKOMOJIEKYJISIPHUX CHOJIYK

B.M. I'ynbko

Inemumym ximii nogepxui im. O.0. Yyiixa Hayionanvnoi akademii nayx Yrpainu
eyn. I'enepana Haymosa, 17, Kuis, 03164, vliad_gunko@ukr.net

Pisui xomnosumu 3 HaHoKkpemHe3eMOM (MA IHWUMU HAHOOKCUOAMU) Ma NONIMEPAMU MAIOMb NPaKmudne
3HauenHs. Busnauenns OemanbHux mekCcmypHO-MOP@OL0IYHUX XAPAKMEPUCTIUK HAHOKPEMHe3eMi8, 00poOneHux
OKpeMOo ma 8 KOMNO3UMAX 3 PI3HUMU NOJIEMepamu (THIUHI NOAIOUMEMUICUTOKCAH, NONIGIHIINIPPOAIOOH, NOIGIHILOBULL
CRUpMm, NOTIeMUIEHOKCUO Ma Noiemunieneikons, 3D-nonimemuncunokcarn) ma Oiikamu (A€YHUL AnbOYMIH, Hcelamut
ma ocein) modice po3enadamucs aK iHcmpymenm 05l AHANI3Y peopeanizayii IEpapxXiuHux cmpyKmyp Y KOMRO3UMAX
(acpecamu HAHOYACMUHOK, A2TOMepamy azpe2amis, Mikpo- ma euoumi yacmunku). Lletl ananiz 0o3eonse 3 ’acysamu
PI3HI 3MIHU nopucmocmi ma OOCMYRHOL NIOWI NOBEPXHI, 6HECKU NOP PIZHUX PO3MIPI8, (opm ma CmiHOK nop 3
KpemHezemy abo nonimepa/Oiika 3anedicHO 6I0 DI3HOMAHIMHUX YuHHUKIG. 3ibpana inpopmayis mooce Oymu
BUKOPUCMAHA O NPOSHO3VBAHHSA MOMCIUBUX XAPAKMEPUCMUK ma eracmusocmeil piznux xomnosumis. Ceped
Gaxmopis, wo 6nIUBAIOMb HA GLACMUBOCMI KOMNO3UMIE, MUN, MOIEKYIAPHA MACA MA 8MICM NOJLIMePI8 md YMO8
MPEHYBAHHI MOJACYMb Gl0iepasamu 20108Hy poib. Hasenicme eenuxoeo Habopy haxkmopie yYCKIAOHIOE AHANI3
KOMNO3UMIB, SIKWO SUKOPUCHOBY8AMU CHpOujeri nioxoou ma memoou. B yinromy, eubip ckiady ma nesHux ymos
CMBOPEHHI KOMNO3UMIE 003605€ KOHMPOTIOBAMU 6CT MEKCMYPHI XapaKmepucmuky Kinyesux mamepianis, ocod.iuso,
AKWO 6CI BOHU MOYHO OYIHIOIOMBCA 3 MIHIMATGHUMU MOJNCIUBUMY NOMUTIKAMU 3 6UKOPUCAHHAM 000pe pO36UHEHUX
ma a0eKeamHux mMemoais.

Kniwowuoei cnoea: nipocennuii kpemnezem, noaimepu, OiIKu, KOMRO3UMU, MOPQON02is YACMUHOK, MEKCMYPHI
Xapaxmepucmuxu
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