IS5N 222B-3780 CHEMICAL ENGINEERING:
CHEMICAL AND TECHNOLOGICAL SYSTEMS )

UDC 546.05
DOI: 10.15587/2312-8372.2018.128571

Kharchenko A, ANALYSIS OF METHODS OF
pyronyuk 0, REGULATION OF SILICON DIOXIDE

Melnyk L.,

Sivolapov P. PARTICLES SIZE OBTAINED BY THE
STOBER METHOD

06’ exkmom docridncenns € memood cunmesy n How CMUHOK 0iOCKUOY kpemuito, ¢ me memod IImobep . Cun-
mesu cmunox 3 donomozoro IlImobep-npoyecy € npuki 0om 307b-2e1b MemMooy — 001020 3 1 UOLILUL NP KMUY-
HUX 1 Pezysbo8 HUX CNOCOOI8 OMPUM HHS H HOY CMUHOK Pezyiv08 HO20 Po3mipy, gopmu i mopdonozii. Memod
IlTmobep € ki cuunum nioxo0om 00 Cunmesy H HOU CMUHOK 0IOKCUOY KPEMHiN, NPOme 6 iCHYIuUx pobom x
sidcymuitl cucmem muwHuil nioxio 00 6CM HOBAEHHSL 36 A3KY MINC M KUMU N P Memp MU pe Kuii, K KOHueH-
mp uii Komnonenmie, memnep myp iu c npogedenis npouecy. B x00i docaioxcenns UKOPUCMosys Aucs pismi
6udu iHpopm Uitinozo NOwWYKyY i eueuenns ingopm uii. B pesyivm mi pobomu ompum Ho 02150, AKULL 30 MHULL
supiumu 3 60 HHs CUCeM MU3 Uil NAUGY 3 31 uenux n p mempis 6 ymos x [llmobep-npoyecy. Poseasnymo
CNnOCOOU pezyios HHS POIMIPIG Y CMUHOK KPEMHe3eMY, C Me 3MiH :meMnep mypu 6 0Cumy wupoxomy di n 30Hi
6id 5 °C do 65 °C; konuenmp uii TEOS/H,0/NHs; xinvkocmi i mepmoOur MiuHOi SKOCMI POSUUHHUK , M KOK
BNAUG YU CY NPOBeOeHNS pe Kyii. BNau6 3 3n wenux n p mempie po3eisd emvCs He MilbKu 3 MOUKU 30PY 3MIHU
OKpeMoz2on p mMemp , U 6 KOMNICKCI 3 tHuwuMmu. Bcm noeneno 3 xonomiprnocmi sminu 0 memp 4 CmMuHox O
20106HUX YMO8 cunmesy. IIox 3 HO wasxu cunmesy 4 cmunox memoodom IImobep 6id comenv v Homempis 00
mikpomempis. ITox 3 1o, w0 O CUNME3Y Y CMUHOK 3 MIHIM JIbHUMU PO3MID MU HeoOXionum Oyde 3HuNcens
xonuenmp uii pe eyrouux komnonenmis: TEOS, H,O i NHs. I]e 003601516 3nusumu weudxicms npouecie 2iopoisy
i kondenc yii, m Koxc posuunnicmv npomiscnozo [Si(OCoHs), x(OH)x], wo eusn u € giocymmuicmv nepen cu-
UCHHS 8 NPOUECE 3 POOKOYMEOPeHHs. Busn u JoHUMU () KMOp MU M K020 3HUNCEHHSL € NIOBUWEH meMnep myp
cunmesy i GUKOPUCM HHs OLIbUL NOAIPHUX PO3UUnNUKIG. Pesynom mu pobomu moxicymsv 6ymu euxopucm i 0us
YNp GAIMHSA CUHME30M 1 HOY CIUNOK OLOKCUOY KPEeMHTIO OAsl PISHUX 3 CMOCYE Hb — 610 K M JIMUUHUX CUCTEM
00 PYHKYIOH JTbHUX H NOBHI0E 4ie M mepi i i, 30KpeM , CMEOPEHHS CYnepeiopopooHUx cmpyKmyp.

Kmouosi cnosa: memoo [lTmobep , n nou cmunku 0l0KCUOY KPemiiio, pezyiios His POIMIpY 1 HOY CIMUNOK,
30J1b-2€]1b NPOUeEC.

1. Introduction Interest in the study of nano-sized materials based

on silica can be illustrated by analyzing the number of

Dynamic development of nanotechnology is observed publications in the register [5] containing in the keywords

in many fields of science. Particular attention is paid to the word «Stober process» from 1994 to 2017 (Fig. 1).
the areas of technology, where current research

is focused on the particle size, synthesis, surface 700 -
characteristics and application. ]
Recently, the research community has shown 600 4 @

great interest in nanostructures of nonmetallic oxi-

des and their applications due to their simple syn- E % 500
thesis procedure. In addition, these nanoparticles & &
have a number of new properties, such as optical, € B
magnetic, catalytic and mechanical. »g = 4009
One of the widely used oxides of nonmetals % .
is silica nanoparticles [1, 2]. The quality of the & g 3009
products obtained depends strongly on the size £
and distribution of silica particles [3, 4]. Synthe- F 2 200
sis of silicon dioxide nanoparticles by the Stober
method is the most rational. There are a number 100
of parameters for the development of synthesis,
changing which one can change the size of the 0 — —
nanoparticles obtained. In this connection, studies 1950 1995 2000 2005 2010 2015 2020
devoted to the systematization of parameters af- Year
fecting the size of the final particles obtained in Fig. 1. Dynamics of interest in the research of the Stober process using
the synthesis of the Stober are relevant. the example of a search resource (5]
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The data presented in the graph of Fig. 1 and the
above information indicate an increase in interest in this
subject, together with an increase in the practical sig-
nificance of the results of synthesis of nanoparticles with
controlled properties.

2. The ohject of research
and its technological audit

The object of this research is control of the dimen-
sions of the silica particles obtained during the sol-gel
condensation within the process of the Stober process.

The influence of such factors as the concentration of
active components in the classical Stober process, namely,
tetraethoxysilane, water, and ammonia, is considered. In
addition, attention is also paid to non-concentration fac-
tors, such as the temperature of the condensation process
and the reaction time.

The need to select precisely these factors is caused
by the absence of a systematic approach to regulating
the particle sizes of silicon dioxide in existing works. In
particular, most studies consider only certain factors, which
limit the possibility of creating a general well-regulated
model for obtaining the product of the desired granulo-
metry. In turn, this narrows the possibilities of controlled
synthesis of components, for example, for the production
of functional fillers for composite materials, injection ce-
ramics, systems with selective adsorption, and so on.

3. The aim and ohjectives of research

The aim of research is systematization and generaliza-
tion of the methods for controlling the particle size of
silica particles synthesized by the Stober method.

To achieve this aim, it is necessary to solve the fol-
lowing tasks:

1. To consider the basic conditions of synthesis by the
Stober method and to determine the effect of these condi-
tions on the particle size of the product of the process.

2. To formulate the main methods for regulating the
particle size.

4. Research of existing solutions
of the prohlem

There is an opinion that social and economic prog-
ress in the 21st century will be entirely determined by
the successes of nanotechnology [6]. Modern science
increasingly pays attention to nanomaterials and related
technologies. In particular, over the last two decades,
aspects of this branch of science have been studied, such
as the production of nanostructures [7], the synthesis of
nanoparticles [8] and films of nanometer thickness [9].
Nanoparticles are most often used as a source material
for further modifications and the creation of structured
ensembles. The production of monodisperse colloidal
silica attracted considerable attention due to a wide
range of potential applications, such as optical devices,
magnetic particles, chromatography carriers, catalysts
and additives to polymeric materials [1-3, 10, 11].
Their suitability for application in the form of photonic
crystals [12, 13], chemical sensors [14], biosensors [15]
is also extensively studied. In the early 2000s, there
were many publications describing their use as nano-

Particle size SiQ, nm

filters for composite materials [ 16—18], sensors for controlled
administration of drugs [19-22].

In the monograph [1], various methods for obtaining
monodisperse silica are illustrated. A conventional method
is the hydrolysis and condensation of tetraethylorthosili-
cate (TEOS) with water in the presence of ammonia as
a catalyst [23]. Since the discovery on the basis of this
reaction system, many studies have been carried out [24, 25].
In 1968, a systematic method for controlling the diameter
of SiO, particles in a range of sizes up to a micron was
developed [26] and today this method is known as the
Stober or SFB method. Subsequent publications describe
the possibility of obtaining much smaller particle sizes of
silicon dioxide [27-31].

During the research and changes in the Stober process,
various formulations are described, particles with different
diameters are obtained. The information already existing on
this topic is quite extensive and needs to be generalized.

5. Methods of research

General scientific methods are used:

— method of analysis in studying the synthesis of silica
particles by the Stober method,;

— methods of systematization, classification and ge-
neralization when considering parameters that influence
the course of the reaction flow, and subsequently on
the size of the obtained silica particles.

6. Research results

The synthesis conditions, such as temperature, con-
centration and amount of reagents, as well as the type of
solvent, directly determine the particle size of the silica.
The use of these factors makes it possible to obtain silica
particles in the range from 150 nm to 1000 nm. Next,
the impact of each of these factors will be considered.

6.1. Temperature. For the temperature factor, the rule
holds: the particle size decreases with increasing tempera-
ture (Fig. 2) [32-36].

It is established that the rate of nucleation increases
with increasing temperature, the particle size decreases
because of the high rate of nucleation [3, 37].
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Fig. 2. Dependence of the particle size on the reaction temperature
of the Stober reaction

;10

TEXHOMOTTYHHI AYAMT TA PE3EPBH BHPOEHMLTBA — N 2/3(40), 2018



I55N 2226-3780

CHEMICAL ENGINEERING:
CHEMICAL AND TECHNOLOGICAL SYSTEMS

— )

From Fig. 2 that with an increase in temperature 1000

from 45 °C to 55 °C, the particle size decreased
from 95 to 30 nm. However, with a further increase
in temperature, no significant change is observed
in the interval from 55 °C to 65 °C. With an
increase in temperature to 65 °C, the particle size
rises, which is explained by the authors of the
study by the beginning of aggregation processes.
They connect the process with increased solubility
and an increase in the probability of collisions of
particles at high temperatures [32].

The publication [10] confirms that as the tem-
perature rises, the particle size decreases. In the
experiment it was shown that monodisperse par-
ticles in the range 920-940 nm can be obtained
for a system with TEOS concentration of 1.24 M
at a temperature of 5 °C, but for such reagent
content at a temperature of 20 °C, aggregation
intensification is likely. It follows that a decrease
in temperature probably slows the hydrolysis and
condensation of TEOS, and also reduces the fre-
quency of thermal oscillations of oligomers. This
can to some extent reduce the intensity of their
aggregation, which leads to the formation of larger
particles at a high concentration of TEOS. In [24]
this assertion is clearly presented (Fig. 3).
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Fig. 3. Dependence of the particle size on the reaction temperature
of the Stober reaction at high TEOS concentrations

From Fig. 3 it follows that as the temperature rises
under these conditions, the particle size decreases almost
fourfold, from 800 to 200 nm. In general, the analysis
of the dependencies presented in Fig. 2 and Fig. 3, indi-
cates their similarity to different concentrations of TEOS.
At the same time, it is obvious that the lower limit of the
size is determined by the concentration of this reagent,
and the very existence of this limit is the establishment
of equilibrium between the mobility of oligomers and the
stability of the system to aggregative and further coagula-
tion changes.

6.2. TEDS concentration. TEOS particle size is directly
related to the particle size of the product, which is con-
firmed by a number of experimental results [32, 33, 38—40].
For example, consider one of these dependencies (Fig. 4).

400 -

10M TEOS
25M TEOS
3ISM TEOS

800 .

T
0.6 0.8

TEOS concentration, M

Fig. 4. Dependence of the particle size of silicon dioxide obtained

by the Stober method on the TEOS concentration (10]

Since TEOS hydrolysis is the source of the monomer
for subsequent condensation reactions, its concentration
determines the concentration of nuclei/primary particles
present in the system.

With an initial supersaturation of the solution,
more embryos are formed which will induce the
formation of more primary particles. Aggregation
of primary particles leads to the formation of more
stable secondary particles [24, 41]. After the in-
duction period, any primary particles or nuclei
that form will dissolve and re-precipitate on the
growing secondary particles through the Ostwald
ripening mechanism [42]. The process will con-
tinue until all primary particles are consumed or
until a stable state is achieved [32]. So, when the
TEOS concentration becomes larger, in the space
between volumes during hydrolysis, the monomer
produces more reaction intermediates, so larger
particles can form when condensing these interme-
diates. In [24], a similar phenomenon is reported
at 55 °C. The authors found that the particle size
increased from 150 to 250 nm, when the TEOS
molar concentration increased from 0.1 to 0.35 M.

The publication [32] shows that for a fixed
concentration of ammonia (NH3)=0.08 mol/l and
water (H,0)=0.04 mol/l, the particle size increases
with increasing TEOS concentration to 0.80 mol/1
and stabilizes at a value of about 90 nm.

This phenomenon confirms the increase in particle size
due to an increase in the concentration of primary particles
during the induction period. At a TEOS concentration of
more than 0.80 mol/l ammonia is in short supply, which
leads to the incompleteness of the hydrolysis and conden-
sation reactions. As a result, the yield of the product falls
by more than 50 % due to incomplete reactions, and the
particle size remains almost constant (Fig. 5).

It is also like to note that with a strong supersaturation
of the solution with TEOS, the expenditure of primary
particles is much slower. Because of this, the primary par-
ticles are spontaneously aggregated to form stable secon-
dary particles, which lead to a significant increase in the
polydispersity of the particle size distribution (Fig. 6).
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Fig. 5. Dependence of the size of the particles of the Stober process product on the TEOS content in the system according to the data of [32]
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Fig. 6. The distribution of silica particles in size, depending on the TEOS concentration according to the data of [43]

6.3. NH; concentration. In the Stober process, ammo-
nia is used as a pH regulator of the medium. In earlier
works it was stated that the particle size increases with
increasing NH3 concentration [33, 44], which is shown 250 4
in Fig. 7.

A graph for the TEOS concentration of 0.087 mol/l
is given in [44]. In both solvents, an increase in the
concentration of ammonia leads to an increase in the
average particle size.

This effect is stronger in methanol. Particles grown
in ethanol are larger than particles in methanol, and
this is more pronounced in the concentration region _
with a low content of ammonia. A ©  Ethanol

o 50 - &

This difference gradually decreases as the pH regulator & & Methanol
increases and, eventually, the particles in any solvent grow ]
to comparable sizes. The presence of ammonia increases
the rate of TEOS hydrolysis [27, 32, 42, 45, 46]. And
it also increases the condensation rate of hydrolyzed
monomers [42, 45, 46]. This leads to an increase in the Fig. 7. The effect of ammonia concentration on the average particle size
particle size of the silica. of the product according to [33]
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The yield also increases to a maximum of 95 % with an
increase in the NHj concentration to 3.0 mol/l, indicating
a near complete completion of the process. The particles
obtained at higher concentrations of [NH3] have a smooth
surface, a spherical shape with no aggregation.

Beginning in 2010 [10, 40], the publications
supplement information on the ammonia effect on
the growth of silica particles in the process of the
Stober.

The dependence of the size on the NH3 concen-

tration has an extreme character with a pronounced g
maximum (Fig. 8). ol
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Fig. 8. The supplemented dependence of the particle size
of silicon dioxide on the ammonia concentration according
to the data of [10]

A sharp increase in the growth rate of particle sizes,
shown in Fig. 7, can also be explained by the onset of
aggregation, in this case at an ammonia concentration
of 0.8 mol/l. The condition of aggregation is the ratio
of hydrolysis and condensation rates: this happens if
the condensation rate is greater than the TEOS hyd-
rolysis rate.

6.4. H,0 concentration. As the amount of HyO (M) in-
creases, the particle size increases to a certain peak (Fig. 9),
after which the particle size slowly decreases with a further
increase in concentration [3, 10].
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H,O concentration, M

Fig. 9. The effect of water concentration on the average particle size
in the Stober process according to the data of [10]

Fig. 9 shows that the effect of water concentration on
particle size is similar to that of NH3 concentration. Namely:
the particle size increases with increasing concentration of
H»0O and reaches a maximum value, in this case — about
6 M, and then falls with increasing concentration. This
result agrees well with the results of [24, 33, 47]. H,O can
accelerate the TEOS hydrolysis, promoting the formation
of larger particles, whereas at a higher concentration, H,O
dilutes the oligomers in the reaction solution, resulting
in a smaller amount of particles.

Similar results are presented in [24] (Fig. 10).

The curve in Fig. 10 has a clearly pronounced maxi-
mum, but since other ratios of TEOS/NH3, were used
in the experiment [24], the average particle size of SiO,
differs from the data in Fig. 9.
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Fig. 10. The effect of water concentration on the average particle size of silica obtained by the Stober method according to the data of [24]
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6.5. Quantity and polarity of solvent. The dependence
of the growth of the diameter of silica particles on the
decrease of the volume of the solvent (ethanol) in the
solution is demonstrated in [48] (Fig. 11).

In the publication [33], the Stober synthesis is carried
out in a number of solvents of one homologous series
with different values of the permittivity, such as metha-
nol = 32.6; ethanol = 24.3; propanol =20.1; butanol =17.8.
This determines the particle size in the process of nucleation
by changing the balance between van der Waals forces
of attraction and electrostatic repulsive forces. The latter
increases with an increase in the dielectric constant of
the medium, which ultimately leads to a decrease in the
particle size [10, 49].

The question of the effect of the thermodynamic quality
of the solvent on both the particle size of the product and
the kinetics of the nucleation, condensation, and particle

450 =
»mn-‘
35[]—‘
300
250-

200

SNP diameter, nm

150 4

100

stabilization processes is thus not sufficiently considered
in the literature. In particular, the research in this direc-
tion could be promising in this direction from the point
of view of the Flory theory or Hansen approach.

6.6. The influence of the reaction time on the final
particle size. Initially, it is concluded in the studies that
the optimum reaction time for the termination of the
Stober process should be in the range of 3 to 12 h to
achieve finite particle sizes [3, 20, 24, 50]. But in a later
publication [48] this claim is refuted (Fig. 12).

Based on these data, it can be concluded that the
processes are almost complete in about 2 hours of reac-
tion. A sufficiently high degree of conversion (more than
90 %) is achieved in the first 30 minutes of the reac-
tion. The reaction rate depends on the ethanol content
of the system, it increases significantly with decreasing
its concentration.
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Fig. 11. Influence of the solvent content on the particle size of the Stober reaction
product according to the data of (48]
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Fig. 12. The effect of the reaction time in the Stober process on the particle size
of silica according to the data of [48]
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7. SWOT analysis of research resulis

Strengths. Among the strengths of this research, it is
necessary to note the systematization of methods for regu-
lating the particle size of silica and the generalization of
possible variations in the diameter of nanoparticles. The
above results of the analysis of world scientific periodicals
in which such full and broad description of the factors
affecting the process are noteworthy in favor of this as-
sertion. The use of the obtained data allows to solve the
problem of choosing a rational regulatory factor or to
use a complex approach to changing process parameters.

Weaknesses. The weak side of complex regulation of
the parameters of nanoparticles obtained in the Stober
process is the need for precise regulation of both com-
ponent concentrations and temperature and reaction time
factors. The solution to this problem is process automation,
which is resource-intensive. Specific requirements for the
purity of the starting materials also lead to an increase
in the cost of raw materials.

Opportunities. When industrial synthesis of nanoparticles
with controlled granulometry is set up using the Stober
method, a number of markets are opened for the producer:

1) market of semi-finished products for the paint and
varnish industry;

2) market for additives to polymeric materials;

3) market of semi-finished products of cast ceramics.

To use the product in an industry, extensive research
should be conducted on its effectiveness in these areas.

Threats. The main problem of the described technology
is the lack of its profiling for this or that end product. It
is the establishment of the effectiveness of the action of the
additive in one or another case and the choice of adequate
synthesis conditions and will be a source of additional costs.

At the moment, there is a technology for the synthesis
of pyrogenic silica, aerosil, which is close to that described.
The competitive advantages of this technology include lower
energy costs and, consequently, a lower cost of the product.

The technology of synthesis by the Stober method,
however, allows to obtain more controllable granulometry
and smaller sizes of silica particles, as well as to increase the
dispersibility of the obtained particles in different matrices.

1. The methods for regulating the particle sizes of silicon
dioxide obtained in the course of the synthesis using the
Stober method are systematized. The influence of changes
in the concentrations of the main reagents of the process,
as well as the temperature and duration of the reaction,
is shown.

The character of the concentration dependences of tet-
raethoxysilane, ammonia and water has a clearly pronounced
extreme character with a maximum for each individual
reagent, which can be explained by the balance between
hydrolysis, condensation and aggregation of the reaction
product particles.

It is shown that temperature is also an important factor
in controlling the particle size. The increase in temperature
makes it possible to reduce this parameter to 4-5 times,
which is explained by an increase in the thermal mobility
of oligomers during condensation. At the same time, there
is a certain temperature limit at which the system collides
with the aggregative instability of the products formed.

The optimum reaction time is up to 2 hours, with
the main processes of particle formation occurring within
the first 30 minutes. It is shown that the change in the
permittivity of the solvent can also serve as a tool for
controlling the particle size of silicon dioxide. At the same
time, in existing works there is no description of this
method from the point of view of more modern theories
dealing with the thermodynamic quality of a solvent, for
example, Flory theory or Hansen more applied approach.

2. The main methods for controlling the particle size
of silicon dioxide are formulated and described. Depen-
ding on the specified silica particle size, varying the above
described parameters by the methods considered in the
work, it is possible to synthesize particles ranging in size
from hundreds of nanometers to micrometers. It is shown
that in order to obtain particles with minimum dimensions
it is necessary to reduce the concentration of reacting
components: TEOS, H,O, NH3, increased synthesis tem-
perature, and use of solvents with increased polarity.
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