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In this study, silica aerogels were produced by two-step sol-gel method to
investigate the effect of pH on the physical, chemical and textural structure of
aerogels. Tetraethyl orthosilicate (TEOS) used as a silica source. (3-
aminopropyl) triethoxysilane (APTES) acted as a silica co-precursor. The
quantity of sol precursors kept constant through the experiments and the pH of
hydrolysis and condensation reactions were varied. As a result of the
experimental studies, the optimum pH values to achieve monolithic aerogel were
obtained when the pH of hydrolysis is 3 and the pH of condensation is 10.
Physical, chemical and morphological characteristics of the samples were
examined by performing FTIR and SEM and density analyses. Results showed
that the sample SG-pH3/7 had also well-defined porous structure with

homogenous pore distribution, a stable lightweight and monolithic form.

© 2020 MIM Research Group. All rights reserved.

1. Introduction

Silica aerogels are nano-structured materials with high porosity (80% - 95%), high surface
area (500-1200 m2/g), low thermal conductivity, very low density (0.03-0.5 g/cm?3) and
very low dielectric constant (1-8). Silica aerogels are used mainly as thermal and acoustic
insulators, catalyst carrier, adsorbent in separation processes, sensor in electronic
industry, carrier material in pharmaceutical and agriculture, or as filler material in
composite production (2,8,9).

The silica aerogels are mainly synthesized via the traditional sol-gel method. Sol-gel
method is generally preferred due to its ease of application in laboratory conditions. Sol-
gel reaction is usually based on subsequent hydrolysis and condensation reactions of a sol
precursor followed by an aging and a drying period. A general sol-gel process is outlined
in Figure 1. This process consists of simultaneous hydrolysis and condensation reactions
of asilicon alkoxide group in a liquid solvent with proper acid and/or base catalysis to form
a colloidal solution called “sol”. Gelation starts because of a condensation reaction, which
creates siloxane bridges (Si-0-Si) between Si atoms delivered by precursor molecules that
leads to three-dimensional (3D) open network structure. During the gelation, polymeric
structure becomes distinct and viscosity of the sol increases (10-13). After complete
gelation, the wet gel should be allowed to age over a period of time for the mechanical
enhancement of the three-dimensional silica network. At the final step, aged gels are dried
by several drying methods to remove the solvents from the pores and to obtain silica
aerogels with three-dimensional porous network (14,15). Gel shrinkage, which is one of
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the major drawbacks in obtaining monolithic silica aerogel, generally causes from organic
solvent evaporation during the aging period. It can be avoided by replacing organic solvent
with some other solvent that has a lower vapor pressure. lonic liquids are organic salts
with an extremely low vapor pressure over a large temperature range (-96 to 400 °C),
hence, they do not evaporate during long aging periods (19). For that reason, including
ionic liquids in the sol-gel reactions may yield a stable gel network and can preserve the
structure against gel shrinkage. On the other hand, adding an amine containing silica
source can be a good approach in satisfying the silica network in the process. Yang et al.
prepared a silica aerogel by following a two-step method in which a silica co-precursor
containing an amine group 3-aminopropyltriethoxysilane (APTES) was involved to the sol.
They reported that amine-rich APTES behaved like both a basic catalyst and additional
silica source and enhance the solid network (16).

Hydrolysis reactions can take place as follows:

CoHsOH / HCl

Si— (0C,HY), + H,0 €=—1"55i — (OH), + C,H,OH (1)

. C,HsOH |/ HCl ] 2
H,N(CHy)5 — Si — (0C,Hy)s + H,0 €——""5 H,N(CH,)s — Si — (OH)5 + C,HsOH (2)

Condensation reaction took place as follows:

Si — (OH)4 + HyN(CHy) — Si — (OH)5 — H,N(CH,)s — (Si — 0 = Si),, —0C,Hs + H,0 3)

® ° M~ e
.. o o = . | — Solvent Exchange

°
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Fig. 1 Schematic presentation of sol-gel process.

The silica aerogels can be produced in various forms (i.e. powders, granular, or monolithic)
according to specific target and altering the final form of these materials is possible only
by changing the synthesis conditions. Producing silica aerogels in monolithic form has
some advantages for particular applications as it allows controlling final shape of the
product and has some superior physical properties (i.e. lower thermal conductivity)
than the other forms. During the sol-gel method, any process parameters such as
composition of the sol, reaction temperature, reaction pH, type of catalysts, drying
conditions etc. have great importance on the final chemical, physical and morphological
properties of the product. Among these parameters, pH value of the solutions in sol-gel
reactions are of the essence on the formation of the 3D structural network and the final
physical form of the aerogels (17-19). It directly affects the rates of the hydrolysis and
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condensations reactions and the rates of these reactions are vital factors in achieving
desired properties of aerogels.

During the sol-gel reaction, hydrolysis and condensation reactions take place
simultaneously with different rates. When the sol is converted into a gel, the general
variation of the hydrolysis and condensation reaction rates according to pH of the solution
is shown in Figure 2. As seen from the Figure 2, the selected pH values can change the rates
of these reactions and accelerating, or decelerating rate of these reactions completely
change the reaction kinetics. The pH is a key parameter to control the microstructure of
gels forming from the sol. The rate of hydrolysis and condensation reactions strongly
depends on the acidity of the reaction media. Thus, reactions under acidic or basic
conditions must be studied separately. The minimum reaction rate for hydrolysis is at pH
7 and for condensation at around pH 4-5. At pH lower than 5, hydrolysis reaction is favored,
and condensation is the rate-limiting step. In this pH range, lots of monomers or small
oligomers with reactive Si-OH groups are formed simultaneously. On the contrary,
hydrolysis reaction becomes the rate-limiting step at pH higher than 5, and hydrolyzed
species are instantly formed due to the faster condensation.

When pH range is between 4-7, the reaction rate of condensation is proportional to the
concentration of the OH- ions. When pH is less than 2, the silicic acid species becomes
positively charged and the reaction rate of the condensation is proportional to the
concentration of H*. Under strongly basic conditions, the solutions mostly include anionic
species. Hence, the rate of Si-0-Si breaking or redissolution of particles is high at elevated
pH (Figure.2) (11,20).

1
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\ —— Condensation
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b
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2
=
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Fig. 2 Hydrolysis and condensation reaction rates depending on pH (21).

In this study, the effect of pH on the final physical and morphological properties of silica
aerogels are comprehensively investigated. Achieving monolithic form of silica aerogels
after drying period is another crucial target for the study. pH of the solutions was varied
either in hydrolysis or condensation reactions as two parts. In the first part of the study,
three samples prepared by changing the pH of the solution during hydrolysis reaction as
3, 4 and 5 while keeping the pH of the solution constant during the condensation period.
By this way, the proper value of pH for the hydrolysis period was determined in order to
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obtain a monolithic crack-free structure. In the second part of the study, pH value in
hydrolysis reaction kept constant and the pH of the condensation reaction was varied as
8,9 and 10. Final physical and chemical form of the aerogels were analyzed to determine
optimum condensation reaction pH as well. Samples obtained at favorable combination of
reaction pHs were then physically, chemically and morphologically characterized.

2. Materials and Method
2.1. Materials

Silica aerogels were prepared by two-step sol-gel process followed by ambient pressure
drying. Tetraethylorthosilicate (TEOS, 98%), 3-aminopropyl-triethoxysilane (APTES) used
as silica precursors were purchased from Sigma Aldrich. Ethanol (EtOH) and n-Hexane
were used as solvents; HCl, NH4OH were involved in sol-gel process as catalyst. 1-ethyl-3-
methylimidazolium bis(trifluoromethanesulfonyl)imide (EMIMTF2N) as imidazolium
based ionic liquid (IL, 98%) was supplied from Sigma Aldrich and selected as drying
control agent to give the final product a crack-free monolithic structure.

2.2. Preparation of silica aerogel

The silica aerogels were prepared by following two-step sol-gel process (Figure 3). This
process consists of three main parts called as sol preparation and gelation, aging of the gel
and drying.

TEOS

lonic Liquid APTES
Water ) Ethanol )
Ethanol / /

A Ll

soLA W SoLB

W O
9

= " v §_~ -

. J ) WET GEL AEROGEL

%nf‘

Fig. 3 Two step sol gel method.

During the sol preparation, two silane sources, TEOS and APTES were used. TEOS were
hydrolyzed in the presence of IL and EtOH by using 0.01 M HCI for 30 min (sol A) whereas
APTES were hydrolyzed only with EtOH for 30 min (sol B). After 30 min of mixing, the
solutions were kept in a cold medium to satisfy a proper bonding between particles and
hence to enhance the silica network. During the hydrolysis reactions, the silanol polar
groups formed by hydrolysation attack each other to form covalent bonds, through
simultaneously occurred condensation reaction. Sol A and Sol B are then combined for
further continuation of the condensation reaction and fully completion of gelation. pH
values of the solution which directly affects the rate of the formation reactions, were
adjusted by using HCI. In the first step of this study (run 1), the pH value of hydrolysis in
Sol A was adjusted as 3, 4 and 5 in Solution A, while pH of the Sol B was kept constant at 7.
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During the condensation period, the solution transformed from liquid state to gel form and
ended up with the 3-dimensional network structure. The gelation rate of the sample is
directly dependent on the kinetics of the condensation reaction. In the second part of the
study (run2), the pH of the condensation reactions was adjusted as 8, 9 and 10 while
keeping pH value of the hydrolysis reactions constant. The sol components in all samples
and pH values of hydrolysis/condensation periods in run1 and run2 are shown in Table 1.

Table 1. Sol components of all samples in run 1 and run 2.

Molar ratios of sol

components pH of pH of
Run ID (mol/mol TEOS) Hydrolysis  Condensation
period period

TEOS: APTES: IL: Water: EtOH

SG-pH 3/7 1: 0.141: 0.016: 5.167: 35.67 3 7
Run 1 SG-pH 4/7 1: 0.141: 0.016: 5.167: 35.67 4 7
SG-pH 5/7 1: 0.141: 0.016: 5.167: 35.67 5 7
SG-pH 3/8 1: 0.141: 0.016: 5.167: 35.67 3 8
Run 2 SG-pH 3/9 1: 0.141: 0.016: 5.167: 35.67 3 9
SG-pH 3/10 1: 0.141: 0.016: 5.167: 35.67 3 10

Hydrolysis and condensation reactions of silica precursors take place as follows:

Hydrolysis reaction of TEOS:

H
H~O) H-OH
CaHs
CzH5~o\ /d‘_j O /OH
N
SO — /SI\OH -+ 4c;yHs0H (@)
g © HO
CaHs K-
H-OH
won_J
Hydrolysis reaction of APTES:
H-CH
HZN Psz HaN
i ° \1 A + 3
S —_—— si C2HsOH
o” l\'O"CzH-"‘ HO” I\OH (2)

CaHs K'
H-OH ‘_/' H-0H

Condensation reaction and the formation 3D structure:
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After achieving complete gelation, the silica aerogels were exposed to an aging period of
24 hin a polypropylene cylindrical mold to allow further continuation of the condensation
reactions. Afterward, silica aerogels were subjected to ambient pressure drying for 48
hours.

2.3 Characterizations

Bulk densities of dried gels were determined by using pycnometer. The percentages of
porosity of the samples were estimated according to equation given below (Eq. 1);

%Porosity = (1--2)x100 ¢h)

Where p is the bulk density of synthesized silica aerogel and 2.1 g/cm3 is the density of
solid skeleton (10).

The morphological characterizations of the prepared silica aerogels were evaluated by
using Scanning Electron Microscope (SEM) (PHILIPS, XL 30S FEG) with a magnification
rate of 10000. Fourier Transform Infrared Spectroscopy (FTIR) (PERKIN ELMER,
Spectrum 100, ABD) analysis was performed between the wave number ranges of 500 to
4000 cm~! to identify the chemical interactions within the samples.

Surface area, average pore volume and average pore diameters of silica aerogels were
measured by physisorption of Nz at 77 K by using Quantachrome Corporation, Autosorbé6.
Before the measurement, the samples were subjected to degassing operation at 120°C over
night to remove residual moisture and adsorbed gases.

3. Results and Discussion

3.1 Physical Characterization of Aerogels
Visual observations and the density of the resulted material became our preliminary
criteria to decide the optimum pH for hydrolysis. In the first part, three gels were
hydrolyzed under the different media having various pH. The monolithic structure was

only achieved with the one which has the hydrolysis pH of 3. When the pH of hydrolysis is
increased to 4 or 5, samples are obtained in powder form as seen in Figure 4.

262



Koc et al. / Research on Engineering Structures & Materials 6(3) (2020) 257-269

bl b2 b3

Fig. 4 Visual observations of prepared aerogels al) SG-pH3/7, a2) SG-pH4/7, a3) SG-
pH5/7 at gelation steps and b1) SG-pH3/7, b2) SG-pH4/7, b3) SG-pH5/7 at solvent
extraction step.

In the hydrolysis mechanisms, a nucleophilic attack of oxygen ion pairs of the H20 molecule
on the Si atoms occurs firstly. Due to the polarized Si-O bonds, the silicon atoms carry a
partially positive electronic charge, which in that case determines the kinetics of the
nucleophilic attack and thus determines the overall hydrolysis reaction. In alkoxides, the
Si atoms hold a partially moderate positive charge. Hence, the gelation kinetics of
Si(OCzHs)4 alkoxides get so slow unless the hydrolysis and condensation steps of Si are
catalyzed either by bases that hold strong negative charges or by acids in which case the
reaction mechanism changes drastically (11,21).

In the sol-gel reactions, the relative magnitudes of the hydrolysis and condensation rates
are slow enough to allow an almost independent control. In general, silica gels with a
texture closer to that of long silica chains in polymeric structures obtained if the hydrolysis
rate becomes faster than the condensation rate. This was the case under acidic conditions
in our study (SG-pH3/7). Therefore, more stable silica gel network was constructed at the
pH value of 3. On the other hand, when the pH of the hydrolysis and condensation reaction
are getting closer as in the case of sample SG-pH4/7 and sample SG-pH5/7, reactions can
not be dominated by other reaction and it leads shorter silica chain length. Remained
alkoxy groups due to the incomplete hydrolysis reaction hinder silica molecules from
formation well defined SiOz structure. For these reasons, the second part of the study was
conducted by adjusting the pH of the hydrolysis reaction 3 and the pH of the condensation
reactions was varied from 8 to 10 by addition of 0.1 M base catalysts (NH4OH). The same
procedure was followed during synthesis and after drying in ambient condition, only one
sample (SG-pH3/10) exhibited a high degree of monolithicity. At this pH in condensation
reactions (pH=10) proton acceptors, i.e., bases accelerated the condensation reactions
higher than hydrolysis reaction, which then promotes the formation of denser silica
colloids (SG-pH3/10).
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Fig. 5 Visual observations of prepared aerogels al) SG-pH3/8, a2) SG-pH3/9, a3) SG-
pH3/10 at gelation steps and b1) SG-pH3/8, b2) SG-pH3/9, b3) SG-pH3/10 at solvent
extraction step.

The density and porosity for the samples are shown in Table 2.

Table 2. Physical properties of the all samples.

. . Physical
Run ID Density (g/cm?3) Porosity (%) observations
SG-pH 3/7 0.32 73.3 monolithic
Run 1 SG-pH 4/7 0.29 75.8 powder
SG-pH 5/7 0.27 77.5 powder
SG-pH 3/8 0.31 74.1 Powder
Run 2 SG-pH 3/9 0.24 80.0 granular
SG-pH 3/10 0.35 70.8 monolithic

The density of each sample was measured by pycnometer and the percentage porosity
were determined. A slight increase in the porosity observed with the increase in the pH in
hydrolysis reactions. One possible reason for this situation can be the reduction in the
superiority of the two reactions to each other owing to the adjustment of the pH at a
moderate value. On the other hand, it would not be right to state this comment for the
second part. The pH adjusted during the condensation period did not directly affect the
porosity of the samples. When the pH of condensation reaction is increased up to 9 the
porosity of the samples increased accordingly. On the other hand, when the pH of the
condensation reaction adjusted at 10, reaction rate reached the maximal point and as the
hydrolysis rate at this pH approached almost to the condensation rate, the porous
structure deteriorated at this pH. The density value of the sample SG-pH3/10 was
measured as 0.35 g/cm3 and the porosity value was determined as 70.8 percent. The final
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sample had a slightly denser structure than the other samples, probably resulted from the
monolithic form of the aerogel.

3.2 Chemical Characterization

FTIR analysis was performed to determine chemical structures of aerogels and the FTIR
spectrums was given in Figure 6 and 7.

5G-pH5/7
Ve
9 Si-0-Si
é SG-pH4/7
g
8 W
b=
g SG-pH3/7 Si-0-Si
§
= 800
Si-0-Si
4000 3500 3000 2500 2000 1500 1000 500
Wave number (cm-1)

Fig. 6 FTIR spectrum of the prepared aerogels at the pH of 3, 4 and 5.

The values corresponding to peaks near 1080 cm-! can be attributed to Si-O-Si bonding in
the chemical structure of aerogels and indicates the how well the silica network is
established (2). As shown in Figure 6, the depth of Si-O-Si bonds at 1081 cm-! decreased as
pH increased. Thus, the strongest Si-O-Si bond was obtained at a pH of 3. This indicates
that the perfect hydrolysis was achieved at the pH value of 3.

SG-pH3/8
. . 192
- Si-0-Si
k3
o SG-PH3/9
g
® 794
- $i-0-Si
E  sG-pH3/10
&
(S 790
Si-0-Si
4000 3500 3000 2500 2000 1500 1000 500
Wave number (cm-1)

Fig. 7 FTIR spectrum of prepared aerogels at the pH of 8, 9 and 10.

Figure 7 represents the FTIR results of silica aerogels in which the condensation reactions
occurs at the pH of 8, 9 and 10. Results have shown that as the pH increased, the
condensation reaction accelerated and the intensity of the Si-O-Si bonding increased.
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3.3 Gelation Behavior

Figure 8 shows the duration of the gelation during the preparation of the samples.

— 87

C

o — 7_

£ 6 o pH3/7

<]

25y m pH4/7

= st 0 pH5/7

53+ O pH3/8

© 24 W pH3/9

] 1_,

© @ pH3/10
0" T

Runl Run2

Fig. 8 Gelation time of runl and run2.

It was observed that when the pH of the condensation reaction is about 7, it took relatively
longer time to achieve complete gelation. However, the gelation times at pH higher than 7
occurs fast, which means that there was hardly any time for the system to condensate into
a well-defined network. In such gelation times, the generation of larger pores also
inevitable. These larger pores act as scattering centers for light in the visible range of the
spectrum and caused opacity of the final aerogel, too. As shown in Figure 9, the sample SG-
pH 3/10, which showed rapid gelation, had a more opac appearance than the SG-pH 3/7
that has slow gelation.

\ \! \

. AR TN

[ A IRAY
Fig. 9 Visual observation of the samples SG-pH3/7 and SG-pH3/10, respectively.

3.4 Morphological characterization

Microstructural patterns of the produced silica aerogels (SG-pH3/7, SG-pH4/7, SG-pH5/7
and SG-pH3/10) were examined via SEM analysis.
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pH

Fig. 10 SEM Image (x10000) of the samples a)SG-pH3/7, b)SG-pH4/7, c)SG-pH5/7.

SEM images confirmed the results about the existence of well-defined primary silica
particles in SG-pH3/7 rather than other samples in runl. Due to completion of sufficient
hydrolysis during the synthesis of the sample SG-pH3/7, there observed a homogenously
distribution of the nearly same sized silica particles for this sample. When the pH in
hydrolysis reaction increased, it yielded less homogenous pore network and non-uniform
particle size as in Figure 10b and 10c.

On the other hand, when the condensation reaction increased to 10, regarding to severe
Si-0 formation and very fast condensation reaction, very small silica particles formed and
agglomerated on each other as small clusters as in Figure 11. As a result, SG-pH3/10
yielded less porous form with denser solid structure comparing to SG-pH3/7.

Fig. 11 SEM Image with 10000-magnification rate of the samples SG-pH3/7 and SG-
pH3/10, respectively.

Surface area, pore volume and average pore diameter values after Nitrogen adsorption/
desorption measurements were summarized in Table 3. BET surface area for SG-pH3/7
exhibited relatively high surface area (65 m?/g) than the SG-pH3/10. Accordingly, average
pore volume value also higher for this sample. This outcome is compatible with
homogenous distribution of the pores in this sample compared to that of SG-pH3/10.
Results also confirm the existence of micropores in the structure for SG-pH3/7, too. Pore
dimensions increased as the pH of the condensation reaction increase and for SG-pH3/10
scale of the pores was increased from micro to meso scale.
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Table 3. Pore characteristics of silica aerogels

Sample ID Specific Surface Area Pore Volume Avarage pore diameter
(m?/g) (cm3/g) (nm)

SG-pH3/7 65 0.147 1.73

SG-pH3/10 37 0.050 2.13

4. Conclusions

In this study, the effect of pH that is one of the most crucial parameter affecting the final
properties and physical appearances of silica aerogels was investigated. For this purpose,
various pH values are examined during the sol-gel reactions. In the first part of the study,
three samples prepared by changing the pH of the solution during hydrolysis reaction
while keeping the pH of the solution constant during the condensation period. In this way,
the appropriate pH was determined as 3 for the hydrolysis period in order to obtain a
monolithic crack-free structure (the sample SG-pH3/7). In the second part, pH was varied
during the condensation period while keeping pH value constant as three with respect to
the previous part. In this part, only one sample (SG-pH3/10) exhibited a high degree of
monolithicity. At this pH value, the condensation reaction was accelerated more than the
hydrolysis step, which then favors the formation of 3D colloidal silica particles and
monolithic form of gels (SG-pH3/10).

[t was visually observed that only two samples (SG-pH3/7 and SG-pH3/10) have preserved
their monolithic structure after drying during this whole study. Although the chemical
characteristics defined by FTIR analysis were similar, density measurements exhibited
that the sample SG-pH3/7 had slightly lighter and more porous than the sample SG-
pH3/10. At the same time, SEM and BET analyses have identified that the sample SG-pH3/7
had a well-defined and homogenous size of primary particles with higher specific surface
area and pore volume.
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