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Effect of hydrophilic polymers on the formation of size-controllable 
aqueous droplets in water-in-oil emulsion and the fabrication of porous 
micro-silica particles therefrom
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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• Porous micro-silica particles were syn-
thesized via emulsion process with hy-
drophilic polymers.

• The synthesis conditions were varied in 
terms of type, molecular weight, and 
concentration of polymers.

• The porous micro-silica particles were 
controllable in a size range of 1–30 μm.

• The pore size of silica particles could be 
adjusted from mesopore to macropore.
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A B S T R A C T

Size-controllable droplets were formed in a water in oil (W/O) emulsion using only hydrophilic polymers without 
a surfactant to fabricate porous micro-silica particles larger than 20 μm. Droplets of various size ranging from 1 
to 30 μm were prepared by emulsifying aqueous solutions containing four types of polymers, namely poly-
ethylene glycol (PEG), polyvinyl alcohol (PVA), polyvinylpyrrolidone (PVP), and polypropylene glycol (PPG), in 
a pentanol oil phase. Following the addition of tetraethyl orthosilicate (TEOS) as a silica precursor, silica par-
ticles were grown via hydrolysis and condensation reactions. The silica particle size depends on the degree of 
hydrophilicity of the polymers, which determines the interfacial tension between the water droplets and oil. 
Micro-silica particles >20 μm were obtained from PEG-based emulsion droplets. Notably, the distribution and 
stability of silica particles can be optimized by controlling the molecular weight and concentration of the hy-
drophilic polymer. A porous silica structure was successfully obtained by decomposing the residual polymer via 
an appropriate calcination process. The most uniform and stable porous micro-silica particles with an average 
size of 20 μm were obtained from an emulsion containing 5 wt% PEG (molecular weight: 4000) after calcination 
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at 500 ◦C. This novel process enables the eco-friendly synthesis of porous micro-silica particles using only hy-
drophilic polymer without a surfactant and control of pore size and particle size of >20 μm.

1. Introduction

Silica is widely used as an essential material in numerous applica-
tions in a variety of industries. For example, porous silica, which has a 
high surface area and pore structure, has been employed in a diverse 
range of fields such as drug delivery systems [1,2], catalysts [3,4], ad-
sorbents [5], and chromatography [6,7]. In the pharmaceutical and 
catalytic industries, porous silica improves drug delivery, release, and 
reaction efficiency [8,9]. Environmental engineering plays an important 
role in the adsorption and removal of pollutants [10,11]. Chromatog-
raphy allows efficient separation and purification for specific applica-
tions, including pharmaceutical production, vaccine development, and 
biochemical analysis [12–14]. Consequently, the demand for porous 
silica has continuously increased.

Two features, namely monodispersity and precise control of silica 
particle size, are particularly important for silica applications [15–17]. 
Monodispersity means that all particles have a similar size, which helps 
ensure consistent behavior in biological systems. Monodispersity is 
particularly important when attempting to achieve predictable drug 
release and therapeutic effects. Uniformly sized silica particles can be 
well-distributed in the body, which increases their likelihood of reach-
ing the target area and delivering efficient therapy. The high uniformity 
of silica particle size not only improves the efficiency of drug delivery, 
but also enhances reproducibility and reliability [18–21].

The required size of the prepared silica particles varies depending on 
the application field [22,23]. For example, for therapeutic applications, 
nanosized particles are desirable for maximizing the effectiveness of a 
drug because they can easily penetrate the body and selectively target 
specific tissues [24,25]. In contrast, for chromatography, nanosized 
particles may lead to a pressure drop, reducing the separation efficiency 
[26]. Instead, the separation efficiency can be enhanced using a rela-
tively large particle size [13,14,27]. Therefore, for such applications, it 
is necessary to synthesize large (or at least microscale) silica particles.

Researchers have used various methods to synthesize silica particles, 
including sol–gel [28–30], seed growth [31–33], emulsion [34,35], and 
polymer-induced colloid aggregation (PICA) [36,37] methods. Among 
these, the sol–gel process is the most representative and effective 
method for synthesizing monodisperse spherical silica particles [38,39]. 
This synthesis process involves hydrolysis and condensation reactions 
with a silica precursor under acid or basic conditions, to generate silica 
particles ranging from 0.05 to 2 μm [40]. Wang et al. investigated the 
effects of precursors, ammonia, and water on the silica particle size and 
distribution using the Stöber process and synthesized silica nano-
particles with sizes ranging from 30 to 1000 nm [8]. However, re-
searchers have been unable to synthesize silica particles larger than 1 μm 
with the Stöber method [41]. To overcome this limitation, the seed 
growth method, which involves introducing small seed particles into an 
ammonia solution, followed by a reaction with a silica precursor, has 
been employed to form larger, uniform particles [31,42]. Giesche et al. 
successfully synthesized 3.6-μm silica particles via the seed growth 
process by continuously adding a mixture of alcohol and precursor into 
the growth solution [32]. In addition, 7 μm silica particles were obtained 
by adjusting the injection rate of the precursor and adding electrolytes 
[43].

Another well-known silica particle synthesis method is emulsifica-
tion. An emulsion is formed in an oil (W/O) or a water (O/W) phase and 
stabilized with surfactants [44]. An emulsion served as a template for 
synthesizing silica particles using a silica precursor. The size and 
morphology of the resulting silica particles can be effectively tailored by 
adjusting the water droplet size in the emulsion and varying other 
conditions such as the type of surfactant, reagent concentration, and 

reaction time [14]. Notably, the inclusion of surfactants or polymers 
during the synthesis can induce a porous silica particle structure [45]. 
Monodisperse silica particles can be obtained by emulsification using 
nonionic surfactants and silica precursors. Compared with other ap-
proaches, the emulsion method is a relatively simple process and does 
not require special equipment; thus, it is an effective way to synthesize 
silica particles for applications in various industries [44,46].

The emulsion method can also be used to prepare microsized silica 
particles. Spherical silica particles with an average diameter of 3.6 μm 
were synthesized in a water-in-oil (W/O) emulsion containing surfac-
tants [47]. The effect of synthesis time on the morphology of the silica 
particles was further investigated, and micro-sized silica particles in a 
size range of 5.4–8.2 μm were obtained [48].

However, relatively few studies have been conducted on the syn-
thesis of microsized silica particles using an emulsion process. In addi-
tion, research on the preparation of porous silica particles larger than 10 
μm are limited. Surfactants are typically employed in emulsion processes 
to produce monodisperse silica; however, this may lead to experimental 
complexity and environmental issues during the surfactant removal 
process [49].

This study proposes a relatively eco-friendly method to synthesize 
porous silica particles in the size range of 10–20 μm using non-toxic 
hydrophilic polymers instead of surfactants. Porous silica was synthe-
sized using an in situ emulsion process. In addition, the effects of the 
type, concentration, and molecular weight of the hydrophilic polymers 
on the size and distribution of the silica particles were investigated. 
After removing the polymers by thermal degradation, the pore struc-
tures of the resulting porous silica particles were examined.

2. Experimental

2.1. Materials

Tetraethyl orthosilicate (TEOS; 98 %) was used as the silica precur-
sor. 1-Pentanol (99 %) served as the oil phase, and polyethylene glycol 
(PEG) of various molecular weights (molecular weight: 4000, 10,000, 
and 20,000) was used as a porogen as well as a stabilizer for the emul-
sion structure. Polyvinyl alcohol (PVA; molecular weight: 
300,000–50,000), polyvinylpyrrolidone (PVP; molecular weight: 
40,000), and polypropylene glycol (PPG; molecular weight: 425) were 
employed as other hydrophilic polymer candidates. These materials 
were purchased from Sigma-Aldrich. Absolute ethanol (99.9 %, DUK-
SAN) was used as the solvent, and ammonium hydroxide (25 %, Merck) 
served as the catalyst. All the chemicals were used without further pu-
rification. Deionized water was obtained using a Milli-Q Plus system.

2.2. Preparation of porous micro-silica using an emulsion method

Porous microsilica was prepared by an emulsion method with 1-pen-
tanol, hydrophilic polymers (PEG, PVA, PVP, and PPG), ethanol, 
ammonium hydroxide, and TEOS. In particular, various molecular 
weights and concentrations of PEG were used to observe their effects on 
the properties of the silica particles.

To prepare polymer solutions, a specific concentration of the poly-
mer was dissolved in 10 ml of deionized water, followed by stirring at 
400 rpm for 1 h. In the case of the PVA polymer solution, unlike the 
procedure for the PVP, PPG, and PEG polymers, an additional heating 
process was carried out at 80 ℃ for 2 h to completely dissolve the 
polymer. The polymer solution (1 ml) was then added to 7 ml of 1-pen-
tanol. The mixture was manually shaken vigorously for 20 s to obtain a 
homogeneous emulsion. Ethanol, ammonium hydroxide, and TEOS (0.5 
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ml each) were sequentially added to the emulsion (Fig. S1), followed by 
thorough shaking by hand for 20 s at each stage (Fig. S2). The mixture 
was left to stand for 12 h to allow the growth of silica particles from the 
droplets formed in the emulsion via hydrolysis and condensation re-
actions (Fig. S3). Following the reaction, the mixture was poured onto a 
ceramic plate and dried in an oven at 70 ℃ for 3 h. The dried powder 
was calcinated at temperatures of 400–600 ℃ for 2 h at a ramping rate of 
1 ℃/min to remove the residual polymer. Detailed synthesis conditions 
are listed in Table 1.

2.3. Characterization

The morphologies of the porous microsilica particles were examined 
using scanning electron microscopy (SEM; COXEM-EM30N) at an 
accelerating voltage of 20 kV. An optical microscope (Primovert, ZEISS) 
was used to observe the size and shape of the droplets formed in the 
emulsion.

A thermogravimetric analysis (TGA; SDT Q600) and a differential 
thermal analysis (TGA/DTA, NETZSCH STA 409 PC/PG) were con-
ducted to examine the thermal properties of the silica particles. First, a 
platinum crucible containing 10 mg of the sample was subjected to 
increasing temperature at a rate of 10 ℃/min, reaching a maximum of 
800 ℃ under a flow of air.

Brunauer–Emmett–Teller (BET) specific surface areas and pore vol-
umes were measured via N2 adsorption (Micromeritics ASAP 2460). The 
pore size distribution was calculated using the Barrett–Joyner–Halenda 
(BJH) and nonlocal density functional theory (NLDFT; equilibrium 
model N2 @ 77 K on silica (cylindrical pores)) methods. Prior to the 
analyses, the samples were degassed at 200 ℃ for 10 h.

Fourier transform infrared (FT-IR) spectroscopy (SP8000, Perki-
nElmer) was used to analyze the chemical structure of the samples over a 
spectral range of 4000–600 cm− 1. The dried samples (2 mg) were finely 
powdered and mixed with KBr (230 mg). The silica-KBr mixture was 
compressed at a pressure of 9–10 bar to produce transparent pellets. The 
obtained spectra were evaluated to determine the functional groups and 
chemical bonding properties.

X-ray diffraction (XRD) analyses were performed to investigate the 
silica structure after being calcined at different temperatures (400, 500, 
and 600 ℃). XRD was used to analyze the crystalline structure, phase 
composition, and potential changes in the crystallinity of silica as a 

function of the calcination temperature. XRD patterns of the silica 
powder were recorded using a Rigaku D/Max-2200 V diffractometer 
equipped with a Cu tube and graphite monochromator at 40 kV.

Viscosity was measured at 25 ℃ using a viscometer (LVDV2 + Pro, 
Brookfield) equipped with an SCP-18 spindle. The interfacial tension 
between the polymer aqueous solution and oil phase was measured 
using a contact angle measuring system (KRUSS, DSA 100). The 
microsilica particle size was analyzed using a particle size analyzer 
(PSA; LA-960, Horiba). Transmission electron microscopy (TEM) images 
of the microsilica particles were obtained using a Jeol JEM-2100Plus 
transmission electron microscope operating at 200 kV.

3. Results and discussion

3.1. Morphology of the emulsion droplets derived from hydrophilic 
polymers with different molecular weights and concentrations

Fig. 1(a) shows the optical microscopy images of the emulsions 
formed by dispersing an aqueous polymer solution in an oil (pentanol) 
phase using different polymers (PPG, PVP, PVA, and PEG). The forma-
tion mechanism of the porous microsilica particles via the emulsion 
method is shown in Fig. S4. The polymer concentrations of all the 
samples were maintained at 5 wt%. The largest droplet size was 
observed in the emulsion dispersed in the PEG aqueous solution, 
whereas PPG and PVP formed relatively smaller droplets. This is 
attributed to the different hydrophilic properties of the polymers, which 
affect the droplet size in the emulsion by altering the interfacial energy 
between the water and oil phases (Table S1) [50,51].

The interfacial tensions of the polymer aqueous solutions in oil were 
as follows: PEG (35.8 mN/m) > PVA (25.1 mN/m) > PVP (8.63 mN/m) 
> PPG (7.57 mN/m). The hydrophilicities of PPG and PVP were lower 
than those of PEG and PVA; this affected the amphiphilic characteristics 
of the water and oil phases, leading to smaller droplet sizes by sub-
stantially reducing the interfacial tension (Fig. 2) [52–54].

In particular, the smallest droplet size was observed in the emulsion 
dispersed in the PPG aqueous solution, which had the lowest hydro-
philicity among the four polymers and interacted the most with penta-
nol. In contrast, PEG and PVA, which had better hydrophilic properties, 
produced larger droplets by maintaining or slightly lowering the inter-
facial energy without coalescence or flocculation.

Droplets prepared without a hydrophilic polymer tended to easily 
combine with each other (coalescence) owing to high interfacial tension, 
forming irregular and excessively large droplets (Fig. S5) [55–57]. 
Consequently, the relatively amphiphilic PPG and PVP were critical for 
the formation of smaller droplets in the emulsion, whereas the highly 
hydrophilic PEG and PVA contributed to the development of larger 
droplets. Varying the hydrophilicity of the polymer enabled control of 
the droplet size in the emulsion from sub-micrometers to tens of 
micrometers.

It was also confirmed that employing a hydrophilic polymer resulted 
in a stable emulsion that was effective in forming and stabilizing 
emulsion droplets.

Fig. 1(b) shows the optical microscopy images of droplets of an 
aqueous solution dispersed in an oil phase according to the molecular 
weight of PEG. For PEG 200, the droplet size was very small at about 2 
μm, and it had a non-uniform size distribution with a range of 1–5 μm. In 
contrast, droplets of 20–30 μm were observed in the emulsions derived 
from PEG 4000, 10,000, and 20,000. This can be attributed to the dif-
ferences in the viscosities of the polymers according to their molecular 
weights (Table S1). The viscosity of the aqueous solution increased as 
the molecular weight of PEG increased (Fig. 3(a)).

High-viscosity polymer aqueous solutions appeared to suppress the 
formation of small droplets and stabilize large droplets within the 
emulsion. The long chains of high-molecular-weight polymers cause 
entanglements between chains, which become more severe with higher 
molecular weights, lowering the fluidity of the solution and increasing 

Table 1 
Various conditions employed for silica synthesis via emulsion method.

Sample Polymer[wt.%] Molecular 
Weight (Da)

Calcination 
Temperature (℃)

PPG PVP PVA PEG

1 (Fig. 3
(a))

5 425 500

2 (Fig. 3
(b))

5 40,000 500

3 (Fig. 3
(c))

5 30,000–50,000 500

4 (Fig. 3
(d))

5 4000 500

5 (Fig. 5
(c))

5 10,000 500

6 (Fig. 5
(d))

5 20,000 500

7 (Fig. 7
(a))

3 4000 500

8 (Fig. 7
(c))

7 4000 500

9 (Fig. 8
(c))

5 4000 400

10 (
Fig. 8
(c))

5 4000 600

* Other additives: EtOH (0.5 ml), ammonium hydroxide (0.5 ml), and 0.5 ml 
TEOS.
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viscosity. This interaction lowers the activity of droplets in the emulsion, 
thereby limiting the formation of small droplets.

In contrast, a low-viscosity aqueous solution allows the formation of 
small droplets. Therefore, the emulsion derived from PEG 200 formed 
small droplets owing to the low viscosity of the aqueous solution, 
whereas the high-viscosity emulsions of PEG 4000, 10,000, and 20,000 
formed large droplets.

However, polymers with low interfacial tension, such as PPG and 
PVP, did not form large droplets, despite increased viscosity (Table S1
and Fig. S6). Therefore, both the interfacial tension and viscosity of the 
solution simultaneously control the size of the droplets in emulsions 
based on hydrophilic polymer aqueous solutions.

Fig. 1(c) shows the optical microscope images of the droplets in the 

emulsion according to the PEG concentration. The emulsion droplets 
prepared with an aqueous solution containing 3 wt% PEG resulted in a 
relatively small average droplet size of 10 μm. For the emulsion formed 
with 5 wt% PEG, the droplet size tended to increase to about 15–20 μm, 
while, the droplet size achieved with 7 wt% PEG exceeded 20 μm.

Generally, the addition of a polymer to an emulsion affects the 
interfacial energy of the resulting polymer aqueous solution. Even when 
the polymer is highly hydrophilic, the polymer chains can interfere with 
hydrogen bonding between the water molecules in the droplets, which 
decreases the water–oil interfacial tension [58]. This decrease in the 
interfacial tension eventually reduces the emulsion droplet size.

However, in this study, the droplet size increased despite an increase 
in polymer concentration. This can be attributed to the increase in the 

Fig. 1. Optical microscope images of emulsion droplets prepared with (a) different polymers (PPG, PVP, PVA, and PEG (5 wt% PEG 4000)), (b) different molecular 
weight of PEG (200, 4000, 10,000, and 20,000 (Conc.: 5 wt%)), and (c) different PEG concentration (3, 5, and 7 wt% (molecular weight: 4000)).

Fig. 2. Schematic illustration of droplet formation in emulsion with various hydrophilic polymers.
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viscosity of the aqueous solution with increasing PEG concentration 
(Fig. 3(b)), which is similar to the trend observed with increasing 
polymer molecular weight (Fig. 1(b)). A higher PEG concentration 
causes the polymer chains to become more entangled in the solution. 
Furthermore, the polymer occupies more space in the solution, which 
hinders the flow of the solution and increases its viscosity.

In particular, the viscosity of the aqueous solution with 7 wt% PEG 
increased rapidly, resulting in large droplets with size exceeding 20 μm.

3.2. Morphology of porous micro-silica particles derived from hydrophilic 
polymers with different molecular weights and concentrations

Fig. 4(a) presents SEM images of the micro-silica particles derived 
from emulsions based on the four polymers. The micro-silica particles 

were observed after calcination at 500 ℃, and all the samples showed 
significantly different particle sizes (Fig. 5(a)). In this study, particle size 
indicates the diameter of spherical silica. The silica particles derived 
from PPG had a relatively small size in the range of 1–8 μm, with an 
irregular morphology. The silica particles derived from PVP showed a 
slightly more uniform structure than that of PPG but still exhibited a 
broad size distribution and particle size as small as 7 μm. In contrast, the 
PVA and PEG-based silica particles were relatively uniform and spher-
ical with average sizes of approximately 15 and 20 μm, respectively. A 
slightly larger particle size was observed for the PEG-based silica.

These trends were consistent with the droplet size results shown in 
Fig. 1(a). The initial droplet size played a critical role in determining the 
final size of the silica particles. The hydrolysis and condensation re-
actions were initiated as soon as the silica precursor penetrated the 

Fig. 3. Viscosity of PEG aqueous solutions prepared with different (a) polymer molecular weights and (b) concentrations (viscosity of water: 0.87 at 25 ℃; the 
number of repetitions of the experiments: 3, and error estimates: 4.2 %).

Fig. 4. SEM images of silica synthesized with different (a) polymers (PPG, PVP, PVA, and PEG (W. 4000; Cal. Temp. 500 ℃)), (b) PEG molecular weights (200, 4000, 
10,000, and 20,000 (Conc. 5 wt%; Cal. Temp. 500 ℃)), and (c) PEG concentration (3 wt%, 5 wt%, and 7 wt% ((M.W. 4000; Cal. Temp. 500 ℃)).
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emulsion droplets. Subsequently, silica particles formed by the con-
sumption of water in the droplets [44]. Consequently, the nucleation 
and growth of silica proceeds only in the droplets, and the final size of 
the silica particles is determined by the droplet size.

However, after synthesis, the microsilica particles were slightly 
smaller than the emulsion droplets. This is thought to occur because the 
silica density (general amorphous silica density is 2.2 g/cm3) is higher 
than that of the TEOS (0.9 g/cm3), resulting in particle shrinkage. 
Therefore, to obtain silica particles with sizes in the order of tens of 
micrometers, it is critical to initially form a large droplet. Among the 
four hydrophilic polymers, PEG was the most appropriate for producing 
large and uniform microsilica particles. Further experiments were per-
formed using PEG as the hydrophilic polymer additive for the aqueous 
solution in the emulsion.

Fig. 4(b) presents SEM images of the silica particles synthesized with 
different molecular weights of PEG (200, 4000, 10,000, and 20,000). A 
distinct difference in the microsilica particle size according to the mo-
lecular weight was observed (Fig. 5(b)). The size of the silica particles 
prepared with PEG200 was approximately 2 μm. This can be attributed 
to the small size of the emulsion droplets formed from the low-viscosity 
aqueous solution, as shown in Fig. 1(b). The small droplets in the 
emulsion prepared with the low-molecular-weight polymer formed 
small particles, similar to the results with different types of polymers, as 
indicated in Fig. 4(a).

Conversely, the sizes of the silica particles synthesized from PEG 
4000, 10,000, and 20,000 were significantly larger, resulting in spher-
ical porous silica particles larger than 10 μm. Uniform and relatively 
large droplets formed in the emulsion upon increasing the viscosity of 
the aqueous solution using high-molecular-weight PEG (Fig. 1(b)), 
which enabled the silica particles to effectively grow into large particles.

Nevertheless, the particle size distributions of the silica particles 
prepared with PEG 10,000 and 20,000 tended to be somewhat broad, 
even though the increase in the molecular weight was advantageous for 
the formation of large silica particles. Excessively high aqueous solution 
viscosity appeared to hinder the formation of uniform droplets. 
Furthermore, the viscosity rapidly increased with PEG molecular 
weights of 10,000 or more (Fig. 3(a)). Therefore, PEG 4000 was deter-
mined to be the optimal molecular weight for obtaining microsilica 
particles with the most uniform and desirable size.

Fig. 4(c) presents SEM images of silica synthesized with PEG con-
centrations of 3, 5, and 7 wt%. As the PEG concentration increased, the 
number of small silica particles (1–2 μm) decreased noticeably, and the 
overall particle size increased. This can be attributed to the increased 
viscosity of the aqueous solution at higher PEG concentrations, as shown 
in Fig. 1(c). The smallest silica particles were formed with 3 wt% PEG, 
which had the lowest viscosity, and a non-uniform particle distribution 
was observed. In contrast, for 5 wt% PEG, uniform silica particles of 20 

μm in size (Fig. 5(c)) were realized owing to an appropriate balance 
between the increase in viscosity and decrease in interfacial tension.

Even though the silica particle size increased remarkably at 7 wt% 
PEG (exceeding 25 μm), the particle size distribution was broad. The 
addition of too much polymer can hinder the formation of a uniform and 
stable emulsion owing to an excessive reduction in interfacial tension 
(water–oil phase) and an increase in viscosity (aqueous solution). In 
addition, some aggregation of the microsilica particles was observed at 
7 wt% PEG, as shown in the SEM images in Fig. 4(c). This led to a 
bimodal particle-size distribution of the silica particles, as shown in 
Fig. 5(c). Adding excessive amounts of PEG allows more PEG molecules 
to be present on the droplet surface, facilitating interactions such as 
hydrogen bonding between the PEG molecules during the silica growth 
process. Accordingly, a PEG concentration of 5 wt% was determined to 
be optimal for the formation of uniform and large microsized silica 
particles.

Consequently, several factors are critical during silica synthesis via 
the emulsion method, such as adjusting the polymer concentration, 
molecular weight, and type of polymer added to the emulsion. These 
variables should be carefully considered to achieve the desired micro-
silica particle size and distribution. Furthermore, the narrowest particle 
size distribution was obtained for sample 4 (5 wt% PEG 4000), whose 
d90/d10 value was 2.5. Although this was not a monodisperse size 
distribution, the new synthesis method in this study seems to be a good 
process to prepare silica particles larger than 10 μm with a d90/d10 
value of 2.5.

3.3. Effect of calcination temperature on porous micro-silica particle 
properties

The thermal properties of the micro-silica particles prepared with 5 
wt% of PEG 4000 were observed up to 800 ℃ via TGA, as shown in Fig. 6
(a). The decomposition temperature and weight ratio of the organic 
substances in the microsilica particles were investigated in air. The 
initial weight loss at 100 ℃ was assigned to the evaporation of water. 
Thereafter, lasting weight loss was observed between 150 and 500 ℃. 
The decomposition of the PEG polymer began at 150 ℃ and rapidly 
decreased up to 200 ℃. The remaining PEG gradually decomposed 
above 200 ℃, and it was completely decomposed at 500 ℃. This in-
dicates that the polymer can be completely removed at a calcination 
temperature of at least 500 ℃. The total weight loss at 600 ℃ was 
approximately 25 %, indicating the porous structure of the micro-silica 
particles. More detailed thermal properties of the microsilica particles 
are shown in Fig. S7.

The functional groups of the synthesized silica were investigated 
according to the calcination temperature via an FT-IR analysis (Fig. 6
(b)). Silica particles synthesized with 5 wt% PEG 4000 were prepared at 

Fig. 5. Particle size distribution of the silica synthesized with different (a) polymers (PPG, PVP, PVA, and PEG (molecular weight: 4000; Cal. Temp.: 500 ℃)), (b) 
PEG molecular weights (200, 4000, 10,000, and 20,000 (Conc.: 5 wt%; Cal. Temp.: 500 ℃)), and (c) PEG concentration (3, 5, and 7 wt% ((molecular weights: 4000; 
Cal. Temp.: 500 ℃)).
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a sintering temperature of 400–600 ℃. The peaks assigned to 764 and 
1052 cm− 1 indicate the Si–O–Si symmetric and asymmetric stretching 
vibrations, respectively. Si–OH and OH groups appeared at 966 and 
3300 cm− 1, respectively. The C–H group of PEG was observed at 1341, 
1460, and 2890 cm− 1. The Si–OH and Si–O–Si groups appeared 
simultaneously in the synthesized silica particles owing to the hydrolysis 
and condensation reactions prior to calcination. The Si–OH peak 
gradually decreased with increasing calcination temperature, whereas 
the Si–O–Si peak became stronger. This indicates that most of the 
Si–OH groups obtained by hydrolysis were converted to Si–O–Si 
groups during calcination. In addition, the C–H group of PEG was not 
observed in the calcined silica, indicating that PEG was removed during 
the calcination process. Furthermore, the number of OH groups 
continuously decreased with increasing calcination temperature. This 
can be attributed to the conversion of Si–OH to Si–O–Si, as well as the 
decomposition of PEG-containing OH groups. Nevertheless, strong O–H 
peaks were also observed in all samples owing to the presence of water 
in KBr and silica.

The SEM images of the microsilica particles calcined at different 
temperatures are presented in Fig. S8.

3.4. Pore size properties of porous micro-silica particles

Fig. 7 shows the pore distributions of the porous microsilica particles 
synthesized in this study. Interestingly, a bimodal mesopore distribution 
was observed in the 2–10 and 10–200 nm regions. During silica syn-
thesis, numerous silica nuclei were simultaneously formed and grown 
within the droplet, leading to a mesoporous structure. A more detailed 
pore size distribution in the small-sized region (2–10 nm), obtained 
using the NLDFT model, is presented in Fig. S9. As shown in Figs. 8 and 
S10, porous microsilica particles were formed by the aggregation of 
numerous silica nanoparticles with sizes ranging from 10 to 100 nm into 

a spherical shape. Consequently, the pores in the range of 2–200 nm 
were determined by analyzing the spacing between the silica nano-
particles. A detailed schematic illustration of the pore formation 
mechanism in porous microsilica is shown in Fig. 9.

The distribution of the pore sizes in the prepared microsilica particles 
according to the PEG molecular weight is shown in Fig. 7 (a). With an 
increase in the molecular weight, the pore volume in the small pore 
region (2–10 nm) decreased slightly, while that in the large pore region 
(10–200 nm) increased. In particular, the pore size increased noticeably 
in the 10–200-nm region. A higher molecular weight increases the 
resistance to fluidity because of greater entanglement between the 
polymer molecules or chains, leading to an increase in droplet viscosity 
(Fig. 3(a)). This can interfere with the uniform and fine dispersion of the 
polymer between the silica nanoparticles formed in the droplets, 
resulting in the formation of nonuniform and somewhat large pores.

No remarkable change in the pore size was observed in the small 
region. The specific surface areas and pore volumes of the porous 
microsilica particles are listed in Table 2. Both were reduced by 
increasing the molecular weight, owing to the increase in pore size and 
reduction in mesopores. In particular, the pore volume decreased owing 
to the stronger interactions between the polymer chains with higher 
molecular weights. The BET adsorption–desorption curves are shown in 
Fig. S12.

Fig. 7(b) shows the pore size distributions of the microsilica particles 
synthesized with different PEG concentrations. As the PEG concentra-
tion increased, a change in pore volume was observed in the small pore 
size region (2–10 nm), whereas the pore size in the large pore region 
(10–200 nm) increased. As mentioned above, the PEG polymer 
remained between the small silica nanoparticles in the droplets during 
the growth process, and the pore size was determined after calcination. 
Therefore, a higher polymer concentration can result in the formation of 
a larger pore structure, because more polymer is contained between the 

Fig. 6. (a) TGA curve of the synthesized micro-silica particles prior to calcination and (b) FT-IR spectra of silica before and after calcination.

Fig. 7. Pore size distribution of synthesized porous micro-silica particles with different (a) PEG molecular weight (Conc.: 5 wt%; Cal. Temp.: 500 ℃), (b) PEG 
concentration (molecular weight: 4000; Cal. Temp. 500 ℃), and (c) calcination temperature (Conc. 5 wt%; molecular weight: 4000).
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silica nanoparticles in the droplets. Furthermore, macropores larger 
than 100 nm were formed, as shown in Fig. 7(b), but their dimensions 
could not be determined using the BJH method.

Conversely, the specific surface area decreased at higher PEG con-
centrations owing to the formation of a larger pore structure, whereas 
the pore volume increased because it contained a larger number of 
polymers (Table 2). Nevertheless, the microsilica particles prepared 
with 7 wt% PEG showed a reduced pore volume. This was ascribed to the 
increase in macropores, which was not reflected in the pore volume 
results obtained by the BJH analysis.

Fig. 7(c) shows the pore size distribution of the synthesized 

microsilica particles according to the calcination temperature. The 
micro-silica particles calcinated at 400 ℃ had a lower pore volume in 
the small pore region because the polymer was not completely decom-
posed, as shown in Figs. 6 (a) and S7. Moreover, the pores did not shrink 
sufficiently after the decomposition of the polymer because the tem-
perature was low; thus, a relatively large pore structure was observed. 
As the calcination temperature was raised to 500 ℃, the polymer in the 
micro-silica particles completely decomposed, and the pore volume in 
the small pore region rapidly increased. In addition, the pore size in the 
large-pore region decreased owing to shrinkage between the silica 
nanoparticles. Nevertheless, an enlargement in pore size in the large 
pore region was observed when silica was calcinated at 600 ℃. The 
silica nanoparticles connected with each other during the calcination 
process and grew into larger grains, which resulted in larger pores [59]. 
Simultaneously, the specific surface area and pore volume increased 
with the calcination temperature (Table 2). This may be due to the 
significant increase in pore volume in the small-pore region.

These results confirm that controlling various conditions, such as 
molecular weight, concentration, and calcination temperature, is highly 
useful for tailoring the pore properties of porous micro-silica.

This study investigated a novel porous microsilica synthesis process 
in a W/O emulsion in which only a hydrophilic polymer was added 
without a surfactant. The sizes of the resulting porous microsilica par-
ticles were successfully controlled using hydrophilic polymers in a W/O 
emulsion. Unlike the conventional method, the new silica synthesis 
method is capable of controlling the particle size in a simple and eco- 
friendly manner without surfactants. The type, molecular weight, and 
concentration of the hydrophilic polymers significantly affected the size 
of the emulsion droplets and resulting silica particles. When four 

Fig. 8. SEM and TEM images of a porous micro-silica particle synthesized by the emulsion process with hydrophilic polymer (Poly. PEG; Conc. 5 wt%; molecular 
weight: 4000; Cal. Temp. 500 ℃).

Fig. 9. Schematic illustration of the specific pore formation mechanism in porous micro-silica according to the nucleation and growth of silica nanoparticles in an 
emulsion droplet.

Table 2 
Specific surface area and pore volume of porous micro-silica particles measured 
by a N2 adsorption analysis.

Sample Specific surface 
area (m2/g)

Pore volume 
(cm3/g)

PEG molecular weight (Da) (Conc. 5: 
wt%; Cal. Temp.: 500 ℃)

4000 542 0.84
10,000 506 0.71
20,000 470 0.71

PEG concentration (wt%) (Molecular 
weight: 4000; Cal. Temp.: 500 ℃)

3 540 0.73
5 542 0.84
7 465 0.64

Calcination temperature (℃) (Conc.: 
5 wt%; Molecular weight: 4000)

400 334 0.74
500 542 0.84
600 606 1.04
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different polymers (PVP, PPG, PVA, and PEG) were used to create the 
emulsion, they each affected the droplet size differently owing to their 
different hydrophilic properties, which subsequently changed the 
interfacial energy between the water and oil phases.

In particular, the silica fabricated with PEG, which is highly hydro-
philic, had a relatively large particle size (>20 μm) because it induced 
the highest interfacial tension. The trend in the initial droplet size was 
similar to that of the final microsilica particle size. Higher molecular 
weight polymers resulted in the formation of both larger droplets and 
micro-silica particles owing to the increased viscosity of the polymer 
aqueous solutions. In addition, a higher polymer concentration 
increased the microsilica particle size owing to the increased viscosity, 
despite a reduction in interfacial tension caused by impeded hydrogen 
bonding between water molecules. The results show that a proper bal-
ance between the viscosity and interfacial tension is critical.

The resulting porous microsilica particles possessed a bimodal pore 
structure in the range of 2–100 nm or more. The synthesis process 
proposed in this study enables the pore size of micro-silica particles to be 
tailored from mesopores to macropores with a high specific surface area 
of 542 m2/g.

Porous microsilica has been synthesized using surfactants. Moreover, 
the synthesis of silica particles larger than 20 μm has seldom been re-
ported. In this study, an emulsion process with hydrophilic polymers 
enabled the eco-friendly synthesis of porous micro-silica particles 
without a surfactant. Furthermore, the new controllable silica synthesis 
process was able to achieve particle sizes exceeding 20 μm. The porous 
microsilica fabricated in this study can be utilized for separation and 
purification using column chromatography because the large particles 
minimize the pressure drop. In future, further studies will be conducted 
to synthesize porous microsilica particles with better monodisperse size 
distributions and precise pore size control.
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nanosized silica in water-in-oil microemulsions, J. Nanopart. 2016 (2016) 1–9.

[47] H. Ono, K. Takahashi, Preparation of silica microcapsules by sol-gel method in W/ 
O emulsion, J. Chem. Eng. Jpn. 31 (5) (1998) 808–812.

[48] Q. Chen, J. Larismaa, A. Keski-Honkola, K. Vilonen, O. SÖDerberg, S.-P. Hannula, 
Effect of synthesis time on morphology of hollow porous silica microspheres, 
Mater. Sci. 18 (1) (2012), https://doi.org/10.5755/j01.ms.18.1.1344.
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