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Fumed metal and metalloid oxides (FMO) represent a practically important class of nanostructured materials 

produced in large amounts in the world. The properties and characteristics of FMO depend on a such set of factors as 
the synthesis conditions, particle size distributions (PSD), surface and bulk compositions of nanoparticles (NP), 
aggregation of NP, numbers and types of active surface sites, environment, media kind, etc. Some of the FMO 
characteristics could depend strongly on the media type (air, aqueous, organic liquids, solutions of various 
compounds, pH, salinity, etc.). As a whole, the behavior of FMO in different media, especially binary and ternary 
oxide systems, could be too complex for predicting. However, systematic investigations of a large set of FMO could 
improve understanding certain general regularities in the FMO behavior. For these purposes, a such set of methods 
as transmission electron microscopy, X-ray diffraction, Auger electron spectroscopy, nitrogen adsorption (dry 
powders), dynamic light scattering (DLS), zeta–potential measurements, titration, and quantum chemical modeling 
(liquid dispersion media) has been used in this study. The DLS method gives important information on the behavior of 
FMO in liquid media that could be deeper analyzed using other mentioned methods. A set of nanosilicas (ten samples), 
silica/titania (8 ST), and alumina/silica/titania (5 AST) samples is analyzed for a deeper insight into the behavior of 
simple and complex FMO in aqueous media depending on various factors. As a whole, the behavior of AST in the 
aqueous media is more complex than that of silicas, titania or even ST due to more complex structure of a surface, 
broader NP PSD, stronger NP aggregation but weaker agglomeration of aggregates, much larger difference in pH of 
isoelectric point (IEP) and point of zero charge (PZC). The AST IEP shifts toward larger pH values (alumina effect), 
but AST PZC shifts toward smaller pH values (acidic surface sites effect). Obtained results are of interest from both 
theoretical and practical points of view. 
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INTRODUCTION 

Nanooxides (such as fumed metal and 
metalloid oxides, FMO) could be effectively used 
in liquid media in various practical applications 
due to their particulate nanomorphology, 
presence of active nanoparticles (non-aggregated 
NP), high specific surface area (SSA) due to small 
sizes of NP, various active surface sites (e.g., 
various surface hydroxyls and incomplete            
O–coordinated metal atoms), significant 
hydrophilicity, etc. [1–16]. The particulate 
morphology, surface composition and charging, 
as well as aggregation of polar FMO 
nanoparticles could have stronger effects in the 
aqueous media than those in weakly polar or 
nonpolar organic liquids with no FMO surface 
charging and reduced electrostatic 
repulsive/attractive interactions [1–3, 17–22]. 
These various factors lead to a complex behavior 
of FMO (especially binary and ternary 

nanooxides) in the aqueous dispersion media. A 
number (typically some fraction) of active non-
aggregated or weakly aggregated nanoparticles in 
the aqueous media can play an important role in 
some applications because relatively compact NP 
aggregates and more branched agglomerates of 
aggregates could have the characteristics strongly 
different (sometimes non-optimal) from those of 
non-aggregated active NP, and this fraction 
amount depends on many factors and it is not 
stable [1–3, 17, 18, 23–27]. The characteristics, 
properties, and behavior of nanostructured oxides 
in different media can strongly appear due to very 
small sizes of NP, high SSA values, a number of 
active surface sites resulting in effective 
interactions with solvents/solutes, whole 
environment, filled materials, biosystems, etc.  
[1–6, 17, 18, 28–37]. Even a small amount of 
FMO could strongly change the characteristics of 
whole systems (from medicines to concrete). 
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Therefore, detailed analysis of the factors 
affecting the behavior of FMO in the aqueous 
media is of interest from a practical point of view. 
This analysis could be based on investigations of 
dry, wetted, and suspended FMO using a set of 
methods such as transmission electron 
microscopy (TEM), X–ray diffraction (XRD), 
Auger electron spectroscopy (AES) and other 
spectroscopies, adsorption of probe compounds 
from gas phase (for dry powders), dynamic light 
scattering (DLS), zeta–potential measurements, 
titration (liquid dispersion media), and some other 
methods [1–18, 38–41]. Note that the DLS 
method allows one to study the behavior of 
nanostructured (< 100 nm in size) and 
microstructured (> 100 nm) systems (as 
dispersion phases) in various dispersion media 
[17, 18, 42, 43]. Some mentioned methods could 
help to explain features of the DLS results for 
complex FMO, which were less studied than such 
individual FMO as silica and titania                        
[1–22, 38–41]. Therefore, in this study, a wide set 
of methods has been used to analyze complex 
(silica/titania and alumina/silica/titania) FMO in 
comparison to individual fumed silica and titania 
that provide the novelty of this complex 
investigation. It should be noted that a number of 
publications devoted to both simple (such as 
silica, titania, alumina), binary and ternary FMO 
is small because similar investigations are a rather 
complex tasks due to several reasons: (i) the 
synthesis of complex FMO is difficult and hardly 
controlled; (ii) equipment appropriate for the 
high-temperature synthesis of binary and ternary 
FMO is complex due to simultaneously using 
vapors (e.g., SiCl4, TiCl4) and sublimated 
compounds (e.g., AlCl3), etc. 

MATERIALS AND METHODS 

Hydrophilic nanosilicas A100, A150, 
A175, A200 (two samples), A300 (tree 
samples), A400, and A500; fumed silica/titania 
(ST with titania content 

2TiOC  = 2, 9, 14, 20, 29, 

40, 63, 65, and 94 wt. %); fumed 
alumina/silica/titania (five AST) samples, and 
fumed titania (Pilot plant of Chuiko Institute of 
Surface Chemistry, Kalush, Ukraine) were used 
for preparation of aqueous suspensions of various 
concentrations. The total composition and SSA 
(SBET) values of FMO are given in Table. Some 
additional characteristics of similar FMO could 
be found in previous publications [10–22, 38–40]. 

HRTEM. High resolution transmission 
electron microscopy, HRTEM (JEM–2100F, 
Japan) images were recorded for some FMO    
(A–300, ST20, ST63, AST50, and AST71) as 
representative 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. 

Nitrogen adsorption. To analyze the textural 
characteristics of FMO degassed at 373 K for 
several hours, low–temperature (77.4 K) nitrogen 
adsorption–desorption isotherms were recorded 
using a Micromeritics ASAP 2420 adsorption 
analyzer. The SSA values (Table, SBET) were 
calculated according to the standard BET method 
[44]. Some textural characteristics of various 
FMO could be found in previous publications 
[17, 18, 22, 39]. 

X–ray powder analysis. X–ray diffraction 
(XRD) patterns of FMO were recorded over 
2θ = 10–70° range using DRON–4–07 and 
DRON–UM1 (Burevestnik, St. Petersburg) 
diffractometers with CuK (λ = 0.15418 nm) 
radiation and a Ni filter. Analysis of the 
crystalline structure has been carried out using the 
JCPDS Database (International Center for 
Diffraction Data, PA, 2001) [45]. 

Composition of nanooxides. Total chemical 
composition of nanooxides (Table) has been 
analyzed using an XRF (Canberra, USA) 
spectrophotometer with a 55Fe (or 109Cd) 
radioactive source and an amplitude analyzer 
(Canberra) coupled with a computer with the 
AXIL program. The titania phase in titania–
containing FMO could include both anatase and 
rutile. For ST samples with a low amount of 
titania, the titania phase mainly consists of 
anatase with a minor contribution of amorphous 
oxide distributed in the silica matrix. All 
nanosilicas as well as silica and alumina in 
complex FMO are amorphous. Surface content of 
aluminum (at. %) in AST and titanium in ST and 
AST has been determined using Auger electron 
spectra (AES) [17, 39, 41] recorded using a 
JAMP–10S (JEOL) spectrometer. The FMO 
powders were prepared with an indium/carbon 
matrix to avoid the charge buildup on the 
dielectric samples. Some details of similar studies 
could be found elsewhere [17, 39]. 

Zeta potential and particle size distributions 
of FMO in aqueous media. Electrophoretic 
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investigations were performed using a 
Zetasizer 3000 (Malvern Instruments) apparatus 
based on the dynamic light scattering (DLS, 
 = 632.8 nm, scattering angle  = 90o, average 
errors < ±1–2 %). Deionized distilled water and 
certain amount of oxide (concentrations were in 
the range of 0.01–5.0 wt. %) was utilized to 

prepare the suspensions, which were then 
ultrasonicated using an ultrasonic disperser 
(Sonicator Misonix Inc.) (500 W, frequency 
22 kHz). The pH values, measured using a 
precision digital pH–meter, were adjusted by 
addition of 0.1 M HCl or NaOH solutions, the 
salinity was in the range of 0.001–0.015 M NaCl. 

Table. Composition and specific surface area (SBET) of nanooxides studied 

Sample 2SiOC  

(wt.%) 
2TiOC  

(wt.%) 
32OAlC  

(wt.%) 
SBET 

(m2/g) 
A–100 99.8   92 
A–150 99.8   144 
A–175 99.8   171 
A–200 99.8   206 
A–200 99.8   232 
A–300 99.8   294 
A–300 99.8   318 
A–300 99.8   337 
A–400 99.8   409 
A–500 99.8   492 

ST2 98 2  77 
ST9 91 9  235 
ST14 86 14  156 
ST20 80 20  84 
ST40 60 40  148 
ST63 33 63  84 
ST65 35 65  34 
ST94 6 94  30 
TiO2  99.9  42 

AST50 28 50 22 37 
AST71 8 71 21 74 
AST82 6 82 12 39 
AST87 4 87 9 42 
AST88 8 88 4 39 

 
 

According to the Smoluchowski theory 
[46, 47], there is a linear relationship between 
electrophoretic mobility Ue (measured) and 
 potential (calculated) Ue = , where  is a 
constant for a thin electrical double layer (EDL) 
at a >> 1 (where a is the particle radius, and  is 
the Debye–Huckel parameter). For a thick EDL 
(a < 1), e.g., at pH close to the isoelectric point 
(IEP), the equation with the Henry correction 
factor could be more appropriate  

Ue = 2 /3             (1) 

where  is the dielectric permittivity; and  is the 
viscosity. However, the relationship between the 

 potential and mobility for aggregates of primary 
nanoparticles should be corrected taking into 
consideration the particle volume fraction () and 
shear-plane potential (a) at the particle–fluid 
interfaces within porous aggregates [48] 

)2)(
2

1(
3

FU ae  



          (2) 

where F is the electroosmotic flow factor;  

B

a
a

)1(  
 ;           (3) 

)cosh()sinh(

)cosh()()sinh()1( 2

abbab

abababab
B







 ;              (4)

 



Gun’ko V.M. 
______________________________________________________________________________________________ 

168                              ISSN 2079-1704. CPTS 2026. V. 17. N 2 

b is the outer radius of a unit cell representative, 
in an average sense, of the aggregate interior 
defined by  = a3/b3 (e.g., for aggregates of 
nanosilicas   0.3–0.4 estimated from the pore 
volume of aggregates). Differences in the 
 potentials calculated using Eqs. (1) and (2) can 
reach up to 25 %. One can estimate the  values 
according to Xu [49] and the average size of 
primary nanoparticles from the specific surface 
area (or from direct observation using TEM 
method). 

The investigations of the distribution 
functions of translation diffusion coefficient DT 
and particle sizes (PSD) in diluted aqueous 
dispersion media (FMO concentration was     
0.01–0.10 wt. %, salinity 0.2–0.9 wt. % NaCl, 
T = 293 K) were performed using a 
Zetasizer 3000 (Malvern Instruments) apparatus 
or a DLS apparatus described elsewhere 
[42, 50, 51] at a correlation time interval of 10–4 s 
(λ  632.8 nm, scattering angle  = 90°). The 
DLS measured autocorrelation functions (ACF) 
were analyzed using a modified CONTIN 
regularization procedure [52, 53] with fixed 
regularization parameter value ( = 0.01). The 
presence of particles of different sizes in the 
dispersion media results in a certain distribution 

of the translation diffusion coefficient DT 
[18, 43, 53–55] 
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where N is the number of particles, mn is the mass 
of n particle, F( q


,Rh,n) is the particle form factor 

dependent on the hydrodynamic radius Rh and 
scattering vector q


. In the case of light wave 

length  >> Rh, the particle shape does not affect 
the scattered light. Equation (5) could be 
transformed into an integral equation used to 
analyze the ACF concerning the particle size 
distribution f(d) (Eq. (7)) [46, 47, 53] linked to the 
diffusion coefficient with the StokesEinstein 
equation 

h 6 T

kT
R

D 
             (6) 

where k is Boltzmann’s constant, T is the 
temperature,  denotes the viscosity of the liquid 
at T. To consider the PSD, integral equation could 
be used 

max
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where n is the refractive index of a dispersion 
medium, is the diffusion coefficient, 
q = (4n/)sin(/2), and f(d) is the distribution 
function of particle diameter (d). The DLS 
measurements of FMO suspensions were 
repeated by 10–15 times for each system and the 
corresponding distribution functions f(d) were 
averaged for all samples. The average errors were 
smaller than ±1–2 %, and note that the greater the 
measurement number, the staller the average 
errors. 

Potentiometric titration. To evaluate the 
surface charge density (0), potentiometric 
titrations were performed using a thermostated 
Teflon vessel in the nitrogen atmosphere free 
from CO2 at 250.2 °C. The solution pH was 
measured using a PHM240 Research pH-meter 
(G202C and K401 electrodes) coupled with an 
REC–61 recorder. The surface charge density was 
calculated using the potentiometric titration data 

for a blank electrolyte solution and oxide 
suspensions (Cox = 0.2 wt. % for all oxides), at 
salinity of 103 M NaCl. From the difference of 
acid or base volume utilized to obtain the same 
pH value as that for the background electrolyte of 
the same ionic strength according to the following 

equation, one can calculate 
BETmS

VcF
0 , where 

 = Vs–Ve is the difference between the base (acid) 
volumes added to the electrolyte solution Ve and 
suspension Vs to achieve the same pH; F is the 
Faraday constant, c is the concentration of base 
(acid), and m is the weight of the oxide. 

Quantum chemistry. Solid nanoparticles 
(modelled by clusters with 44 and 88 polyhedra 
with adsorbed water molecules bound to different 
active sites) were calculated using DFT method 
with the Gaussian 16 C.02 [56] program suit. The 
DFT calculations were done using a hybrid 
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functional ωB97XD and the ccpVDZ basis set. 
The solvation effects were analyzed using the 
SMD method [57] implemented in the Gaussian. 
The distribution functions of atomic charges 
(CDF) were calculated using a simple equation 
[58] 

2
,2 0.5
2

exp[ ( ) ]
( ) (2 )

2
n j

n n
j n

q q
f q 


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  ,          (8) 

where j is the number of an atom of the n-th kind, 
n

2 is the distribution dispersion for the atoms of 
the n-th kind, and qn,j is the Mulliken charge 
value, and q is the current value. The preparation 
of initial structures, then optimized with the DFT 
method, and final (optimized) structure 
visualization were performed using the 
Chemcraft [59] and Jmol [60] programs. 

 

RESULTS AND DISCUSSION 

HRTEM images (Figs. 1, 2, and inserts in 
other Figures, vide infra) demonstrate that (i) 
FMO nanoparticles form aggregates which look 
like denser than more branched agglomerates of 
NP aggregates; (ii) FMO with smaller SBET values 
(mixed FMO, titania) demonstrate a broader size 
distribution of nanoparticles than FMO with high 
SSA values (nanosilicas) (e.g., compare AST50 
or ST20 with A–300); (iii) nanoparticle shapes 
could be spherical-like or differ from spherical 
one; (iv) core (titania) – shell (silica in ST and 
alumina/silica in AST) particles are formed (due 
to higher reactivity of TiCl4 than SiCl4 and AlCl3 
(sublimated Al2Cl6) in the flame synthesis); and 
(v) a thin surface layer (2–4 atomic layers) of 
crystalline titania could be partially or completely 
amorphous that could affect the numbers, types, 
and characteristics of active surface sites. 

  

  
а b 

Fig. 1. TEM images of NP aggregates and agglomerates of aggregates of (a) ST20 and (b) ST63 (scale bar 0.2 and 
0.5 µm, respectively) 

 
These morphological and structural features 

of individual and complex FMO could result in 
their different behavior in the aqueous media. 
Nanosilica alone and in complex FMO, as well as 
alumina in AST (however, pure fumed alumina 
includes crystalline phases), is amorphous in 
contrast to titania in complex FMO (Fig. 3), 
especially at high CTiO2 values [39]. Only lines of 
crystalline anatase and rutile are observed (Fig. 3) 
for titania–containing FMO, since amorphous 
silica gives only broad halo (see A–300 and ST 
samples at 

2TiOC  = 9–29 wt. %, Fig. 3 a). 

Typically, contribution of the rutile phase is 
smaller than that of anatase, especially with 
decreasing 

2TiOC , e.g., ST9–ST63 and AST50, 

because silica (as well as alumina at relatively 
high amounts) inhibits the anatase–rutile 
transformation (with increasing temperature) 
more strongly with increasing content of both 
amorphous silica and alumina [17, 39]. Note that 
the crystallization of pure fumed silica occurs on 
heating at high temperature T > 1350 °C, which is 
higher than the temperature of the flame synthesis 
of fumed silica. Additionally, according to our 
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long–term observations, purely amorphous 
nanosilica demonstrates some diminution of the 
SSA value with time, e.g., for A–500 (fresh one 
has SBET = 492 m2/g), this diminution reaches ca. 
30 % during 15 years storage of a dry sample due 
to enhanced aggregation and low-temperature 
fusing of smaller nanoparticles with larger ones 

since amorphous silica is a hardly flow liquid. For 
crystalline FMO, similar diminutions in SSA 
values are absent or very small. For complex 
FMO with both crystalline and amorphous 
phases, this effect is much smaller than that for 
amorphous nanosilica alone [39]. 

 
 

  
a b 

  
c d 

  
e f 

Fig. 2. HRTEM images of NP and their aggregates of (a) A–300, (b) ST20 with well visible core (titania) – shell 
(silica) NP, (c) ST63, (d) AST71, and (e, f) AST50 with amorphized surface layers (scale bar 2 (f), 20 (b), 
50 (a, c, d), and (e) 200 nm) 
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Fig. 3. XRD patterns of powders with (a) A–300 (totally amorphous) and ST9–ST29 (partially crystalline) samples, 
and (b) titania, ST63–ST94, AST50–AST88, and pure rutile and anatase (mainly crystalline) 

 
AST samples are characterized by slightly 

greater content of surface titania (vs. its total 
amount in FMO) than that in ST samples (Fig. 4). 
This result could be due to some difference in the 
synthesis conditions of ST and AST, since AlCl3 
was sublimated and the reaction temperature for 

the AST synthesis was higher by ca. 250 °C than 
that for ST samples, and the effects of alumina per 
se [39]. The relationship between the surface and 
total contents of titania in ST and AST is not 
simple because of several factors affecting the 
FMO NP structure upon the synthesis. 

 
 

 

Fig. 4. Surface content of Ti vs. total content of titania in ST and AST samples, the average errors in both 
concentrations were smaller than ±1 % (inserts show HRTEM images of AST71 and ST63 showing both 
crystalline and amorphous phases in NP, scale bar of 5 and 10 nm, respectively) 

 
The alumina (with own pHIEP = 9.8) presence 

in AST causes a certain shift of IEP toward higher 
pH values comparing to pure titania alone 
(Fig. 5). Nanosilica (own pHIEP  3.3) in ST gives 
the opposite effect with shifting IEP toward lower 
pH (Fig. 5) due to surface silica phase and 
appearance of acid surface sites such as                
Si–O(H)–Ti [17, 39]. This effect depends not 

only on the total content of silica in ST but also 
on the surface content of both silica and titania 
(e.g., compare ST63 and ST65 since the latter is 
more acidic despite greater total content of 
titania). The IEP shift is practically absent for 
ST94 having the surface titania content only 
slightly lower than that in pure titania (Fig. 4). As 
a whole, a decrease in the titania content in ST 
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leads to increased IEP shift (as well as total 
 potential curve) toward acidic region (Fig. 5). In 
the case of the alumina effect, the shift toward 
basic region is not a monotonic function of the 
alumina content since the amount of surface 
alumina is a non-monotonic function of the total 
content of alumina [17, 39]. Complex surface 
structure effects are also observed in the 
dependences of the surface charge density on pH 
(Fig. 6). The mentioned effects could lead to a 
significant difference in the pH values of IEP 

(Fig. 5) and point of zero charge (PZC) (Fig. 6) 
for complex FMO, that is especially large for AST 
and ST with great content of titania. For pure 
silica and titania, the positions of IEP and PZC are 
close located. This difference could be explained 
by a difference in location of planes related to the 
measured values, since IEP deals with a shear 
layer, but PZC deals with surface functionalities. 
These effects could appear in unexpected features 
of long- and short-range interactions between 
complex FMO particles or FMO and 
sorbates/solutes in the aqueous media. 

 

 

  

Fig. 5. Zeta–potentials for some individual and complex FMO (0.02 wt. % in aqueous dispersion media) computed 
using (a) Eq. (2) (insert shows complex core–shell nanoparticle of AST50, scale bar 20 nm), and (b, c) Eq. (1); 
the average errors were smaller than ±5 % 

 
The effective diameter (Def) of particles in the 

aqueous dispersions represents the mean 
hydrodynamic diameter corresponding to the first 
moment of the corresponding PSD functions. The 
Def value is the most appropriate characteristic for 
the dispersions with a low polydispersity 
PD < 0.08 [18]. As a whole, the Def values depend 
on several factors: (i) sonication of the 

suspensions (Fig. 7 a, b); (ii) pretreatment of 
FMO, e.g., mechanochemical activation (MCA) 
in a ball–mill (Fig. 7 c); (iii) content of FMO in 
the suspension (Fig. 7 d); (iv) temperature 
(Fig. 7 e, f); and pH value (Fig. 7 e) of the 
suspensions. Different combinations of these 
factors for different FMO can lead to different and 
complex results. 
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Fig. 6. Surface charge density vs. pH for (a) nanosilicas, (b) ST, and (c) AST samples; the average errors were smaller 
than ±2 % 

 
For example, the Def values can increase   

(CA–300 = 5 wt. %) or decrease (1 wt. %) with 
increasing temperature (Fig. 7 f) because the 
behavior of the dispersion is complex (e.g., 
concerning PSD) and depends simultaneously on 
several factors such as concentration and type of 
the dispersion phase, temperature, pH, salinity, 
pretreatment condition, FMO composition and 
surface contents of different oxide phases, NP 
PSD, NP – NP interactions, size distributions of 
aggregates and agglomerates. On sonication of 
the silica suspensions, the Def values depend more 
strongly on the silica content (governing the 
aggregation/agglomeration degree) than on the 
type of silica, i.e., PSD of nanoparticles (Fig. 7 a). 
The behavior of the Def value for ST20 suspension 
vs. sonication time (Fig. 7 b) is similar to that for 
silicas (Fig. 7 a) due to destruction of 
agglomerates (> 1 µm in size) or large aggregates 
(400–1000 nm in size), which are characterized 
be weaker bonding of aggregates than NP in small 
aggregates (50–200 nm in size). For nanosilicas, 
the Def diminution with sonication time (toward 
ca. 200 nm) is slightly faster than that for ST20. 

This result could be explained by stronger 
interaction between ST20 aggregates in 
agglomerates due to the difference in the surface 
structure of silica and ST samples resulting in the 
difference in the particular morphology        
(Figs. 1 and 2),  potential vs. pH (Fig. 5), and σ0 
vs. pH (Fig. 6). Changes in the A–300 content 
leads to nonmonotonic changes in the 
polydispersity value in the dispersion (Fig. 7 d), 
and the most unform PSD is observed at              
CA–300 = 1.25 wt. % (PD = 0.005). However, the 
PD values increase with both decreasing and 
increasing silica content. Changes in the pH value 
more strongly affect the Def values vs. T for silica 
with larger sizes of primary nanoparticles            
(A–175) than those for A–300 with smaller NP 
(Fig. 7 e). This could be explained by changes in 
the surface charging (Fig. 6 a) and NP PSD that 
affect the degree of NP aggregation. As a whole, 
changes in the Def values vs. various factors 
(Fig. 7) are informative, but they do not give 
detailed information on changes in the PSD, which 
is one of the most important characteristics of the 
FMO dispersions. Therefore, the PSD vs. SSA 
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values for silicas (Fig. 8) and vs. content of titania in 
TS and AST (Fig. 9) have been computed as 3D 

graphics showing some features in the 
aggregation/agglomeration of different FMO. 

 
 

 

Fig. 7. Effective diameter as a function of the sonication time of the aqueous suspensions of (a) nanosilicas                      
(

2TiOC  = 0.02, 0.25, 1.0, and 5.0 wt. %) at SBET from 92 to 337 m2/g; (b) ST20 (SBET = 70 m2/g) at 0.25 wt % 

(insert shows HRTEM image of ST20, scale bar 10 nm); (c) Def and d1 (the first PSD peak for aqueous 
suspension at 

2SiOC  = 0.02 wt. %) as a function of time of dry–ball–milled treatment of A–300 then sonicated 

in the suspension for 1 h; (d) Def and polydispersity (PD) as a function of the concentration of A–300 in the 
aqueous suspension ball–milled for 5 h; (e) Def as a function of temperature for suspensions of two nanosilicas 
vs. pH; 

2SiOC  = 0.02 wt. %, tus = 3.5 h; and (f) Def of A–300 as a function of temperature (tus = 5 h); the 

average errors were smaller than ±5 % 
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Fig. 8. 3D PSD (concerning scattered light intensity) for nanosilicas with SBET = 92–409 m2/g of 0.1 wt. % in the 
aqueous suspensions (insert shows HRTEM image of A–300, scale bar 20 nm) 

 
 

 

Fig. 9. 3D PSD for titania–containing samples (CTiO2 = 0–100 wt. %) in the aqueous suspensions of 0.1 (ST) and 0.01 
(AST, TiO2) wt. % concentration (insert shows TEM image of AST71, scale bar 100 nm) 

 

 

Fig. 10. PSD for ST94 with error bars as a representative sample (DLS measurements were repeated by ten times, 
and the maximal average errors are ±1.5 %) 
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For nanosilicas (Fig. 8), the main peak at 
particle diameter d = 100–400 nm (linked to 
relatively small and stable NP aggregates) 
slightly shifts toward larger NP sizes with 
increasing primary nanoparticle sizes (i.e., 
decreasing SSA value). Larger and less stable 
aggregates at d = 400–1000 nm give smaller 
contribution to the PSD, as well as small 
agglomerates at d = 1–4 µm. Larger 
agglomerates around d = 10 µm gives 
contribution weakly dependent on the SSA 
value. This agglomeration effect is typical for 
diluted dispersions of nanosilicas (e.g., at 
0.1 wt. % used here) [17, 18, 39]. It should be 
noted that upon the calculations of the PSD 
(Figs. 8 and 9), 10–15 ACF were used to 
compute the average 2D PSD for each sample. 
The errors in these 2D PSD are relatively small 
(Fig. 10) due to the use of a relatively large 
number of the ACF for each sample. The 2D 
PSD were then used to compute 3D PSD. 

The 3D PSD picture for ST and AST vs. total 

2TiOC  in FMO is more complex (Fig. 9) than the 

picture for nanosilicas (Fig. 8). This difference 
could be due to several factors. First, changes in 
the 

2TiOC  value differently affects the surface 

structure of complex FMO (Fig. 4) that is seen in 
the dependence of the  potential on pH (Fig. 5), 
σ0 vs. pH (Fig. 6), and changes in the atomic 
charges on the hydrogen atoms in surface 

hydroxyls and bound water molecules, increased 
charges on the H atoms correspond to increased 
acidity of the related structures and this effect 
increases with decreasing Al/Si and Ti/Si ratio 
(Fig. 11), since the surface structure affects the 
surface charging and attractive/repulsive 
interactions of NP in aggregates, as well as 
aggregates in agglomerates, in the aqueous 
media. Second, changes in the 

2TiOC  values (i.e., 

surface structure of complex FMO) are not a 
monotonic function of the SSA values (Table, 
Fig. 11) and related size distribution of NP 
(however, there is a tendency of SSA decreasing 
with increasing 

2TiOC  in FMO, Fig. 12). 

Therefore, the main aggregates of NP in complex 
FMO correspond to d = 0.1–1.0 µm as well as 
small agglomerates have d = 1–4 µm, and there 
is no clear boundary between them. Contribution 
of larger agglomerates at d around 10 µm 
depends more strongly on 

2TiOC  (Fig. 9) than 

that for nanosilicas vs. SSA (Fig. 8). 
Additionally, for some complex FMO, there is 
certain contribution of individual active NP at 
d = 20–30 nm (Fig. 9). Thus, there are not only 
certain general features common for all studied 
FMO, but there is a significant difference in the 
behavior of nanosilicas and silica/titania–
containing FMO in the aqueous media. 

 
 

 

Fig. 11. Hydrogen charge distribution functions for surface hydroxyls and bound water molecules for clusters with 
(a) silica, AS, and TS, and (b) AS and TS (numbers show amount alumina, silica, and titania polyhedra in 
the clusters); higher H charges correspond to greater Brønsted acidity of the acidic surface sites or more 
strongly polarized water molecules bound to the active surface sites 
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Fig. 12. Relationship between titania content in FMO (the average errors were smaller than ±1 %) and SSA value (it 
could be overestimated by 10–15 % due to variation in the orientation of the nitrogen molecules that results 
in diminution of the area occupied by the molecules) 

 
CONCLUSION 

The behavior of FMO, which represent an 
important class of nanostructured materials, in the 
aqueous media is of interest from a practical point 
of view. According to obtained results, the 
characteristics of FMO depend on many factors 
such as the size distributions of primary (NP,       
3–100 nm in size) and secondary (aggregates of 
50–1000 nm and agglomerates of 1–20 µm in 
size) particles, surface and bulk NP compositions, 
(de)aggregation/(de)agglomeration of NP in 
dispersion media, various active surface sites, etc. 
Some of these characteristics could depend 
strongly on the dispersion media type and 
characteristics (air, aqueous, organic liquids, 
solutions of various compounds, pH, salinity, 
temperature, etc.). Therefore, the behavior of 
FMO, especially binary and ternary oxide 
systems, could be complex for predicting it in 
various media, but systematic investigations of a 
large set of FMO could be useful for 
understanding certain general regularities in their 
behavior. For these purposes, a set of methods, 
such as transmission electron microscopy, X–ray 
diffraction, Auger electron spectroscopy, 
adsorption of nitrogen (dry samples), dynamic 
light scattering, potentiometric titration, zeta–
potential measurements, and quantum chemistry 
modeling (aqueous suspensions) have been used 
in the present study. The DLS method gives 
important information on the behavior of 
individual and complex FMO in liquid media. For 
better understanding these results, TEM, AES, 
XRD, nitrogen adsorption have been applied to 

dry samples, but zeta-potential measurements and 
potentiometric titration have been performed for 
aqueous systems with nanosilicas, silica/titania, 
and alumina/silica/titania FMO, as well as 
quantum chemical calculations of hydrated FMO 
cluster models with consideration on the solvation 
effects. The behavior of titania-containing FMO, 
especially AST, in the aqueous media is more 
complex than that of nanosilicas due to the 
presence of different phases and new active sites 
at a surface of NP. These surface structures affect 
NP charging depending on pH value and particle-
particle attractive or repulsive interactions that 
result in stronger aggregation of NP of complex 
FMO. However, contribution of large 
agglomerates around 10 µm in size is smaller for 
complex FMO than that for nanosilicas. For AST, 
there is a large difference between pH of IEP 
(shifted toward large pH due to effect of surface 
alumina phase) and PZC (shifted toward small pH 
due to acidic surface sites) in contrast to pure 
silica and titania. An increase in Ti/Si or Al/Si 
ratio leads to decrease in the surface acidity of 
complex FMO. Obtained results are of interest 
from both theoretical and practical points of view 
since they give information on different aspects of 
the behavior of individual and complex 
nanooxides in the aqueous media depending on 
many varied factors (concentration, pH, 
temperature, salinity, as well as the NP 
characteristics). Additionally, simple and 
complex FMO are widely used in industry, since 
large companies such as Evonik could produce 
various simple and complex FMO in large 
amounts. For some practical applications, the use 
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of complex FMO could be more appropriate than 
the application simple FMO due to more widely 
varied characteristics of complex fumed oxides. 
However, the control of the characteristics and 
properties of complex FMO is difficult, especially 
in the mixture of vapors (e.g., SiCl4, TiCl4) and 
sublimated compounds (e.g., AlCl3), due to the 
difference in their reactivity with O2/H2 at high 

temperatures (> 1300 K) and distribution 
nonuniformity in the flame. 
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Вплив морфології, загального та поверхневого складу нанооксидів 
на їхню поведінку у водних середовищах 
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Пірогенні оксиди металів та металоїдів (FMO) становлять практично важливий клас 

наноструктурованих матеріалів. Властивості та характеристики FMO залежать від багатьох факторів - 
умов синтезу, розподілу за розміром частинок (PSD), поверхневого і об’ємного складу наночастинок (NP), 
агрегування NP, кількості і типів активних поверхневих центрів, середовища тощо. Деякі з цих 
характеристик можуть сильно залежати від середовища (повітря, вода, органічні рідини, розчини різних 
сполук, pH, солоність тощо). Поведінка FMO, особливо бінарних і потрійних оксидних систем, у різних 
середовищах може бути складною для прогнозування. Однак систематичні дослідження великої кількості 
FMO можуть покращити розуміння певних загальних рис у поведінці FMO. Для цих цілей у дослідженні 
використовували трансмісійну електронну мікроскопію, рентгеноструктурний аналіз, Оже-спектроскопію, 
адсорбцію азоту (сухі порошки), динамічне розсіювання світла (DLS), вимірювання дзета-потенціалу, 
титрування та квантовохімічне моделювання (водне середовище). Метод DLS надає важливу інформацію 
про поведінку FMO у рідких середовищах, яку можна глибше проаналізувати іншими згаданими методами. 
Досліджено різні нанокремнеземи (десять зразків), титанокремнеземи (8 ST) та алюміно/титанокремнеземи 
(5 AST) для глибшого розуміння поведінки FMO у водних середовищах залежно від різних факторів. Загалом, 
поведінка AST у водних середовищах є складнішою, ніж у нанокремнеземів та ST, через складнішу структуру 
поверхні, ширшу NP PSD, сильнішу агрегацію NP, але слабшу агломерацію агрегатів, значно більшу різницю 
pH ізоелектричної точки (IEP) та точки нульового заряду (PZC). AST IEP зміщується до більших pH (ефект 
оксиду алюмінію), але AST PZC зміщується до менших pH (ефект кислотних центрів на поверхні). Отримані 
результати є цікавими як з теоретичної, так і з практичної точки зору. 

Ключові слова: оксиди металів та металоїдів, нанокремнезем, кремнезем/діоксид титану, 
алюмо/кремнезем/діоксид титану, трансмісійна електронна мікроскопія, динамічне розсіювання світла, 
вимірювання дзета-потенціалу 
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