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Abstract—The kinetics of the synthesis of silica nanoparticles (<50 nm) has been studied under the conditions
of heterogeneous hydrolysis of tetraethoxysilane (TEOS) using L-arginine as an alkaline catalyst. The rates
of silica formation have been determined in a temperature range of 10–95°C at catalyst concentrations of 6–
150 mM. It has been shown that the activation energy of the process depends on catalyst concentration and
varies in a range of 21.5–13.9 kJ/mol, while decreasing linearly with increasing concentration of L-arginine
in the system. The criterion of maintaining the monodispersity has been estimated for SiO2 particles being
grown “onto seeds.” The density of submicron-sized silica particles has been experimentally determined as
depending on the annealing temperature. Within a temperature range of 200–1000°C, the particle density
varies from 2.04 to 2.20 g/cm3.
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INTRODUCTION
Nano- and microparticles of amorphous silica are

used in catalysis [1, 2], chromatography [3], optics [4],
finishing polishing [5, 6], and other fields of engineer-
ing. The possibility to vary the porosity of the particles
and to functionalize their surface, as well as the bio-
compatibility of silica, open broad prospects for their
use in biology and medicine [7–10]. Ordered three-
dimensional structures formed by spherical silica par-
ticles are widely applied as model systems for studying
molecular diffusion in nanopores [11–14] and as tem-
plates for creating ordered inverted polymer- [15, 16],
mesoporous carbon- [17, 18] and diamond-based [19,
20] materials.

In 1956, Kolbe was the first to report the prepara-
tion of spherical silica particles by tetraethoxysilane
(TEOS) hydrolysis in a water-alcohol solution in the
presence of ammonia as an alkaline catalyst [21]. In
1968, Stöber, Fink, and Bohn improved this process
and showed that it was possible to obtain particles with
sizes from 50 nm to 2 μm, an almost ideal spherical
shape, and a high monodispersity [22]. Later, it was
shown that silica particles could be step-by-step grown
in a controllable manner to preliminarily preset sizes
by using them as seeds and adding calculated amounts
of TEOS to a system [23–25]. Up to the present, vari-

ous versions of the Stöber method have remained to be
the main technique for the synthesis of monodisperse
silica particles due to its simplicity and the feasibility
to produce particles with a relatively narrow size distri-
bution within a wide range of their diameters (from
~100 to ~3000 nm) [23–30].

The main limitation for the Stöber process is the
difficulty to achieve a high monodispersity for parti-
cles with sizes smaller than 100 nm. In 2006, Yokoi
et al. [31] and Davis et al. [32] proposed a method for
producing spherical silica nanoparticles by hydrolyz-
ing TEOS under weakly alkaline conditions (pH 9–
10) in an emulsion system containing TEOS; water;
and an amino acid, L-lysine. The obtained silica par-
ticles had diameters of 10–20 nm and a high monodis-
persity, which was unattainable when particles were
grown by the Stöber method.

Hartlen et al. [33] showed that, using the method
of heterogeneous hydrolysis of TEOS in the presence
of an amino acid (L-arginine) as an alkaline catalyst,
the sizes of particles could be varied by their growth in
the same medium, while maintaining a high monodis-
persity. Moreover, the authors revealed that these par-
ticles could be used as seeds in the processes of the
step-by-step growth by the well-studied Stöber method.
This made it possible to combine the advantages of both
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procedures and obtain particles in a wide range of sizes
(from a few tens of nanometers to several microns in
diameter) at a high degree of uniformity (<5%).

In spite of the fact that much efforts have, recently,
been made in the field of studying the physicochemi-
cal processes that accompany the preparation of silica
particles by heterogeneous hydrolysis of TEOS in the
presence of amino acids, some aspects remain to be
additionally studied. In particular, there is a lack of
data on the kinetics and mechanism of the formation
of colloidal silica particles. In this article, we report the
results of studying the kinetics of silica synthesis under
the conditions of heterogeneous hydrolysis of TEOS
using L-arginine as an alkaline catalyst. The obtained
experimental data on the rate of TEOS hydrolysis and
condensation of its products have been used to calcu-
late the activation energies of the process at different
concentrations of L-arginine in the system. The article
presents the results of estimating the conditions for
maintaining the monodispersity of particles being
grown, as well as the results of studying variations in
the density and porosity of particles during their ther-
mal treatment.

EXPERIMENTAL

Tetraethoxysilane (TEOS, 98%) was preliminarily
purified by rectification. L-Arginine (99%, Panreac)
was used as received. Deionized water (~18 MΩ/cm)
was obtained with an Akvilon D-301 deionizer.

Kinetics of silica formation was studied at the total
volume of a reaction mixture equal to 300 mL. L-Argi-
nine (6–150 mM) was added to deionized water
(250 mL), and the mixture was thoroughly stirred on a
Heidolph MR MIX-D magnetic stirrer combined with
an Elmi TW-2.02 water thermostat until the amino
acid was dissolved. The solution was heated to a spec-
ified temperature, and TEOS (50 mL) preheated to
the same temperature was added. The solution tem-
perature was maintained constant at an accuracy of
±0.1оС within a range of 10–95°С for the entire time
interval of the synthesis. In all experiments, the rota-
tion rate of the magnetic stirrer (50 × 8 mm) was
maintained constant and equal to 600 rpm to obtain an
oil-in-water emulsion. In all experiments, the geome-
try of the reactor was the same to ensure the reproduc-
ibility of the sizes of TEOS droplets in the aqueous
medium and the same area of the TEOS–aqueous
L-arginine solution interface during experiments per-
formed at the same temperature. In the course of the
synthesis, samples of the colloidal suspension were
taken to determine the weight concentration of SiO2
particles and to perform electron microscopic exam-
inations. The weight concentration of silica in the
aqueous phase of the reaction mixture was determined
from the ratio of the weight of silica particles, after
they were dried and annealed at 600°С, to the total
weight of a suspension sample. The sizes and mor-
phology of the particles were investigated using a Zeiss
Supra 50 VP scanning electron microscope. The size
of the resulting silica particles varied within a range of
8–45 nm depending on the synthesis conditions.

To study the density of SiO2 particles, they were
grown by the multistep synthesis in the TEOS–aque-
ous L-arginine solution (2 mM) system. For this pur-
pose, a calculated amount of SiO2 seeds was dispersed
in an aqueous L-arginine solution using a magnetic
stirrer, and a calculated amount of TEOS was added.
The seeds were grown at 60°С under continuous stir-
ring at a magnetic stirrer rotation rate of 200–300 rpm,
which ensured the continuity of the interface. After
colloidal SiO2 particles had grown to a size of
~300 nm, the suspension was placed into a vessel, in
which the particles were subjected to spontaneous sed-
imentation. The obtained sediment was dried and
annealed for 24 h at temperatures of 200–1000°С. The
density and porosity of the particles were studied by
the method of hydrostatic weighing [34].

RESULTS AND DISCUSSION
Silica synthesis by TEOS hydrolysis includes two

main stages: hydrolysis up to the formation of silicic
acid followed by polycondensation of its monomers.
Schematically, this process may be represented by
three main reactions:

Sequential hydrolysis of TEOS:

(1)

condensation accompanied by release of water:

(2)
and condensation accompanied by release of alcohol:

(3)

The overall scheme of the hydrolysis–condensa-
tion process may be expressed as follows:

(4)
TEOS hydrolysis occurs at the TEOS–aqueous

L-arginine solution interface, and, as well as for other
heterogeneous reactions, its rate depends on the inter-
face area. The heterogeneous hydrolysis of TEOS
yields a water-soluble form of silica, i.e. silicic acid,
Si(OH)4 (1), while polycondensation reactions (2),
(3) may occur both under homogeneous conditions in
the bulk of an aqueous solution (via the interaction of
silicic acid molecules with each other) and by the het-
erogeneous mechanism on the surface of growing par-
ticles via the attachment of silicic acid molecules (sil-
ica monomers) from the solution [35, 36].
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Fig. 1. Variations in silica concentration during TEOS
hydrolysis at a temperature of 60°C, L-arginine concentra-
tion of 6 mM, and different intensities of reaction mixture
stirring. Stirrer rotation rates are (1) 200 and (2) 600 rpm. The
right ordinate axis represents TEOS conversion.
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The homogeneous condensation in the aqueous
phase of the system yields dimers, trimers, and larger
polymeric forms of SiO2, which can grow to the sizes
of insoluble silica seed particles. These particles may
be attached to the previously formed growing particles
or form new ones via the aggregation mechanism [23].
In view of the complex character of the hydrolysis–
polycondensation process, which may involve both
heterogeneous and homogeneous reactions, we esti-
mated the rate of the overall process of silica synthesis
(4) by studying the dependences of the rate of its for-
mation on L-arginine concentration and the synthesis
temperature.

Commonly, the rate of a heterogeneous chemical
reaction is understood as a variation in the amount
(concentration) of interacting substances per unit time
related to unit surface area of an interface. When liquid
phases are stirred in the emulsion regime, the area of
an interface between two liquid phases cannot be
determined. Therefore, we estimated the overall rate
of the synthesis process by measuring the weight con-
centration of silica in unit volume of the aqueous
phase per unit time. In our case, the observed average
process rate is equal to variation in SiO2 concentration
per unit time, while the true process rate is equal to the
derivative of current weight concentration  of sil-
ica with respect to time τ:

Figure 1 presents the experimental dependences of
SiO2 concentration on the time of the heterogeneous
hydrolysis of TEOS in two regimes of stirring the reac-
tion mixture, i.e., with the preserved continuity of the
TEOS–water interface (curve 1) and under the emul-
sion conditions of stirring (curve 2). Reaction tem-
perature was 60°C, L-arginine concentration was
6 mM, aqueous solution volume was 250 mL, and
TEOS volume was 50 mL. At TEOS conversion α = 1,
this corresponded to maximum concentration
[SiO2] = 0.76 M (horizontal dashed line in Fig. 1).
The emulsion regime of stirring the reaction mixture is
preferable because of the higher yield of silica.

The plots in Fig. 1 show that, at the initial stage of
the synthesis up to TEOS conversion of ~0.5, variation
in silica concentration is linear:

where k is the reaction rate constant.
That is, at the initial stage, the reaction rate

remains unchanged with time and is independent of
the concentrations of the reagents. In other words, the
heterogeneous hydrolysis of TEOS followed by the
condensation of the hydrolysis products (overall
scheme (4)) is a process that corresponds to a zero-
order reaction (with respect to TEOS), and the kinetic
equation has the following form:

2SiOC

2 2SiO SiO .
C dC

w
d

Δ
= =

Δτ τ

= τ
2SiO ,C k
COLLOID JOURNAL  2024
where x = 0.
In this case, the rate of reaction (4) corresponds to

the rate constant of the overall process:

As TEOS is consumed, its amount and the size
“droplets” distributed in the aqueous phase of the sys-
tem decrease. A reduction in the area of the interface
between the two immiscible phases leads to a deviation
of the dependence from the straight line up to reaching
a plateau. The value of the plateau corresponds to the
maximum silica concentration that can be obtained
proceeding from the water and TEOS volumes used in
the reaction (Fig. 1, curve 2).

Figure 2 shows experimental dependences illustrat-
ing the growth of silica concentration with time for
reactions performed at different temperatures and
L-arginine concentrations, with other conditions,
including initial volumes of the reagents, reactor
geometry, sizes of the magnetic anchor, and its rota-
tion rate, being equal.

Only the rectilinear segments of the kinetic curves
were used in the subsequent calculations of the rates of
SiO2 formation. The process rates are numerically
equal to their slopes. Figure 3 presents the exponential
temperature dependences of the rate of silica synthesis
within a range of 10–95°С for different L-arginine
concentrations (6–150 mM).

2SiO , xw kC=

.w k=



4 MASALOV et al.

Fig. 2. Kinetic straight lines for heterogeneous hydrolysis–condensation of TEOS at different temperatures and L-arginine concen-
trations.
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For L-arginine concentrations in the reaction mix-
ture of 6, 15, 30, and 50 mM, elevation of the tempera-
ture from 20 to 80°С increases the rate of SiO2 forma-
tion by ~4 times. At higher catalyst concentrations
(100 and 150 mM), the effect of temperature on the
process rate is somewhat weaker, and the change in the
COLLOID JOURNAL  2024
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Fig. 3. Temperature dependences of SiO2 formation rate at
different L-arginine concentrations.
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Table 1. Rates w (mM/s) of silica formation process at dif-
ferent L-arginine concentrations CArg and temperatures T

T, °C
CArg, mM

6 15 30 50 100 150

10 1.59 3.45 6.79 13.11
20 1.8 4.66 7.97 15.45 26.52 37.6
40 2.88 7.8 14.16 23.92 36.52 47.14
60 4.9 11.71 23.27 35.05 54.61 69.6
80 7.75 18.18 36.44 61.27 80.04 97.47
95 11.4 29.98 56.2 87

Fig. 4. Temperature dependences of process rate constant
at different concentrations of L-arginine as a catalyst.
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process rate within the same temperature range appears
to be 3 and 2.5 times, respectively (see Table 1).

In the lnk–1/Т coordinates, the temperature
dependences of the process rate constants are ade-
quately described by straight lines (Fig. 4), thereby
making it possible to calculate the activation energy of
the process at each L-arginine concentration by the
Arrhenius equation:

where k is the reaction rate constant, A is a constant,
Ea is the activation energy, R is the gas constant, and Т
is the absolute temperature. The slope of each straight
line is equal to .

Figure 5 presents the dependence of the activation
energy on catalyst (L-arginine) concentration in the
system. Within L-arginine concentration range of 6–
150 mM, the activation energy of silica synthesis varies
from 21.5 to 13.9 kJ/mol and is adequately described
by the following equation:

The author of [24] has estimated the activation
energy of the synthesis of silica particles via homoge-
neous hydrolysis of TEOS in a water–alcohol solution
in the presence of ammonium ions as Ea = 27 kJ/mol.
When studying the kinetics of TEOS hydrolysis–con-
densation under the conditions of the homogeneous
hydrolysis in a water–alcohol solution in the presence
of ammonium ions, the authors of [37] found that the
activation energies of hydrolysis and condensation
were 25.2 and 33.2 kJ/mol. The values of the activa-
tion energy that we obtained for silica synthesis via
heterogeneous hydrolysis of TEOS at L-arginine con-

aln ln / ,k A E RT= −

atanα /E R= −

[ ]a 21.75 54.04 Arg .E = −
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centrations used to prepare monodisperse SiO2
nanoparticles (7.5 mM [33]) appeared to be close
(~21 kJ/mol).

Figure 6a presents a SEM micrograph of silica
nanoparticles obtained by heterogeneous hydrolysis of
TEOS in the presence of L-arginine as a catalyst.
Arginine concentration in the aqueous solution was
7.5 mM; volumes of water and TEOS were 500 and
110 mL, respectively; synthesis temperature was 90°С;
and magnetic stirrer rotation at a rate of 500 rpm pro-
vided the emulsion regime of stirring the two-compo-
nent system. Synthesis duration was 5 h. Resulting sil-
ica particles 42.9 ± 2.5 nm in diameter (Fig. 6а) were
used as seeds for subsequent growth. For this purpose,
a part of the colloidal suspension was dispersed in an
aqueous L-arginine solution (2 mM), while the
growth under the conditions of heterogeneous TEOS
hydrolysis was carried out in milder conditions: reac-
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Fig. 5. Dependence of process activation energy on L-argi-
nine concentration.
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tion temperature was 60°С, while stirrer rotation rate
of ~200 rpm corresponded to the condition of “pre-
served continuity of interface between the liquid
phases.” Figure 6b shows the SEM micrograph of SiO2
particles that have reached a diameter of 132.7 ±
2.1 nm. It is seen that the particles are rather mono-
disperse. The surface of particles obtained by this
method is mainly “rough” (see inset in Fig. 6b) in
contrast to the “smooth” surface of traditional Stöber
particles. This difference is due to the fact that, in the
course of the heterogeneous growth, the concentra-
tion of dissolved silica (Si(OH)4) remains preserved
during the entire synthesis, while, in the case of the
homogeneous step-by-step growth of particles via the
modified Stöber methods, the concentration of the
dissolved silica at the end of each growth step
decreases to values, at which the growth proceeds pri-
marily due to the attachment of small SiO2 nanoparti-
cles and Si(OH)4 monomers to a growing surface.

The monodispersity of silica particles obtained via
the growth of seed particles is, to a high extent, prede-
termined by the relation between the total surface area
of seeds and the rate of silica formation in a system.
Seemingly, upon the aggregative growth of seed parti-
cles, the rate of heterogeneous condensation of
hydroxides on their surface and the surface of primary
particles being formed is limited. When the ability of
utilizing the formed primary particles by the accessible
surface of seeds is exceeded, secondary nucleation of
new growing particles begins, thus distorting the size
monodispersity of the particles. The following experi-
ments were performed to assess the criterion for main-
taining the monodispersity. Monodisperse silica par-
ticles ~200 nm in diameter were used as seeds. Their
different specified amounts were dispersed in an aque-
ous L-arginine solution (2 mM). These seed particles
were grown at a controlled rate of silica formation in
the system. The monodispersity of the growing parti-
cles was monitored by scanning microscopy. As
numerical criterion K [g⁄(h cm2)], the ratio between
silica formation rate w (g/h) and surface area S (cm2)
of seed particles  was used. Figure 7 illus-
trates the SEM micrographs of silica particles
obtained by growing seeds at K = 2.13 × 10–6 g⁄(h cm2)
(Fig. 7а) and K = 2.11 × 10–8 g⁄(h cm2) (Fig. 7b). The
studies have shown that, to maintain the monodisper-
sity of silica particles grown on seeds, synthesis condi-
tions must ensure that the values of K are no higher
than ~3.5 × 10–8 g⁄(h cm2).

The density and porosity of the grown silica parti-
cles were studied by hydrostatic weighing. Figure 8
presents the density of SiO2 particles 300 nm in diam-
eter as a function of the temperature of their thermal
treatment for 24 h within a temperature range of 200–
1000°С.

As can be seen in the plot, the particle density var-
ies from 2.04 to 2.20 g/cm3. The initial density of silica
particles obtained by the heterogeneous synthesis in
the presence of L-arginine exceeds the density of par-
ticles obtained by the traditional Stöber method (1.6–
1.8 g/cm3) [23, 26, 38]. Porosity (P) of the particles
can be calculated as , where  is the
particle density and  is the density of amorphous
silica (2.22 g/cm3). The porosity of initial particles is
~10 vol %. The residual porosity of particles annealed
at 1000°С is ~1.2 vol %.

CONCLUSIONS
The kinetics of the synthesis of colloidal silica

nanoparticles has been studied under the conditions of
heterogeneous hydrolysis of TEOS using L-arginine
as an alkaline catalyst. The rates of silica formation
process have for the first time been determined within
a temperature range of 10–95°С at catalyst concentra-
tions of 6–150 mM. The activation energy of silica
synthesis has been studied as depending on catalyst
concentration. The process activation energy has been
shown to linearly decrease in a range of 21.5–
13.9 kJ/mol with a rise in L-arginine concentration in
the system. The criterion for maintaining the mono-
dispersity of SiO2 particles has for the first time been
determined when growing them “onto a seed.” The
synthesis conditions under which the values of K do
not exceed ~3.5 × 10–8 g⁄(h cm2) must be maintained
to ensure the monodispersity of the particles. A
dependence of density on annealing temperature has
been experimentally found for submicron silica parti-
cles obtained under the conditions of heterogeneous

/  K w S=

= −
2p SiOP 1 ρ /ρ pρ

2SiOρ
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Fig. 6. Silica particles obtained by heterogeneous hydrolysis of TEOS in the presence of L-arginine. (b) Silica particles with D =
132.7 ± 2.1 nm resulting from growth of (a) particles with diameter D = 42.9 ± 2.5 nm. Insets show normal particle size distribu-
tions.
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Fig. 7. SEM micrographs of SiO2 particles obtained by seed growth: (a) bimodal particle size distribution and (b) monodisperse
particles.
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Fig. 8. Dependence of density on annealing temperature
for silica particles ~300 nm in diameter obtained via het-
erogeneous hydrolysis of TEOS in the presence of L-argi-
nine. Annealing duration was 24 h.
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hydrolysis of TEOS using L-arginine as a catalyst.
Within a temperature range of 200–1000°С, the parti-
cle density varies from 2.04 to 2.20 g/cm3. Therewith,
the total porosity of the particles decreases from 10 to
1.2 vol %. The data obtained on the kinetics of silica
formation in the course of heterogeneous hydrolysis of
TEOS followed by the polycondensation of silicic acid
in the presence of L-arginine contribute to the study of
the physicochemical foundations of the synthesis and
the formation mechanism of nanosized and submi-
cron monodisperse silica nanoparticles. Such particles
will be in demand when creating photonic crystals and
porous matrices to be used in catalysis, chromatogra-
phy, biomedicine, etc.
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