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ABSTRACT: Different mixing processes and chemical compositions were performed using the Stéber and modified
Stéber methods to improve the homogeneity of SiO, microspheres. The direct mixing process with proper stirring
speed (300 rpm) and duration (24 h) produced an excellent uniform size of 0.38 pm with a relative standard deviation
(RSD) of 5.26% compared to the 0.38 pm with 18.41% RSD produced by the injection mixing process. In addition
to the mixing process, the concentrations of tetraethyl orthosilicate (TEOS), H, O, and NH, also affect the hydrolysis
and condensation reaction rate. However, excessive concentrations of these chemicals can cause an imbalance in the
reaction rates and aggregation process, leading to a multi-modal distribution. A mixture of 0.25 mol/1 TEOS, 4.0 mol/]
H,0, and 1.0 mol/l NH, in ethanol produced highly uniform monodispersed SiO, particles of 0.48 pm size with a
small deviation of 6.25% RSD. It was found that K cations can modify the structure of the Stern layer, increasing the
particle size from 0.49 to 1.15 pm but widening its distribution from 6.12% to 21.74% RSD, due to the fast diffusion
and aggregation of the oligomer or primary particles. The bi-directional mixing method can increase the uniformity
of SiO, microspheres, reducing their RSD to 6.6% by creating a strong turbulence force through 30 cycles per hour of
reversed mixing. This study demonstrates that the Stober and modified Stoéber methods can synthesize high-circularity

SiO, particles (between 0.93 and 0.97) with an improved particle size distribution.
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INTRODUCTION

Nanoparticles have attracted significant attention be-
cause of their superior and unique properties that dis-
tinguish them apart from their bulk materials and en-
able them to be applied in numerous fields [1]. In par-
ticular, complex-structure nanoparticles like hollow,
core/shell, and multilayer [2,3] have exhibited great
potential in various applications. The use of complex-
structure nanoparticles has increased exponentially
over simple spherical particles due to their higher
surface area, physico- and electrochemical properties,
and functionalizability [4-6].

Silicon dioxide (SiO,) is an interesting sacrificial
core material for creating hollow, core/shell, or mul-
tilayer structures in spherical nanoparticles because it
is easy to synthesize, tolerates high temperatures, has
high catalytic activity, is chemically inert, and can be
adjusted in size [7-9]. The Stober method is the most
well-known, simple, reliable, controllable, and high-
throughput process for synthesizing dispersed spher-
ical SiO, particles discovered in 1968 by Wolfgang
Stober and colleagues [10]. The Stéber SiO, particles
were synthesized by chemically reacting precursors
with catalysts like water and ammonia [11,12]. For
over fifty years, researchers have systematically inves-
tigated reaction parameters such as precursor and cata-

lyst concentrations [13], types of alcohol [14, 15], and
temperature [16] to produce monodispersed and uni-
form silica spheres. The production of SiO, particles
with well-controlled physical and chemical properties
provided the significant impact of these parameters on
science and technology. Interest in the Stober method
has continued for a more comprehensive understand-
ing of material properties and applications such as
catalysis, carbon dioxide absorption, and drug delivery.

However, the original size of Stober SiO,, particles
is limited to below 0.5 pm [17] due to the accumula-
tion of negative charge at the Stern layer. To overcome
this size limitation, the modified Stober method was
introduced, which delayed the formation of the elec-
tric double layer (EDL) of the SiO, surface using an
adsorption cationic surfactant technique [18-20].

The growth mechanism of the SiO, particle can be
continued by depositing cations on the particle surface,
to reduce the suspension intermediate state and to
allow the cations to adhere to the SiO, surface. Studies
indicate that the effectiveness of reducing the surface
potential of inorganic salts, such as NaCl, KCl, and
LiCl, depends on their ionic radius [21,22]. Despite
significant efforts that have been devoted to control
the size and monodispersity of SiO, particles by adding
catalysts to increase the diffusion of intermediate sub-
stances, the homogeneous deposition of intermediates
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remains challenging, leading to a broad size distribu-
tion. A spherical and uniformly sized sacrificial core
material can improve the efficacy of nanoparticles with
desired or preferable properties.

This report examines how the concentration of
TEOS and catalyst affects the synthesis kinetics (hy-
drolysis and condensation reactions), nuclei forma-
tion, and particle growth, which Stéber and colleagues
also investigated. It also investigates certain factors
that received low prioritized attention due to their
minimal impact on particle formation but can improve
the roundness and size distribution of SiO, particles.
These factors include the mixing process (direct and
injection) and mixing parameters (stirring speed and
duration). All experiments were conducted at room
temperature for 24 h using a magnetic stirrer.

Modified Stober method

As mentioned previously, the negative potential of
the SiO, surface prevents the deposition of silanol
monomers and oligomers on the particle surfaces,
which limits the growth mechanism and ultimately
impacts the size of the particles. Due to the large
size of potassium cation, different concentrations of
KCl (1.0, 2.0, 3.0, 4.0, and 5.0 mmol/l) were added
to the catalyst reagents (4.0 mol/1 H,O and 1.0 mol/I
NH, in ethanol) before mixing with TEOS precursor
(0.25 mol/l in ethanol). The effects of operating tem-
perature (0, 25, and 50°C) and bi-directional stirring
cycles (0, 10, 20, and 30 cycles) were studied individ-
ually to develop particle uniformity and circularity, as
illustrated in Fig. 1(c).

Characterizations

The surface morphologies of monodispersed SiO, par-
ticles were observed using field emission scanning elec-
tron microscopy (FE-SEM) with a secondary electron
detector (SED) mode. The FE-SEM instrument used
for this purpose was the Phenom Pharos G2 model,
manufactured by Thermo Fisher Scientific (Oregon,
USA), which operated at 10 kV. The high-resolution
SEM micrographs were utilized to analyze the average
size, size distribution, and circularity of the SiO, parti-
cles using the ‘Analyze Particles” function in ImageJ,
and the effectiveness of the bi-directional stirring in
improving microsphere homogeneity.

MATERIALS AND METHODS
Materials

Tetraethyl orthosilicate (TEOS) (=99%) was pur-
chased from Sigma Aldrich (Missouri, USA). Ethanol
absolute (=99.9%, AR grade) was purchased from
Merck (Darmstadt, Germany). Ammonium solution
(28% NH, dissolved in water, AR Grade) was pur-
chased from QREC™ (Auckland, New Zealand). Potas-
sium chloride (extra pure KCl, AR Grade) was pur-
chased from AJAX-Finechem (New South Wales, Aus-
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tralia). Deionized (DI) water was used in all experi-
ments.

Stober methods

Synthesis of SiO,, via direct mixing method

The TEOS precursor (0.3 mol/lin ethanol) was directly
mixed with the catalyst reagent (a mixture of 4.0 mol/1
H,O and 1.0 mol/l NH, in ethanol) using a magnetic
stirrer. The experiments were conducted at room
temperature with different vigorous stirring speeds (0,
150, 300, and 600 rpm.) for 24 h, as illustrated in
Fig. 1(a). A volume of 1 ml of the colloidal solution
was collected after mixing for 1, 3, 6, 9, 12, and 24 h
and cleaned with ethanol.

Synthesis of SiO,, via injection mixing method

In the injection mixing process, SiO, particles were
prepared by dripping the TEOS precursor (0.3 mol/1in
ethanol) into the catalyst agent (a mixture of 4.0 mol/1
H,O0 and 1.0 mol/1 NH, in ethanol) at a rate of
0.1 ml/min controlled by a syringe pump (Fig. 1(b)).
The drop of TEOS precursor was suspended in the
catalyst agent using a magnetic stirrer with a stirring
speed of 300 rpm at room temperature. After mixing,
the particles were collected and sampled under the
same conditions as the direct mixing.

Synthesis of SiO, with different chemical concen-
trations

The Stober method utilizes NH,, TEOS, and H,O as
the primary catalyst agents for synthesizing the SiO,
particles. It was necessary to conduct individual in-
vestigations to understand how the concentration of
chemicals influences the size distribution and circular-
ity of monodispersed SiO, particles. To achieve this
study, the NH, concentrations were varied (0.5, 1.0,
2.0, 3.0, 4.0, and 5.0 mol/1) in a mixture of 4.0 mol/1
H,O in ethanol. These catalyst reagents were directly
mixed with the TEOS precursor (0.1 mol/I in ethanol)
using a magnetic stirrer. After that, an ethanolic mix-
ture of 4.0 mol/1 H,O and 1.0 mol/1 NH, was prepared
and then combined with different TEOS concentrations
(0.1, 0.2, 0.25, 0.3, 0.4, 0.5, as proposed by Mazzoli
and Favoni [23], which was utilized to determine the
diameter and circularity of 300 to 600 particles in each
condition.

The image dimensions in pixel are correlated to
physical dimensions with the scale bar. The length
of the scale bar was set as a known distance in pum
for calculating the particle diameter. The gray-level
SEM micrograph was converted from RGB color to 8-
bit gray scale through proper thresholding. Then, the
lower and upper threshold values were automatically
set to separate the signal from the background. An
accurate size measurement is automatically running
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Fig. 1 Illustration of the experimental setup of (a) direct and (b) injection mixing processes on the synthesized SiO, particles
via a Stober method. (c) The bi-directional mixing method on the synthesized SiO, particles via a modified St6ber method.

by the image analysis system “Analyze particles”. Ad-
ditionally, “Analyze particles” also can describe the
circularity of spherical particle using the diameter in
every dimension, which should be a single number due
to an equivalent spherical diameter.

After that, the average particle size, standard devi-
ation, and relative standard deviation were calculated
following the Egs. (1), (2), and (3), respectively.

1 n
Average particle size: u=— in (D
ne

1 n
Standard deviation: o =4[ — Z(xi — )2 2)
J ne

Relative standard deviation (RSD):

RSD = (E) x100  (3)
U

where n is the total number of values, x; represents
each individual value in the dataset.

In addition, the amorphous phase of SiO, particles
was detected using a D8 Advance X-ray diffractometer
(Bruker, Karlsruhe, Germany) with Cu-Ka radiation (A
= 1.540 A) and 26 ranging from 20° to 80°, while the
surface charge of the SiO, particles was quantified by a
zeta potential analyzer (Zetasizer nano) manufactured
by Malvern Panalytical (Worcestershire, England).

RESULTS AND DISCUSSION

A series of experiments were conducted to investigate
the influence of the synthesis parameters and chemical
concentration on the nucleation and growth mecha-
nism of SiO, particles via the Stéber and modified
Stober methods. These experiments aimed to create
monodisperse SiO, particles with a perfect spherical
shape and narrow size distribution. The SiO, particles
were synthesized through the Stober method, which
begins with the hydrolysis of tetraethyl orthosilicate
(Si(OC,H,),; TEOS) and H,O to produce the silanol
monomers (Si(OH(4_X))X), as shown in Eq. (4). These
hydrolyzed silanol monomers then undergo water/al-
cohol condensation reactions to form oligomers, ac-

cording to Egs. (5) and (6) [24].
Hydrolysis reaction
=Si—OR+H,0 < =Si—OH +ROH (€)]
Water condensation
=Si—OR+HO-Si= — =Si—0-Si=+H,0 (5)
Alcohol condensation

=Si—OR+HO-Si —» =Si—0—-Si=+ROH™ (6)

Upon reaching the supersaturation point,
oligomers immediately aggregate and polymerize
with each other via diffusional transport to form SiO,,
nuclei and grow to final size by aggregating with the
residual intermediate [20]. The growth mechanism
of SiO, particles discontinues when the oligomer
accumulation reaches a point where they create a
strong negative electrostatic potential that repels the
diffusion of silanol monomers. To overcome this,
the modified Stober method was employed to alter
the particle’s charge by manipulating its electrostatic
potential.

Different concentrations of KCl were added during
the growth process to supply cations and increase the
size of SiO, particles when the operating temperature
influence the chemical reaction rate and growth mech-
anism. Furthermore, a bi-directional mixing process
was recruited to improve the homogeneous growth of
SiO,, microspheres, leading to a narrow size distribu-
tion.

The influence of mixing parameters

Holding time

Hydrolysis and condensation reactions occur rapidly,
when compared to the diffusion and aggregation of
the residual intermediates, which require more time to
produce SiO, particles of the final size. The synthesis
experiments were performed by directly mixing the
precursor solution and catalytic agents under vigorous
stirring to determine the appropriate reaction time and
understand how holding time affects the size, size dis-
tribution, and circularity of the synthesized particles.
The data presented in Fig. 2 indicates that the
average size of the synthesized particles increased from
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Fig. 2 The effect of holding time on the size and circularity
of Si0, particles.

0.32 to 0.38 pm as the holding time increased from
1 to 3 h. The error bars in the graph indicate the
standard deviation of SiO, particles, calculated with
ImageJ using at least 400 particles. After a holding
time of 3 h, the average particle size remained stable
because the reagent concentration was too low to con-
tinue the growth mechanism. These results are con-
sistent with Stéber’s study in 1968, which suggested
that the total reaction time should be approximately
120 min [10]. After 3 h, the relative standard devi-
ation of SiO, particles slightly decreased from 6.25%
to 5.26% as the circularity of SiO, particles slightly
improved from 0.93 to 0.95. Additionally, the particle
size and size distribution remained consistent after
24 h. Based on these results, further experiments were
conducted for 24 h to ensure the complete synthesis of
uniform monodisperse SiO, particles.

Stirring speed

Fig. 3(a) shows that the stirring speed did not affect the
average size of the particles, which was approximately
0.38 ym. The SEM image of the SiO, particles syn-
thesized through the direct mixing without agitation
shows multiple gel networks between particles, pro-
duced by residual silanol monomers (red circles). The
lack of agitation produces a broad relative size distribu-
tion (10.53% RSD) due to the non-homogeneous dis-
tribution of TEOS in the system. Increasing the stirring
speed from 150 to 300 rpm improves the homogeneity
of the solution, reduces the relative standard deviation
of SiO, particles from 7.89% to 5.26%, and helps to
eliminate the residue gel networks.

At a stirring speed of 600 rpm, a strong convection
force slightly reduced the size of synthesized SiO,
particles from 0.38 to 0.32 pm because it interrupted
the deposition of oligomers. The increased stirring
speed also expanded the relative standard deviation
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of SiO, particles from 5.26% to 7.89%. Additionally,
it slightly improved the particle circularity from 0.93
to 0.95, which is caused by the collisions between
particles in strong convection force. According to
Fernandes et al [25], faster-stirring speed increases
the number of collisions among particles and promotes
their coagulations, leading to a multi modal distribu-
tion.

However, a solid conventional force, generated at
a stirring speed of 600 rpm, interrupted the deposi-
tion of oligomers, resulting in a decrease in the size
of synthesized SiO, particles from 0.38 to 0.32 pm,
accompanied by a slight improvement in the particle
circularity from 0.93 to 0.95.

Based on these results, the stirring speed plays a
significant role in producing a uniform solution and
achieving a narrow size distribution of SiO,. After
observing the significant changes in both the particle
size and size distribution, a stirring speed of 300 rpm
was selected for subsequent experiments, since it has
the potential to produce larger particles with a narrow
standard deviation.

Mixing process

All experiments comparing the different mixing pro-
cesses were done by combining two ethanolic solu-
tions with a precursor (0.1 mol/1 TEOS) into another
catalytic agent (1.0 mol/l NH, with 4.0 mol/1 H,0).
Fig. 4(c) shows that the monodisperse SiO, particles
synthesized through direct and injection mixing meth-
ods have the same equivalent diameter, approximately
0.38 um, even though their relative standard devia-
tions are distinct, 5.26% and 21.05%, respectively.

The injection mixing process results in a broad
distribution of SiO, particle sizes, likely due to varia-
tions in chemical concentrations and growth periods at
different dripping times. On the other hand, the direct
mixing process offers more circular particles compared
to those obtained from injection mixing, with circular-
ity values of approximately 0.97 and 0.95, respectively.
These results suggest that the direct mixing method
produces silanol monomers through a hydrolysis re-
action, allowing them to homogeneously condense on
the particle surface, forming spherical particles. The
surface charge of SiO,, particles controls the equivalent
deposition of silanol monomers, oligomers, or other
particles during the growth period of SiO, particles.

Chang et al [26] mentioned that the SiO, particles
exhibited monotonic growth when the concentration
of silanol monomers reached above the saturated level.
Furthermore, adding more TEOS led to an increase in
the concentration of silanol monomers exceeding the
critical level, forming secondary particles. This con-
dition led to the observation of multi modal particles,
which were attributed to the formation of secondary
particles and those that developed from primary parti-
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Fig. 3 (a) The influence of stirring speed on the particle size and circularity of SiO, particles. (b-e) FE-SEM images showing
how varying the stirring speed (0, 150, 300, and 600 rpm, respectively) eliminates the linkage from the gelation (red circles)

obtained during the sol-gel (Stober) method.
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Fig. 4 SEM images of synthesized SiO, particles from (a) direct and (b) injection mixing processes. (c) The size distribution
examined by ImageJ software, and (d) X-ray diffraction pattern of amorphous structure of SiO, particles.

cles.

Additionally, the diffraction pattern of the SiO,
particles synthesized via the direct mixing process
shows a peak centered around 22°, corresponding to
the amorphous structure of synthesized SiO, parti-
cles (JCPDS 29-0085), as depicted in Fig. 4(d). The
direct mixing process was preferred for conducting
further experiments in order to study the influence of
other parameters on the size, shape, and uniformity of
monodisperse SiO, particles.

The effect of chemical concentration

Ammonia concentration

The impact of NH, was assessed by adding it in dif-
ferent amounts into an ethanolic solution (4.0 mol/1
H,O0 in ethanol), producing NH, concentrations rang-
ing from 0.5 to 5.0 mol/l. This mixture was then
added and suspended in an ethanolic solution of pre-
cursor (0.3 mol/l TEOS) using a direct mixing pro-
cess at 300 rpm stirring speed for 24 h. As shown

in Fig. 5(a), increasing the NH, concentration from 0.5
to 1.0 mol/1 developed larger particles with a size of
0.16 to 0.39 pm.

NH, molecules were partially decomposed into
ammonium ions (NHI) through the dissociation of
H,O molecules. This rapid ionization produced nu-
cleophilic hydroxyl anions (OH-) within the solution.
Then, the ionized hydroxyl anion reacted with the
silicon atom on the TEOS molecule to form the silanol
monomers, as illustrated in Egs. (7), (8), and (9) [19].

Ammonia ionization
NH, +H,0 — NH] +OH" %)
=Si~OH+OH™ — =Si-0" +H,0 ®)
=Si—0" +HO-Si= — =Si—0-Si=+0H~ (9)
The concentration of NH, affects the formation of
hydroxyl anions and the number of oligomers through
the hydrolysis reaction.

The nucleation period was prolonged at 0.5 mol/1
NH, concentration because of the low hydrolysis reac-
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Fig. 5 The effect of (a) NH, and (b) TEOS concentrations on the particle size and circularity of SiO,. (c-h) SEM images of
synthesized SiO, particles from 0.1, 0.2, 0.25, 0.3, 0.5, and 1.0 mol/l TEOS concentration, respectively.

tion rate. Partially hydrolyzed silanol monomers were
formed, continuously grew, and reached a certain size,
while the remaining TEOS precursors began to hy-
drolyze. This condition led to the production of small
average-sized particles (0.16 ym) and broadly dis-
tributed SiO, particles (18.00% RSD), consistent with
the findings of Yandong et al [20], Kangtaek et al [27],
and Dongming et al [28].

When the NH, concentration exceeded 1.0 mol/],
the mean size of SiO, particles dramatically increased
from 0.16 to 0.39 pm, resulting in the formation
of more hydrolyzed silanol monomers. This analo-
gous growth stage produced a narrow size distribution
(5.13% RSD) of SiO,, particles, as reported in the study
from Yang et al [20].

Beyond this point, the mean size of SiO, particles
slightly stabilized, ranging from 0.36 to 0.41 pm due
to the limitation of the TEOS concentration. Besides,
the difference in size distribution (between 7.32%
and 8.33% RSD) and circularity (between 0.94 and
0.97) were hardly noticeable. Van and Kentgens [29]
also proposed that the high concentration of NH,
(>1.0 mol/l) increased the ionic strength and led to
a decrease in colloidal stability due to the high con-
centration of NH, and OH™ ions. This situation would
result in a decrease in the double-layer thickness,
causing the SiO, particles to aggregate. However, the
particles in this report remained well-dispersed even
when the concentration of NH, reached 5.0 M [30].

These results indicate that ammonium ions
worked as a primary catalyst, accelerating the conden-
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sation reaction, controlling the formation mechanism
of silanol monomers during the nucleation stage, and
facilitating the aggregation of SiO, particles. In the
subsequent experiment, 1.0 mol/l NH, was preferred
to reduce chemical usage and pose fewer risks to
researchers.

TEOS concentration

Fig. 5(b) shows the effects of TEOS concentration (0.1
to 1.0 mol/1 in ethanol) on the size and circularity of
SiO, particles, which were produced by directly mixing
for 24 h the precursor solution (TEOS in ethanol) with
the catalyst solution (4.0 mol/l H,O and 1.0 mol/l
NH, in ethanol). The average size of the SiO, par-
ticles gradually increased (0.38 to 0.49 um) as the
TEOS concentration increased (0.1 to 0.25 mol/l),
likely due to the increased availability of the silanol
monomers. Increasing the TEOS concentration accel-
erates the hydrolysis reaction rate, producing more
silanol monomers, ultimately resulting in larger SiO,
particle sizes. However, the SEM image shows a multi-
modal distribution of particles when the TEOS concen-
tration becomes too high (0.3 mol/1), as highlighted by
the yellow circles in Fig. 5(f).

The multi modal distribution occurs when the con-
centration of redundant oligomers increases rapidly,
reaching the saturation point and suddenly aggregat-
ing to form the primary particle. However, when irrel-
evant oligomers and monomers reach their critical vol-
umes, which depend on their surface charge, they can-
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Fig. 6 The influence of H,O concentrations in ethanol on the
particle size and circularity of SiO,.

not aggregate with the primary particle, leading to the
formation of secondary particles. The presence of sec-
ondary particles (multi modal distribution) reduces the
mean size of SiO, particles (0.39 pym) while showing an
extensive distribution (28.21% RSD). Similar conclu-
sions regarding the formation of large-size and high-
polydisperse particles produced at high concentrations
of TEOS were also reached by Bogush et al [11] and
Harris et al [31].

Beyond a certain point, massive nuclei are rapidly
generated due to excessive aggregation of oligomers
caused by a very short inter-distance. The results
showed that the average final size of particles de-
creased to 0.17 pym and stabilized at 0.19 pm, due
to an inadequate ammonia concentration to promote
the condensation reaction, as indicated in Fig. 5(g,h).
Rao et al [32] also identified this behavior and stated
that particle size decreased with increasing TEOS con-
centration, resulted in smaller particles.

The amount of TEOS had a noticeable effect on
the particle size and distribution of SiO, but had
an insignificant influence on their circularity, which
remained between 0.95 and 0.97. The concentra-
tion of TEOS affected the nucleation and growth
rates by influencing the supersaturation level of
silanol monomers. Therefore, 0.25 mol/l TEOS was
found to be an optimal concentration for synthesizing
SiO, particles with high circularity (0.97), large size
(0.49 nm), and narrow relative standard deviation
(6.12%), which aligns with Stéber’s result [10]. This
concentration was chosen for synthesizing SiO,, parti-
cles in the subsequent investigation.

Water concentration

Fig. 6 demonstrates how the concentration of H,O
affects the particle size, distribution, and circularity of
SiO, when the H,O concentration in ethanol increases

from 2.0 to 8.0 mol/l. The average particle size
increases from 0.19 to 0.50 num, due to the accelerating
hydrolysis reaction rate caused by the increase in H,O
concentration from 2.0 to 5.0 mol/l. However, when
the H,O concentration increases further, the size of
SiO, particles decreases significantly from approxi-
mately 0.50 to 0.21 yum, due to the increasing in the
separation distance between monomers.

The findings confirm that the concentration of H,O
plays a crucial role in nucleation by regulating the
speed of the hydrolysis reaction, the formation of nu-
clei, and the rate of growth. Van Helden et al [33] also
reached a similar conclusion. They also investigated
the bell-shaped curve representing the effect of H,O
concentration. The particle size increased with increas-
ing H,O concentration and then decreased when the
concentrations went beyond the optimum point. This
result is consistent with the results of Stober et al [10]
and Bogush et al [11].

Although the particles synthesized from 2.0, 6.0,
and 8.0 mol/1 H, O in ethanol have practically identical
diameters (between 0.19 and 0.20 ym), higher H,O
concentration provides better circularity (0.96) than
the case of lower concentration (0.92). Furthermore,
lower H, O concentration (2.0 mol/1) generates insuffi-
cient active silanol monomers, which impacts the abil-
ity to balance the surface charge by deposition, thereby
impacting the shape of SiO, particles. Giesche [34]
also verified this evidence by considering the influence
of the particle size on its shape. At higher H,O
concentrations, the particles become perfectly smooth
spheres.

For the subsequent experiment, a H,O concentra-
tion of 4.0 mol/1 was selected, providing particles with
larger size, narrower size distribution, and excellent
circularity. After evaluating the effects of chemical
concentration parameters, the results show that the
ratio of TEOS to H,O is crucial to controlling the
homogeneous size of SiO, particles by balancing the
nucleation and aggregation process. In contrast, the
additional NH, does not affect the size distribution of
the particles but rather only increases their overall size.

The effect of parameters via the modified Stober
method

Potassium chloride concentration

The graph in Fig. 7 shows the size and distribution
of spherical SiO,, particles synthesized under different
concentrations of KCl, ranging from 0 to 4 mmol/L
Notably, in the absence of KCI, the average and dis-
tribution of particle sizes are remarkable, measuring
0.49 pm and 6.12% RSD, respectively. The growth
of SiO, particles stops once they reach approximately
0.5 pm in size. This is due to the formation of a strong
electric double layer, composed of Stern and diffu-
sion layers, which prevents silanol monomers passing
through the diffusion layer.
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of 1.0, 2.0, 3.0, 4.0, and 5.0 mM in ethanol, respectively.

This repulsive force of the electric double layer can
be reduced by adding positive ions of inorganic salts,
as shown in Fig. 7(a), which allows the hydrolyzed
silanol monomers to diffuse more easily and condense
on the SiO, surface by associating with the Stern layer.
The graph shows that the presence of potassium ions
(K™), at a concentration of 1 mmol/l in ethanol, has
an extensive attraction effect, increasing the average
size of SiO, particles up to 0.88 ym. Then, the average
size of SiO, particles slightly reaches 1.15 pm when
the concentration of KCl is increased to 4.0 mmol/l.
At the same time, the addition of KCl also improves
the distribution of particle size from 6.12% to 21.74%
RSD, while slightly decreasing the particle circularity
from 0.97 to 0.95. These results indicate that the
facilitating K ions enable continuous particle growth.
Some previous studies also revealed that the addition
of K* ions slightly decrease the electric surface poten-
tial while increasing the size of silica particles [35].

However, the uniformity of the intermediate de-
position during the growth process can be difficult to
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control, due to the influence of the reduction agent.
Specifically, the rapid deposition rate of intermediate
suspension onto the unstable primary particles leads
to a less spherical shape with multi-modal distribution,
as depicted with yellow circles in Fig. 7(f-h). Fur-
thermore, an experiment with a high concentration of
KCl at 5.0 mmol/] agrees with Nakabayashi et al [21],
which suggests that the overabundant positive charge
of K* instantly accelerates the aggregation of small
primary particles. This, in turn, changes the spherical
shape of the final particles to an irregular form, as
shown in the SEM image in Fig. 7(i).

The surface potential value does not directly relate
to the concentration of KClI or the participation of K* at
the particle surface but rather to the particle size itself.
As shown in Fig. 7, particles of 0.49 nm size exhibit
a zeta potential of —23.9 mV + 3.5 mV. However, this
becomes more negative (—48.0 mV *+ 4.1 mV) when
the particle size increases to 1.01 ym. Furthermore,
the presence of smaller particles dramatically reduces
the overall negative charge of the SiO, surface from
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—39.7 mV + 3.7 to —27.2 mV %+ 3.8 mV, as shown
in Fig. 7(g,h). Based on these results, a KCl concen-
tration of 2.0 mmol/l was chosen for the following
experiments, as it provides a narrow size distribution
(11.11% RSD) with good circularity (0.97).

Temperature

Fig. 8(a) illustrates the effect of temperature on the
chemical reaction rate and final size of SiO, particles.
These experiments were conducted using a modified
Stober method with a catalytic solution containing
2.0 mmol/1 KCl and a temperature range of 0 to 50°C
over a period of 24 h. The result shows that, at 25°C,
the size of SiO, particles was approximately 0.99 pm,
three times larger than the average particle size of
SiO, (0.34 ym) at 0°C after 24 h. However, the
distribution also increased considerably from 8.82% to
11.11% RSD. In contrast, the circularity results show
only minor variations (0.95-0.97).

The first experiment was conducted at 0°C for
24 h. It was found that the average size of SiO,
particles was approximately 0.34 pm due to the low
hydrolysis and condensation reaction rate at low tem-
peratures. The average size of SiO, particles increased
to approximately 0.99 nm after 24 h when the op-
erating temperature was around 25°C, almost three

times larger than the average particle size of SiO,
(0.39 pm) at 0°C. However, the size distribution of
0°C and 25 °C slightly increased from 8.82% to 11.11%
RSD, but the size distribution dramatically increased
when the temperature was raised to 50°C (43.58%
RSD). In contrast, the circularity results show only
minor variations, ranging between 0.95 and 0.97.
Scientists also discovered that low temperatures
result in a slow hydrolysis reaction rate, expanding
the nucleation period. This process generates a small
number of small particles, which can subsequently
grow over an extended period. Most TEOS precur-
sors undergo rapid hydrolysis at high temperatures,
generating silanol monomers. The high hydrolysis
reaction rate causes the concentration of silicic acid
monomers to instantly reach the critical saturation
level and generate SiO, nuclei through the conden-
sation reaction [16,36]. According to Tan et al [16]
and Matsoukas et al [12], the hydrolysis reaction rate
increases significantly compared to the rate of con-
densation reaction as temperature rises, leading to a
decrease in the average size of the particles.
Additionally, Glesch [34] and Park et al [37] also
verified that an increase in temperature raised the
nucleation rate and shortened the nucleation period.
Therefore, higher temperatures could produce more
nuclei in a short inter-distance, providing smaller par-
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ticles with narrower size distribution.

This suggests that the operating temperature con-
trols the rate of the chemical reaction, which has
an entirely different effect on the particle size and
distribution. In conclusion, a temperature of 25°C
was selected for further investigation since it is the
most suitable operating temperature for producing
SiO, microspheres with high uniformity and circularity.

Bi-directional mixing

In the conventional mixing method, a magnetic bar
and stirrer are commonly used to homogenize mixable
liquids or disperse solid particles in liquids, with a
specific flow pattern by rotating the magnetic stirrer in
one direction. However, during the synthesis of SiO,
particles, the particles tend to aggregate together at
the container walls due to their weight and centrifugal
force, resulting in a large size distribution of particles.

To address this issue, bi-directional stirring was
used to increase the homogeneity of the solution by
rotating the magnetic stirrer in opposite directions, cre-
ating a more turbulent flow pattern [20]. Experiments
were conducted to compare the efficacy of one- and
bi-directional stirring at different cycles (10, 20, and
30 cycles per hour). All experiments were conducted
at the same stirring speed (300 rpm) and temperature
(25°C) for 24 h.

SEM images show the morphology of SiO,
microspheres synthesized through one-directional
(Fig. 8(c)) and bi-directional mixing processes at 10,
20, and 30 cycles per hour, respectively (Fig. 8(d—f)).
As shown in Fig. 8(b), the average particle size only
slightly changed from 0.99 to 1.06 pm, while the
distribution significantly improved from 11.11% to
6.60% RSD with perfect circularity (0.96), when
bi-directional cycles were increased to 30 cycles per
hour. However, the 30 cycles per hour of bi-directional
stirring was a limitation of this study because the fast
and strong convection force may cause the solution
to splash and a short period of reverse flow of the
solution may not be enough to fully homogenize it.

CONCLUSION

The direct mixing process in the Stober method results
in a narrower size distribution and better circularity
of SiO, particles than the injection mixing process due
to the equivalent nucleation and growth period. The
optimal concentration of precursor, catalyst, and re-
ducing agent effectively controls the balance between
nucleation and aggregation, producing particles with a
homogeneous size and shape. In the modified Stéber
method, potassium cations (K*) reducing capability
leads to excessive aggregation of intermediate sub-
stances, producing micron-sized SiO, particles with a
wider size distribution. The homogeneity of the SiO,
microspheres in the modified Stober method can be
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improved by applying a proper turbulence force using
the bi-directional stirring technique. It is important
to note that the particle circularity strongly correlates
with the narrow size distribution of SiO,, particles.
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