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Abstract

Silica (SiO2) microspheres can be used in pharmaceutical, cosmetic, food, coating and other technological
applications. Consequently, the task is to search for optimal parameters for easy synthesis of monodisperse silica
microspheres with controlled structural and physicochemical characteristics. The aim was to study the effect of
synthesis time on the formation of silica microspheres for control of their surface morphological properties. The
synthesis was conducted by alkaline hydrolysis in an aqueous/alcohol solution using structure-directing agents,
namely cetyltrimethylammonium bromide (CTAB) and sodium salicylate (NaSal), in conjunction with an inorganic
precursor, namely tetraethoxysilane (TEOS). The synthesis time varied from 1.5 to 5 hours. The following methods
were used to study the synthesised silica microspheres: X-ray powder diffraction (XRD), Fourier-transform infrared
spectroscopy (FTIR), scanning electron microscopy (SEM) and low-temperature Nz adsorption/desorption method.
As a result were synthesized silica spheres with a consistent diameter of approximately 200 nm and mesoporous
structure, regardless of synthesis duration. However, the thickness of the nanosheets forming the sphere structure
increased from 7 nm to 22 nm as the synthesis time extended. The sample synthesised for 1.5 hours showed the
highest specific surface area, reaching 504 m?/g.

Keywords: silica; sol-gel; porous structure; mesopores; dendritic nanoparticles; synthesis.

BIIJIUB YACY CUHTE3Y HA MOP®0JIOT'TIO MOHOAUCIIEPCHUX MIKPOC®EP
KPEMHE3EMY

[I3toub113e 10#, AHTOHIHA I. BoH1apeBa, BikTopisa 10. Tobinko
HayionaavHuili mexuiuHutl yHigepcumem Ykpainu «Kuigcokuil nosimexuiunuil incmumym imeni leopsi Cikopcokozo», npocn.
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AHoTauis

Mikpocdepu aiokcuay KpemHilo (SiOz) MOXKyTh GyTH BHKOpPHCTaHi B ¢apManeBTUYHIiN, KOCMeTH4YHili, Xap4oBii
rajyssax, BUpOGHULTBI MOKPUTTIB Ta iHIIMX TEeXHOJIOTiYHUX npouecax. ToMy, BaXXKJIMBHM 3aBJaHHAM € MOLIYK
ONTHMA/IbHUX NApaMeTpiB AJisA JIEFKOT0 CHHTEe3y MOHOJMCHEPCHHMX Mikpocdep KpeMHe3eMy 3 KOHTPOJ/IbOBaHOH
CTPYKTYpOK Ta {i3uKo-XiMiYHUMH XapaKTepuCcTUKaMU. MeTol0 po6oTH 6y/i0 BUBYEHHS BIUIMBY 4acy CMHTe3y Ha
dopmyBanHa Mikpochep KpeMHe3eMy AJiA KOHTPOJ MOpPQOJIOTiYHMX BJacTHBOCTed iX moBepxHi. CuHTE3
NPOBOJAWIH METO0M JIY>KHOTI'O IiZipoJ1i3y B BOJHO-CIUPTOBOMY PO34HHIi i3 BUKOPUCTAaHHSAM CTPYKTYPOYTBOPIOIOYHNX
areHTiB, a caMe LeTUWITpUMeTHUIaMoHi 6pomiay (ITAB) Ta HaTpiii caninuaarty (NaSal), y noegHaHHi 3 HeopraHiyHUM
npeKypcopoM, a came terpaetokcucuaaHoMm (TEOC). TpuBajicTh cuHTe3y BapiloBaJjach Big 1.5 g0 5 rogus. s
AOCJIiJ)KeHHs1 CHHTe30BaHUX MiKpocdep KpeMHe3eMy 3aCTOCOBYBaJIU TaKi MeToAu: peHTreHoda3oBuil aHaiis (PPA),
iHppayepBoHa cnekTpockomnis 3 ®Pyp’e neperBopeHHAM (IY-cmekTpockomis), cKaHyl04Ya eJ1eKTPOHHA MiKPOCKOMisA
(CEM) i MeToA HU3bKOTEMIEpPATYpPHOI ajcop6uii/mecop6uii asory. B pe3yabraTi 6y/iu cMHTe30BaHi Mikpocdepu
AiOKCUAY KpeMHiWw 3 mocTiiHUM AiameTpoM 6/iM3bKo 200 HM Ta Me30NOPUCTOI0 CTPYKTYpOlO, He3aJIeKHO BiJ
TpUBAJIOCTI cuHTe3y. OAHaK, 3i 361/1bIIEHHAM Yacy CHHTe3y TOBLMHA HaHOWAPiB, 0 ¢opMyIoTh CTPYKTYpPyY chepH,
3pocTtaJa Bix 7 HM A0 22 HM. 3pa30K, CHHTe30BaHUil BIpoAoBXK 1.5 roauHyU, noka3aB HailBUILy NUTOMY NOBEPXHIO,
AKa gocarya 504 m?/r.

Katouosi cn0ea: KkpeMHe3eM; 30J1b-TeJlb; IOPUCTA CTPYKTYPa; Me30NOPH; JeHAPUTHI HAHOYaCTOYKH; CUHTES.
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Introduction

In recent years, there has been a notable
increase in interest from both industry and
scientific research communities in using of porous
solids with ordered structures, with silica being
the most common [1-4]. This is due to the growing
number of their potential uses in fields such as
pharmaceutics, cosmetics, food, coating industries
etc. [5-7]. Consequently, there is an ever-
increasing requirement for the development of
silica porous materials with varying dimensions,
surface areas, pore sizes and morphologies.

The use of silica as a porous material is well
established, largely due to the properties that it
offers, including a low density, low toxicity, good
biocompatibility, ease of surface modification,
stability, and cost effectiveness. The discovery of
the Stober method [8] for the synthesis of
monodisperse silica, work by Kresge on the
template-directed synthesis of mesoporous silica
(such as MCM-41) [9] and work by researchers at
the university of California Santa Barbra [10] on
the triblock co-polymer templated synthesis of
mesoporous silica (SBA-15) constituted the initial
point of investigation into the potential for
synthesising a variety of mesoporous and
nanosilica materials.

In 2010, a novel class of high-surface-area silica
nanospheres with a unique open central-radial
structures, has been synthesized [11]. The specific
characteristics of those materials are primarily
attributable to their distinctive dendritic fibrous
morphology, which is essentially accessible from
all sides. This contrasts with the tubular pores
observed in MCM-41 and SBA-15. In addition, the
main disadvantages identified in the practical
application of materials of the structural type such
as MSM-41 and SBA-15 are their poor solubility in
solvents (due to particle size), and low
temperature stability (the thinsilica walls are
prone to break down to heated at high
temperatures).

The majority of potential sphere applications
require the specific functional properties and
characteristics of porous silica materials, such as
material particle size with narrow range
distribution. This fact causes the demand to search
for optimal parameters synthesis of monodisperse
silica microspheres with control structural and
physicochemical characteristics. Existing
techniques include variation of temperature, type
of inorganic precursor and catalyst, solvent
content, as well as the reaction time. An approach
of varying the dielectric constants of the reaction
media using different water miscible alcohols has

also been described, resulting in a decrease in
particle size as the polarity of the media decreases
[12; 13]. A group of researchers has shown that
variation of the Hansen solubility parameters of
the reaction media is an effective instrument for
adjusting particle size and distribution [14].

The effect of synthesis time on the morphology
of porous silica microspheres synthesised via the
water-in-oil emulsion-mediated sol-gel method
between 24 and 72 hours was the subject of
investigation in [15]. The longer synthesis time
resulted in denser silica spheres with decreased
pore sizes.

In work [16], the authors studied the impact of
co-solvents on the regulation of the structure of
dentritic mesoporous silica nanoparticles
(DMSN), in particular, the change in structure as a
function of time. When ethanol is used as a solvent,
the time period of the structural transformation
from DMSN large pores to mesoporous silica
nanoparticles (MSN) with small pores decreases
with an increase in the amount of ethanol used in
the synthesis. Nevertheless, despite the variation
in the volume of ethanol employed in the
synthesis, with the reaction time varying from
15 minutes to 2 hours, the structure of the large-
pore DMSNs underwent a gradual transformation
to that of the small-pore MSNs.

The autors [17] also report about unique
dynamic structural transition from large-pore
DMSN with a dahlia-like morphology to
pomegranate-like MSN with small mesopores.

It is important to note that the above works
present a variety of options for the synthesis of
monodispersed silica microspheres using
cetyltrimethylammonium bromide (CTAB) and
tetraethoxysilane (TEOS) as a basis components.
It is for this reason that the task of identifying the
most effective method for the production of
porous materials based on silica remains a
pertinent one.

Material and Methods

Chemical and reagents

The following chemical and reagents were used
in this work: cetyltrimethylammonium bromide

(CTAB) and sodium salicylate (NaSal) as
structure-directing agents, tetraethoxysilane
(TEOS) as inorganic precursor, and
triethanolamine (TEA) as a catalyst were

purchased from Merck. Distilled water and
ethanol (EtOH) were used as solvents. All
chemicals were in analytic grade and used without
further purification.

Methods for preparation of silica microspheres
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The material were synthesized by one-plot
method according to a modified method described
in [18-20]. In the first stage, 1.36 g of TEA were
dissolved in a 500 ml of distilled water. The
solution obtained should be placed in a water bath
set at 80 °C with uniform stirring for a period of
30 minutes. Subsequently, 7.6 g of CTAB and 3.36
g of NaSal should be added to the system, and
stirring should continue for an additional hour.
Concurrently, a solution comprising 80 ml of TEOS
and 10ml of ethanol should be prepared and
introduced to the mixture via peristaltic pump
over a period of 30 minutes, with constant stirring.
After that, the mixture was continuously stirred

I

—

Stirring =
Magnet

Si0,

r‘H?NaSal

for a further 90 minutes at 80 °C. Then, the solid
phase is separated from the liquid phase by
centrifugation and washed three times with a
mixture of water and ethanol. The resulting
precipitate is then calcined at 550 °C for a period
of 6 hours. The obtained sample is coded SiO»-1.5.
The additional two samples were synthesised in a
methodology analogous to that described above,
with the stirring time increased from 90 minutes
to 180 minutes and 300 minutes. Accordingly,
these samples are coded SiO-3 and SiO»-5,
respectively. The general synthesis steps are
shown in Fig. 1.

40
TEOS/EtOH

!

CTAB
- solution

| Water

— Ethanol

Stirring 3 times

Fig. 1. Synthesis steps of silica microspheres

Characterization and analytic methods

X-ray powder diffraction (XRD) of the prepared
silica microspheres were recorded on D8
AdvanceX diffractometer (Germany) under the
following conditions: range of 10-80° (20) using
CuKa radiation. The crystal structure of the
materials was determined based on the peak
shape and position of the tested materials. The
crystal structure of the samples was analyzed
using the JCPDS Database (International Center
for Diffraction Data).

Fourier-transform infrared spectroscopy
(FTIR) was used to identify the functional groups
and gather relevant information about the silica
materials. The prepared materials were subjected
to testing using a Bruker Vertex 70 (Germany)
model infrared spectrometer with a swept range
of 500-4000 cm-1.

The morphology of SiO2 samples was studied
using scanning electron microscopy (SEM) on a
field-emission scanning electron microscope Nova
Nano SEM450 (USA).

The porous structure parameters were
determined on evacuated samples by the low-
temperature N, adsorption/desorption method
(Quantachrome NOVA-2200e Surface Area and
Pore Size Analyzer, USA). Processing of the
obtained data was carried out using the ASiQwin
software. The value of the specific surface area
(Seer, m?2/g) was calculated by the multipoint BET
method (Brunauer, Emmett and Teller), and the
external pore surface (Sex, m2/g) and micropore
surface (Smicro, Mm2/g) were estimated by the t-
method. The total pore volume (Vs, cm3/g) was
determined using the maximum adsorbed volume
of nitrogen at a relative pressure p/po = 1. The
volume of micropores (Vmico, €m3/g) was
estimated by the t-method, and their percentage
content (Wmicro, %) was calculated using the Eq.1:

V.
Wmicro = —TH% 100 (1)
VZ

The distribution of pore size was measured by
BJH (Barrett-Joyner-Halenda) model. The average
pore radius (R, nm) was calculated using the Eq.2:
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Results and Discussion

In order to investigate the impact of synthesis
time on the morphology and structural properties
of the synthesised silica microspheres, a series of
studies were conducted.

The analysis of the obtained samples
diffractograms (Fig. 2) revealed the presence of a
single, broad diffraction peak at 20 = 22°
indicative of amorphous silica (JCPDS card No. 29-
0085).

Intensity (a.u)

10 20 30 40 5 60 70 80
2theta (deg.)

Fig. 2. XRD difftaction patterns of synthesis silica
materials

The analysis of structural features using
infrared spectroscopy (Fig. 3) revealed that all
samples exhibited a wide peak at 3433 cm-1, which
was identified as the antisymmetric stretching
vibration peak of -OH group. The peak located at
1640 cm! was attributed to the bending
vibrations of the water molecule [21].
Nevertheless, the intensity of these peaks is
greatest for the Si0,-1.5 sample. This results from
the fact that the calcination process produces a
discontinuity in the dehydroxylation process.
Once the hydrophobic surfactant molecules have
been completely removed, the large surface area is
then covered by silanol species, which
immediately adsorb molecular water [21; 22]. The
strong and wide band observed at 1093 cm is
attributed to the Si-0-Si antisymmetric stretching
vibration. The peak observed at 966 cm! is
attributed to the Si-O vibration bond of isolated Si-
OH groups. The peak at 803 cm! is identified as
the symmetric stretching vibration of the O-Si-O
bond. Accordingly, the samples contain all the
vibrational bands of Si-OH, 0-Si-O and Si-O-Sij,

which are characteristic of amorphous SiO, [23;
24].

966

Si0,5
_‘\/_’—‘_\

1630

Transmittance, %
\/J ) 1093 )

3433
803
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i Si-O
Si0,-1.5 i
N
—
< H-O-H [
OH
Si-O-Si
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Fig. 3. IR-spectra of synthesis silica materials

The morphology of silica is of critical
importance in determining its properties and
potential applications. The images obtained via
scanning electron microscopy (Fig. 4) that silica
microspheres, when subjected to varying reaction
times, exhibit monodisperse spheres with a
diameter of approximately 200 nm and evident
pores. As illustrated in Fig. 4(a, b), the spherical
silica material subjected to a reaction time of
1.5hours shows a nanoscale edge of
approximately 7 nm and distinct mesopores.
Furthermore, the high-magnification SEM image
(Fig. 4a) reveals a substantial internal space
within the silica spheres with acute edges. The
spheres are observed to be isolated from one
another, lacking any apparent bonding, which may
facilitate the creation of a larger reaction area and
the occurrence of specific reactions.

As illustrated in Fig. 4 (c, d), the reaction time
of 3 hours results in a transformation of the silica
spheres' edges from thin nanosheets to thicker
strip-like edges. In particular, the dimensions of
these edge nanosheets increase from 7 nm to
16 nm. Nevertheless, the edge shape and growth
trend can still be discerned from the high-
magnification SEM in Fig. 4(c), indicating that it
evolved from a thin edge. This indicates that with
an extended reaction time, the silica material
continues to expand in the lateral direction rather
than the longitudinal one. It is noteworthy that
this change occurs solely in the thickness of the
edges while the overall morphology with a 200 nm
diameter is maintained.
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pheres (a, b - Si02-1.5;
¢, d - Si02-3; e,f - Si02-5)

Upon reaching a reaction time of five hours
(Fig. 4e), while the overall size and morphology of
the SiO2-5 material remain relatively consistent,
exhibiting a spherical form with a porous
structure, the edge widths continue to thicken,
reaching up to 22 nm. At this juncture, the edges
of the spherical silica are constituted entirely of
nanostrips, and the presence of sharp edges is no
longer discernible. At low magnification, as
illustrated in Fig. 4(f), the material begins to
exhibit  localized lumping or  stacking.
Consequently, a portion of the material loses its
monodisperse nature, which leads us to conclude
that further prolonging the reaction time is
unnecessary.

The general principle of synthesis can be
described as follows. In aqueous systems with
CTAB and NaSal, the application of salicylate anion
is role of form large pores, due to its superior
micelle penetration effect. In particular, the strong
electrostatic attraction and high miscibility of
NaSal and CTAB result in a highly favourable
interaction energetically. Sal- anions ultimately
migrate into CTA* micelles, with their
hydrophobic  portions inserted into the
hydrophobic regions of the micelles. This results
in an increase in the packing parameter, which
induces a structural transition in the CTA* micelles
from spherical to vesicular or lamellar, and
subsequently to central radial [25]. An increase in
the reaction time from 1.5 hours to 5 hours results
in a slowing of the process, although it does not
reach a complete halt.

The process of wall thickening of synthesised
SiO, particles affects the overall textural
parameters of the particles, including specific
surface area, pore size and pore volume. As

illustrated in Fig. 5, all samples of SiO,
microspheres exhibited isotherms of low
temperature nitrogen adsorption/desorption

belong to the type IV isotherms with H3-type
hysteresis loops according to the IUPAC
classification. The nature of the hysteresis loop
allows us to ascertain that the porous structure of
all samples is constituted by spherical particles of

homogeneous size, which is the same as
commercial highpurity grade silica gel [2]. This
type of isotherms is typical for materials with a
mesoporous structure.

However, in comparison with the industrial
silica sample, which exhibits a relatively narrow
pore size distribution concentrated around 2.5-
3 nm [2], the obtained samples (SiO;-1.5; Si0O2-3;
Si02-5) display a considerably wider pore size
distribution (Fig.6). The pore sizes of all SiO;
microspheres range from approximately 5 to

50 nm.
1500

1200

900

600

Volume, cm®/g (STP)

300+

T T
0,0 0.2 04 0,6 08 1,0
Relative pressure, p/p,

Fig. 5. Isotherms of low-temperature N>
adsorption/desorption of the synthesis SiO:

2,51

2,0 1

1,54

1,04

dV(log R), cm®/g

0,51

0,0 ———
1 10

Pore radius, nm

Fig. 6. Pore size distribution by radius of the synthesis
Si02

The parameters of the porous structure of the
investigated samples are presented in Table. As
the synthesis time is increases, the specific surface
area of the samples shows a gradual decrease of
approximately 2 times. Concurrently, the total
pore volume is observed to diminish. Among the
synthesised samples, the Si0;-1.5 sample is the
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only one to show a microporous structure in
addition to meso-structures.

Table
Parameters of the porous structure of Si0z samples
Sample SBET, mz/g Sext, Smicro, mz/g Vs, Vmicro, Cm3/g Vmicro, R,
m2/g cm3/g % nm
Si02-1.5 504 448 56 2.067 0.017 0.8 8.2
Si02-3 452 452 - 1.586 - - 7.02
Si02-5 308 308 - 1.161 - - 7.5

This effect due to the continued growth of the
outer edges, thickening, and extrusion of the
original pore space, that observation aligns with
SEM images (Fig. 4).

Conclusions

The analysis conducted via XRD and FTIR
corroborated the amorphous nature of the
synthesised Si0, and the presence of
characteristic Si-OH, O-Si-O, and Si-O-Si bands,

which are indicative of amorphous silica
structures. The IR-spectroscopy  analysis
demonstrated that shorter synthesis times

resulted in incomplete hydrolysis of TEOS, as
evidenced by the presence of free Si-OH groups in
the SiO, -1.5 sample.

Across the full range of synthesis times, the
diameter of the silica microspheres remained at
approximately 200 nm. However, the edges of the
nanosheets exhibited a gradual thickening as
synthesis time was extended, increasing in width
from 7 nm at 1.5 hours to 22 nm at 5 hours. This
edge thickening affected the overall texture of the
samples.
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