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SyntheSiS of Silica nanoparticleS from Sodium Silicate  
and carbon dioxide aS reactantS

in this study, Taylor-vortex reactor was adopted to synthesize silica nanoparticles from sodium silicate solution and carbon 
dioxide. The outstanding advantages of the reactor have been demonstrated by comparing the synthesis results of silica nanoparti-
cles by erlenmeyer reactor. The results showed that silica particles synthesized from Taylor-vortex reactor are smaller in size than 
silica particles synthesized from the erlenmeyer reactor. Sem images and histogram of particle size distribution obtained from 
experiments clearly exhibited that the concentration of Sio2 in the solution, reaction temperature, and rotation speed of the cylinder 
significantly affected morphology as well as size of the silica particles.
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1. introduction

Silicon is the second most abundant element in the earth’s 
crust and it links up with oxygen to form silica, the most com-
mon mineral on earth [1,2]. over the past decades, synthetic 
silica nanoparticles (SnPs) have become important ingredients 
in cosmetics, rubber tires, plastics, electronics, coating, and 
other applications. Because of its excellent properties such as 
high specific surface area, high porosity, low density, and good 
insulation, silica has been widely studied and used in recent 
years [3-6].

The three main classes of amorphous silica are pyrogenic 
silica, silica gel, and precipitated silica. among them, precipi-
tated silica has the greatest commercial significance. in labora-
tory scale, most of the silica is synthesized from tetraethyl ortho-
silicate (TeoS) as precursor by traditional sol-gel method [7]. 
However, TeoS is very expensive, so it costs a lot to synthesize 
silica particles. on the contrary, sodium silicate is known to be 
a economic material, because it is made from inexpensive and 
readily available raw materials. Therefore, utilizing sodium 
silicate as an alternative material to synthesize silica could be 
the most promising in the future [8]. 

in recent years, excessive increase of Co2 in the atmosphere 
is considered cause of climate change. Therefore, storage and use 
of Co2 is one of the practical environmental protection measures 

[9]. and carbonation method using Co2 feedstock in this study 
can contribute to this effort. The aim of this study is to compare 
the structure and properties of silica particles generated from the 
erlenmeyer reactor and the Taylor-vortex reactor. Structurally, 
the erlenmeyer reactor is a commonly used laboratory flask with 
a conical shape, featuring a narrow neck and a wider base. it relies 
on manual stirring or shaking to enable the mixing and reactions 
between the reactants. in contrast, the Taylor-vortex reactor con-
sists of two concentric cylinders, with the inner cylinder rotating 
while the outer one remains stationary. This configuration creates 
a shearing effect between the cylinders, leading to enhanced mix-
ing and flow characteristics. methodologically, the erlenmeyer 
reactor utilizes conventional mechanical agitation methods, such 
as magnetic stirrers or manual shaking, to achieve the desired 
mixing of the reactants. Conversely, the Taylor-vortex reactor 
capitalizes on the principle of Taylor vortices, which are gener-
ated by the rotation of the inner cylinder. The rotation induces 
complex flow patterns characterized by axial and azimuthal 
flow components, thereby facilitating improved mass transfer 
and reaction kinetics.

The structural and methodological distinctions between 
the erlenmeyer and Taylor-Couette reactors are vital for under-
standing the observed variations in silica particle synthesis. By 
providing an in-depth description of these disparities, a clearer 
understanding can be gained as to why silica particles synthesized 
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in the Taylor- vortex reactor exhibit superior characteristics, such 
as smaller and more uniform particle size, compared to those 
produced in the erlenmeyer reactor [10,11].

2. experimental 

in this study, sodium silicate solution was purchased from 
Samchun Chemical and used as a starting material for synthesis 
of silica nanoparticles. Co2 gas was procured from Daesung 
gases Co., ltd. as the reactant.

The synthesis process was divided into 2 stages: precipita-
tion of silica nanoparticles and washing of the precipitate by 
vacuum pump filtration. in this study, precursor of Sio2 concen-
trations of 6, 8, and 10% were diluted from the na2Sio3 stock 
solution. Before starting precipitation reaction, each solution was 
stirred for 30 minutes to make a homogeneous solution. after 
30 minutes, Co2 was introduced at specified flow rate. The reac-
tion was terminated when the solution turned from transparent 
to milky white, until pH was recorded from 10 to 10.5. Then, 
the solution was aerated by letting it stand for 3 hours. in the 
second stage, the precipitate was washed with sufficient amount 
of water using a vacuum pump filtration system. pH of the solu-
tion before and after washing was recorded as 10.0 to 10.5 and 
6.0 to 6.5, respectively. The reaction of sodium silicate solution 
and Co2 resulted in precipitated silica nanoparticles and sodium 
carbonate salt. The salts need to be removed so as not to affect 
purity and surface area of the silica product. The method of salt 
washing by vacuum pump system can be considered effective, 

when it is possible to remove all the salts from the precipitated 
silica particles. The precipitated silica nanoparticles after wash-
ing were allowed to dry at room temperature for 24 hours. The 
synthesis was performed in the same way in the erlenmeyer and 
Taylor-vortex reactor.

morphologies of the precipitated silica were character-
ized by field emission scanning electron microscope (Sem, 
nova nanoSem 450, fei). fT-ir spectra of the samples were 
measured using an fT-ir spectrometer (nicolet iS5, Thermo 
fisher Scientific co. ltd). X-ray diffraction (XrD) patterns 
were recorded with a BruKer D2 PHaSer diffractometer 
that used CuKα radiation (30 kV, 10 mA, λ = 1.54184 Å) with 
a scan range of 2θ = 10-80°. Chemical composition of synthe-
sized silica nanoparticles was analyzed using X-ray fluorescence 
(X-ray fluorescence analyzer meSa-50, HoriBa Scientific) 
measurements.

3. results and discussion

in the carbonation method, Co2 is used as a reactant. for 
precipitation, aqueous sodium silicate reacts with Co2 accord-
ing to the following reaction, forming silica nanoparticles and 
sodium carbonate.

 na2Sio3 + Co2 + H2O → SiO2 + na2Co3 + H2o

Process of synthesizing silica nanoparticles from sodium 
silicate solution by carbonation is shown in fig. 1. after Co2 
and sodium silicate were reacted, mixture of hydrated silica 

fig. 1. Synthesis of silica nanoparticles using (a) erlenmeyer and (b) Taylor-vortex reactor. (c) fT-ir spectrum and (d) XrD analysis result of 
silica nanoparticles
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nanoparticles and naCl was washed with water using a vacuum 
filtration system for complete removal of naCl from the mixture. 
resulting samples were naturally dried within 24 hours. Com-
position of the dried powder was determined as silica by fT-ir 
spectrum and XrD analysis as presented in fig. 1(c) and 1(d), 
respectively. in fig. 1(c), broad ir band at around 3,300 cm–1 is 
due to the stretching vibration of Si-oH groups of precipitated 
Sio2. Bending vibration of oH groups was also observed at 
around 1,635 cm–1. asymmetric stretching vibrations of  Si-o-Si 
groups was confirmed by the ir band at 1,000 to 1,200 cm–1 
[12,13]. The ir spectrum of silica nanoparticles synthesized from 
carbonation method was also compared with the ir spectrum of 
silica nanospheres synthesized from the Stober method in fig. 
1(c). The results show that stretching and bending vibrations 
of Si-oH groups, oH groups, and siloxane bonds (Si–o–Si) of 
both ir spectrums are the same. Crystallinity of the sample was 
examined by XrD and presented in fig. 1(d), which shows that 
synthesized silica nanoparticles is amorphous with high purity, 
because no other sharp crystal diffraction peaks were detected 
[3,9]. Xrf analysis was carried out to determine chemical com-
position of the silica product. XrD analysis result shows that the 
component is dominated by Sio2 (96.05%) and a small amount of 
other impurities, indicating that synthesis of silica nanoparticles 
by carbonation method resulted in high-purity silica. 

To investigate factors affecting shape and size of silica na-
noparticles, a series of experiments were performed according to 
the conditions summarized in TaBle 1. for Sem observation, 
electron microscope images in fig. 2 were taken at high mag-
nification (200,000 X) to clearly observe the primary particles. 
morphology of silica synthesized from two reactors such as er-

lenmeyer and Taylor-vortex using na2Sio3 concentration of 6% 
(SnPs1, SnPs4 samples) are all dense agglomerates as shown 
in fig. 2(a) and 2(d). The morphology of samples synthesized 
with 8 and 10% of na2Sio3 concentrations (SnPs2, SnPs3, 
SnPs5, SnPs6 samples) was observed as porous agglomerates 
as presented in fig. 2(b), 2(c), 2(e), and 2(f), respectively. 

TaBle 1

a detailed description of the silica synthesis experiment

Sample 

experimental conditions
na2Sio3 

concentra-
tion (%)

co2
(l/min)

rotation 
speed
(rpm)

tempe- 
rature 
(℃)

reactor type

SnPs1 6 10 505 25 erlenmeyer
SnPs2 8 10 505 25 erlenmeyer
SnPs3 10 10 505 25 erlenmeyer
SnPs4 6 10 505 25 Taylor-vortex
SnPs5 8 10 505 25 Taylor-vortex
SnPs6 10 10 505 25 Taylor-vortex
SnPs7 10 10 712.5 25 Taylor-vortex
SnPs8 10 10 920 25 Taylor-vortex
SnPs9 10 10 1127.5 25 Taylor-vortex
SnPs10 10 10 505 40 Taylor-vortex
SnPs11 10 10 505 60 Taylor-vortex
SnPs12 10 10 505 80 Taylor-vortex

Sizes of primary particles of silica nanoparticles were meas-
ured and re-presented as particle size distribution histograms 
shown in the inset. Specifically, fig. 2(a), 2(b), and 2(c) are the 
results of size distribution of silica nanoparticles synthesized by 

fig. 2. Sem image and particle size distribution (inset) of silica nanoparticles synthesized by erlenmeyer reactor with na2Sio3 concentrations of 
6% (a), 8% (b), and 10% (c), respectively. Sem image and particle size distribution (inset) of silica nanoparticles synthesized by Taylor-vortex 
reactor with na2Sio3 concentrations of 6% (d), 8% (e), and 10% (f), respectively
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erlenmeyer reactor with na2Sio3 concentrations of 6% (SnPs1), 
8% (SnPs2), and 10% (SnPs3), respectively. The histograms 
show that the primary particle size range from 25 to 105 nm with 
average particle size of 42.6, 43.63, and 53.22 nm, respectively. 
fig. 2(d), 2(e), and 2(f) are the results of the particle distribution 
of silica nanoparticles synthesized by Taylor-vortex reactor with 
na2Sio3 concentrations of 6% (SnPs4), 8% (SnPs5), and 10% 
(SnPs6), respectively. The results show that primary particles 
are ranged from 11 to 35 nm with average particle size of 17.19, 
22.72, and 26.56 nm, respectively. This result has been charted in 
fig. 3(a), and it can be seen that silica nanoparticles synthesized 

by Taylor-vortex reactor showed homogeneous morphology with 
primary particle size smaller than the silica particles prepared 
using erlenmeyer reactor (less than approximately 1/2 the size). 

To test the effect of na2Sio3 concentration on average par-
ticle size, na2Sio3 concentration was varied as a range from 6 to 
10%, while fixing other reaction conditions. The average particle 
size of silica particles increased with increasing concentration 
of na2Sio3, as presented in fig. 3(a). it can be speculated that 
high concentration of na2Sio3 promoted rapid growth of the 
crystal nucleus. at the same time, increasing concentration of 
na2Sio3 hindered homogeneous dissolution of Co2 gas, because 
of increased viscosity of reaction solution. finally, coagulation 
of nuclei caused the formation of larger particles. To test effect 
of rotation speed of inner cylinder of Taylor-vortex reactor, the 
rotation speed was varied at a range from 505 to 1,127.5 rpm, 
while fixing other reaction conditions. The average particle size 
of silica particles increased with increasing rotation speed, shown 
in fig. 3(b). The high rotational speed may promoted growth of 
the crystal nucleus resulting in a larger size of the produced silica 
[3]. To find effect of reaction temperature on average particle 
size, synthesis was performed at na2Sio3 concentration of 10% 
for various reaction temperature at a range from 25 to 80°C, 
while fixing other factors. according to the results in fig. 3(c), 
size of silica nanoparticles increased with increasing reaction 
temperature. as reaction temperature increased, it promoted 
growth rate of the nucleus faster than nucleation rate, resulting 
in larger particle size. 

4. conclusions

Synthesis process of silica nanoparticles using Taylor-
vortex reactor was carried out using economic raw materials 
such as na2Sio3 and Co2. The results showed that relatively 
small-sized silica particle (about 17.19-22.72 nm) could be syn-
thesized with na2Sio3 concentration from 6 to 8%, Co2 flow rate 
as 10 l/min, reaction temperature of 25°C, and rotation speed of 
505 rpm. By using Taylor vortex reactor, Taylor flow promoted 
ideal mixing of reacting solution to produce silica nanoparticles 
with uniform shape and size. 
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