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Synthesis of Nanosilica by Sol-gel Method
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The objective of this study to synthesis of
nanosilica using sol-gel method. The effect of
ammonia concentration, time of reaction on size
and dispersion were investigated. Tetra-alkyl
silicate (TEOS) 4 mL was first dissolved in 50
mL of ethanol (ETH) under magnetic stirrer at
room temperature for 10 minutes. Then, 1 mL of
distilled water was dropped into the reaction media
to hydrolysis of TEOS for 2 hours. After that, two
different concentrations, 0.231 and 0.458 mol/L
of ammonia solution, were put into the reaction
mixture. The reaction was continued for 1h, 4h, 8h,
1d, 2d, 3d, 4d, 5d, 7d, 9d, and 30d. The dispersion
of nanosilica was characterized for transmission
electron micrograph (TEM), dynamic light scat-

tering (DLS), zeta potential, specific surface area
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Introduction

Nanotechnology involve the ability to under-
stand and control small things that are less than 100
nanometers in size. Nanoparticles have very high
surface area, resulting in an increase of molecular
interaction between polymer and nanoparticles.(!
At this level, the inorganic nanoparticles are used to
reinforce the polymer matrix. However, it should be
pointed out that the effect of nanoparticle enhance-
ment highly depends on the size of particles and the
level of their dispersion.?) Inorganic nanoparticles
agglomerate and poorly disperse in polymer matrix
which difficult to achieve a stable complex system
and the desirable properties of final products. There-
fore, the dispersion of nanoparticle-reinforced mate-
rials in the medium play an important role.

Zeta potential measurements an electrical field
is applied across the sample and the movement of
the nanoparticles (electro-phoretic mobility) is mea-
sured by laser droppler velocimetry (LDV).®) The
magnitude of the zeta potential indicates the poten-
tial stability of the colloidal system.®* If the parti-
cles in suspension have a large negative or positive
zeta potential, they will repel each other and do not
agglomerate. However, the particles which have low
zeta potential values have no force to prevent the
particles joining together and agglomeration. The

criteria of stable and unstable suspensions is +30mV
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and fourier transform infrared spectrophotome-
try (FTIR). The result of this study showed that
amount of ammonia 0.231 mol/L with the time
of reaction at 9 days can create the homogeneous
distribution of nanosilica particles with average

size of 36 nm.

Keywords: nanosilica, sol-gel, synthesis

and -30 mV.* Particles with zeta potentials greater
than +30 mV or lower than -30 mV are normally
considered stable.® The effect of pH is crucial factor
to control zeta potentials and stability of suspensions.
The more alkali is added to the suspension result-
ing in increased pH and particles have more nega-
tive zeta potentials. While acid is added resulting in
decreased pH and particles have more positive zeta
potentials.® A good dispersion system can provide
composites with various special advancements in
material performances, such as strength, fracture
toughness.®)

Nanoparticle which is commonly used to
enhance dental polymer is nanosilica. It is well-
known during the last decade because of its advan-
tage such as colorless, odorless, tasteless, biocom-
patibility that can improve the mechanical property
of final products.(®) The refractive index was equal
to dental polymer (1.45) which less effect on color
change of polymer matrix.”) Synthetic nanosili-
cas are manufactured by various methods include
physical, biological, chemical.’®) Physical methods
apply mechanical pressure, high energy radiations,
thermal energy or electrical energy that cause ma-
terial abrasion, melting, evaporation or condensa-
tion to generate nanosilicas. Laser ablation, electro-
spraying, inert gas condensation, physical vapour

deposition, laser pyrolysis, flash spray pyrolysis are
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the commonly used physical methods. Biological
methods provide an environmentally benign, low-
toxic, cost-effective and efficient protocol to synthe-
size and fabricate nanosilicas. These methods em-
ploy biological systems like bacteria, fungi, viruses,
yeast, actinomycetes, plant extracts, for the synthesis
of metal and metal oxide nanoparticle. Chemical
reduction, sol-gel, inert condensation are the com-
monly used chemical methods for the nanosilicas
synthesis.®) However, physical and biological methods
are expensive and have special industrial appli-
cations. The Stober method (sol-gel) was firstly
introduced using ammonia catalyzed hydrolysis
and condensation of tetra-alkyl silicate (TEOS) in
alcohol solvent to produce uniform silica particles.”)
Sol-gel method has been widely used to produce
nanosilica due to several advantage such as synthesis
at low temperature, the reaction kinetic controlled by
varying the concentration of reaction mixture.(1%!")
However, sol—gel process is very sensitive towards
the experimental conditions.'?) The rate of hydro-
lysis and condensation reactions are controlled by
concentration of starting materials (alkoxides), pH,
time of reaction, aging and drying method.('>!4)

The pH is important factor to control size and level
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of dispersion nanosilica suspension. In basic condi-
tion, the particles in solution grow in size and well
disperse but decrease in number. On the contrary, the
particle which reduces in size and agglomerates will
increase in acid condition.”) However, the appro-
priate amount of ammonia using to control pH and
create mono-dispersion of nanosilica were not clarify.

In this study, the synthesis of nanosilica
using sol-gel process was performed. The effect of
ammonia concentration, time of reaction on size

and dispersion were investigated.

Materials and Methods

The precursor and solutions used in this study
are shown in Table 1. The chemicals were used as

received.

Synthesis of nanosilicas

Nanosilicas were synthesized by using a stan-
dard procedure of sol-gel method with experimental
conditions."®) The sol-gel synthesis of silica was
based on the hydrolysis and condensation of TEOS,

according to the following equation.(!*!)

Si(OC,H;), + 4H,0—"™* ,Si(OH), + 4C,H,OH

Si(OH), ———Si0, + 2H,0

msei 1 @ssosuuzaInzateile lumsdAnwil
Table 1 Precursor and solutions used in the present study
Name Concentration | Code Brand Mfg. Lot. No.
Precursor
Tetraethoxysilane 98% TEOS SIGMA-ALDRICH® | SIGMA-AL- WXBC1471V
DRICH®, Co.,
ST. Louis, MO
63103 USA
Solutions
Ethanol 99.90% ETH EMSURE® Merck KGaA, K47648083610
Germany
Avantor Perfor-
mance
Ammonium Hydroxide 28-30% NH,OH |J .T.Baker Materials, Inc., 101273
PA 18034, USA
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A quantity of 4 mL of TEOS was first dissolved
in 50 mL of ethanol (ETH) under magnetic stirrer
(Stuart UC152, Cole-Parmer, Staffordshire, UK)
at room temperature for 10 minutes. Then, 1 mL of
distilled water was dropped into the reaction media
to facilitate hydrolysis of TEOS for 2 hours. After
that 0.231 and 0.458 mol/L of ammonia solution was
incorporated into the reaction mixture. The reaction
was continued for 1h, 4h, 8h, 1d, 2d, 3d, 4d, 5d, 7d,
9d, and 30d. The dispersion of nanosilica of each

group was carried out and then was characterized.

Characteristics of nanosilica

Transmission electron micrograph (TEM)

The morphology of nanosilicas was observed at
30 days under a TEM (JEM-2100, JOEL Inc., Tokyo,
Japan) at an acceleration voltage of 80 kV. One drop
of suspension was evaporated on a carbon-coated
copper grid. The samples were kept in desiccator

for 24 hours before test. The size and distribution of

nanosilica are shown in Figure 1.

U1 MNIINARBUIANTIADIANATONUUUTOIN TUUTAY
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Figure 1 TEM images of nanosilica size and distribution. A:

ammonia solution 0.231 mol/L, B: ammonia solution

0.458 mol/L in 30 days
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Dynamic light-scattering instrument (DLS)

The size and distribution of nanosilicas were
determined at 1h, 4h, 8h, 1d, 2d, 3d, 4d, 5d, 7d, 9d,
and 30d under a Zetasizer with dynamic light-scat-
tering (Zetasizer, Malvern Instrument Ltd, Malvern,
UK). The Zetasizer instruments measure the fluctu-
ations in the intensity of the scattered light with time
to generate an exponentially decaying autocorrela-
tion function.This function was then analyzed for
characteristic decay times to determine the diffusion
coefficient unique to the scattering suspensions in
conjunction with the Stokes-Einstein equation and
the hydrodynamic radius. Some typical examples of
hydrodynamic diameter distribution were demon-

strated in Figure 2.
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Figure 2 Nanosilica size and distribution of nanosilica deter-
mined by DLS: A: average size of ammonia solution

0.231 mol/L group is 36 nm, B: average size of

ammonia solution 0.458 mol/L group is 70 nm
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Figure 3  Size of nanosilica in function of time

Zeta potential

Zeta potential values of nanosilicas suspension
were measured at 30 days under a Zetasizer (Zeta-
sizer, Malvern Instrument Ltd, Malvern, UK). The
electric field was applied across an electrolyte then
charged nanosilicas suspension in the electrolyte
were attracted towards the electrode of opposite
charge. Viscous forces acting on the particles tend
to oppose this movement. When equilibrium was
reached between these two opposing forces, the par-
ticles move with constant velocity. The velocity of
a particle in an electric field was referred as its elec-
trophoretic mobility. The zeta potential can obtain

by application of the Henry equation, as follows.®
2ezfka)
3n

Where, Ue is the electrophoretic mobility

Ue

(mm?sec”! V1), £ is the dielectric constant, z is zeta
potential (mV), f(ka) is the Henry function’s (1.5).
is the absolute zero-shear viscosity of the medium,
an average of at least three measurements for each

sample was recorded in Figure 4.
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Zeta Potential Distribution
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Figure 4 Thezeta potential: red line: ammonia solution 0.231

mol/L was -37 mV, dash line: ammonia solution in

0.458 mol/L was -42mV

Specific surface area (BET method)

Surface area of samples was measured at 30
days by adsorption—desorption of nitrogen isotherm
at 77 K on an automatic physisorption analyzer
(Micromeritics ASAP 2000, Micromeritics Instru-
ment Corporation, GA, USA). Precise measurement
of the surface area of nanosilicas used nitrogen gas
adsorption according to Brunauer, Emmett und Teller
(BET method). The BET method determined of the
amount of the adsorptive gas required to cover the
external and the accessible internal pore surfaces of
a solid with a complete monolayer of adsorbate. In
order to determine the adsorption isotherm volumet-
rically, known amounts of adsorptive were admitted
stepwise into the sample cell containing the sample
previously dried and outgassed overnight under
vacuum at 10°C. The amount of nitrogen gas
adsorbed was the difference of nitrogen gas admit-
ted and the amount of nitrogen gas filling the dead
volume (free space in the sample cell including con-
nections). The adsorption isotherm is the plot of the

amount gas adsorbed (mmol/g) as a function of the
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relative pressure. The surface area can be calculated
from the adsorption isotherm by means of the BET

equation, as follows.(1617)

BET=n

mono

0.N,

where, nmono is the monolayer capacity
(mmol/g), ¢ is nitrogen molecular cross sectional
area values (0.162 nm?)(!7, NA is Avogadro’s num-
ber (6.02x10?* molecules/mol).

Fourier Transform Infrared Spectrophotometry
(FTIR)

The nanosilica was characterized at 30 days
using FTIR measurements with a narrow bandpass
mercury-cadmium-telluride (MCT) detector. The
specimens were analyzed by using FTIR spectropho-
tometer (PerkinElmer 2000, PerkinElmer Inc., MA,
USA). Each IR spectra was collected from 400-4000
cm' under the nitrogen purge. Prior to the measure-
ment, 100 mg of sample were mixed with 1 g of KBr
powder and IR spectra were taken on a PerkineElmer

2000 spectrometer (Figure 5).

Results

The resulted from DLS showed that the sizes
of nanosilica of both ammonia solution groups
(0.231 mol/L and 0.458 mol/L) were increased when

increased the time of reaction and then the sizes

% Transmittance
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were constant at 9 days. At 30 days the DLS analysis
demonstrated that in group of 0.231 mol/L the
average size of the homogeneous distribution parti-
cles was 36 nm, while in the group of 0.458 mol/L
was 70 nm (Figure 2,3). The TEM, zeta potential and
specific surface area were determined at 30 days. The
TEM images revealed nanosilicas of similar size that
were evenly distributed in ethanol with low agglom-
eration (Figure 1). The zeta potential was determined
by Zetasizer was -37 mV in the group of 0.231 mol/L
and -42 mV in the group of 0.458 mol/L (Figure 4).
The specific surface area determined by the auto-
matic physisorption analyzer of the nanosilicas was
576 and 170 m?/g in the group of 0.231 mol/L and
0.458 mol/L respectively. The FTIR results showed
the spectra of absorption peaks of the samples were
at 1091 and 462 cm’! representing, Si-O-Si (sym-
metrical stretch) and Si-O-Si (rocking), respectively
(Figure 5).

Discussion

The synthesis nanosilica using sol-gel process
was performed in this study. The effect of ammonia
concentration, time of reaction on size and dispersion
property were investigated.

The FTIR results indicated that nanosilica

synthesis using sol-gel process in this study was

Si-0O-Si
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Figure 5 The FTIR spectra of the samples demonstrated absorption peaks at 1091 and 462 cm™



Py, AT U7 41 adufl 2 wa-s.A. 2563

achieved. The FTIR spectra of the samples demon-
strated absorption peaks at 1091 and 462 cm-1
representing, Si-O-Si (symmetrical stretch) and Si-
0-Si (rocking), respectively (Figure. 5).('®) In this
study nanosilica synthesis was under basic condition
because ammonia was used as catalyst in reaction. In
this basic condition, the particles in solution grow in
size but decrease in number.”) At the end of sol-gel
reaction, size of nanosilica stop growing. The result
of present study showed that the end of reaction was
9 days because size of nanosilica stop growing on
that day.

The amount of ammonia is crucial factor to
control size and level of their dispersion.The higher
amount of ammonia created a high pH level.1?) At
the high pH of reaction particles holds the negative
charge which produce a force of mutual electrostatic
repulsion between adjacent particles19. When the
degree of charge is high negative, the particles will
separate and diffuse in suspension, as shown in
Figure 1. Zeta potential was used to measure
charge of nanosilica suspension which indicated the
potential stability of the nanosilica suspension.*!*)
The criteria of well dispersion and non-dispersion
suspensions is +30 mV and -30 mV.* Particles with
zeta potentials more positive than +30mV or more
negative than -30 mV are normally considered well
dispersion.®*29 The amount of ammonia 0.231
mol/L and 0.458 mol/L created zeta potential -37 and
-42 mV respectively. Nanosilica of both groups had
zeta potential less than -30 mV. Thus, both groups
provided well dispersion and stable in solution.

The nanosilica grows in size when pH increases
and well dispersion is due to high negative zeta
potential.("!) The increase amount of ammonia
might increase level of pH. The appropriate amount
of ammonia was clarified because nano-sized and

well dispersion was the main objective. The results

CM Dent J Vol. 41 No. 2 May-August 2020

of DLS showed that 0.231 mol/L of ammonia created
36 nanometers, whereas, in 0.458 mol/L group
created 70 nanometers of silica. Thus, the appro-
priate amount of ammonia in this study was 0.231

mol/L. However, the particles did not disperse well

when the amount of ammonia was less than 0.231
mol/L (Figure 6).

JUN6  MININNEBUIANTIABIANATOUUUUF U INUTAY
masusaAuyevaynIAu lugan eldmaazare
wonluileanundutiuiosn 0.231 luanodns

Figure 6 TEM images showed agglomerration of nanosilica
when ammonia solution was less than 0.231 mol/L

Conclusion

Within the limitation of this study, it can be
concluded that the appropriate amount of ammonia
was 0.231 mol/L and the time of reaction was 9 days,
which created homogeneous distribution silica in
nano-sized range. This might be one of the effective
method to synthesis the nanosilica. The further study
is study about incorporated nanosilica into dental

polymer to improve mechanical properties.
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