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Abstract

Trimethylethoxysilane (TMES) has been recognized as a good co-precursor to increase the degree of hydrophobicity during
the synthesis of a silica aerogel because of its methyl groups. Therefore, some physical properties of silica aerogels,
including the contact angle and porosity, were investigated using TMES as a co-precursor at different molar ratios with the
main precursor such as tetramethoxysilane (TMOS) or tetraethoxysilane (TEOS). In contrast to TMES, most silylating
agents such as hexamethyldisilazane (HMDZ) and trimethylchlorosilane (TMCS) have been used for surface modification
because of their ability to enhance the hydrophobicity of the aerogel surface. This work examines the silylation effect, which
includes increasing hydrophobicity by TMES to determine the possibility of using it as an alternative silylating agent during
ambient pressure drying in the synthesis of sodium silicate-based silica aerogel. In addition, the physical properties of
sodium silicate-based silica aerogels with silylation under different TMES/TMCS volume ratio are investigated. The
physical properties of sodium silicate-based aerogels can be changed by the TMES/TMCS volume ratio during the surface
modification step. Aerogels with a high specific surface area (458 m%/g), pore volume (3.215 cm®/g), porosity (92.7%), and
contact angle (131.8°) can be obtained TMES/TMCS volume ratio of 40/60.
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1 Introduction

Silica aerogels can be synthesized using a sol-gel process
followed by different drying methods [1], and these materials
were given attention after Kistler’s invention [2]. It shows
distinctive physical characteristics such as a high porosity
(>90%), low thermal conductivity (<0.02W/m-K), low
dielectric constant (k<1.7), low refractive index (<1.1), and
low bulk density (~0.1 g/lem®) [2—4]. It is a promising candi-
date for a broad range of applications related to these prop-
erties, such as building insulation, interlayer dielectrics, drug
delivery systems, oil absorbers, gas storage systems, sensors,
aerospace applications, hydrogen storage media, capacitors,
batteries, construction applications, and filters [1-5].

Various drying methods are used in synthesizing silica
aerogel, including supercritical drying (SCD) and ambient
pressure drying (APD) [1]. In particular, APD is an attrac-
tive drying method for synthesizing silica aerogel because it
has a lower cost for production of silica aerogels [6] and is
safer to handle than SCD [4]. A surface modification agent
is generally introduced for a silylation process before APD
to maintain the pore structure and increase the

@ Springer

134.4° 128.6°

Sodium silicate-based silica aerogel was synthesized by APD using TMES/TMCS surface co-modifying agent.
TMES can act as an alternative surface modification agent with TMCS.

Hydrophobicity was not measured at the case of only TMES usage.

TMES/TMCS surface co-modifier for silylation enhances the physical properties of silica aerogel.

Sodium silicate - Silica aerogel * Surface modification * Silylation * Trimethylethoxysilane *

hydrophobicity of the silica aerogel [5]. Generally, tri-
methylchlorosilane (TMCS) and hexamethyldisilazane
(HMDZ) are popular surface modification agents because of
their high silylation tendencies [7]. APD is an affordable
method that consumes less energy. Thus, it could be a
potential route for silica aerogel commercialization [8]. It
shows a synergy effect when synthesizing a silica aerogel
with sodium silicate, which is a cheap precursor compared
to metal alkoxides. Reports are available on silica aerogel
prepared by APD with sodium silicate as the main precursor
with different surface modification agents [7-10].

Many reports have been published on the effects of
surface modification with some variables for silica aerogels.
The effects of different functional groups of silylating
agents on the physical properties of silica aerogels [11, 12],
comparison between TMCS and HMDZ, which were used
for silylation with different molar ratio of surface mod-
ification agent/Na,SiO3 [13], and various silylating agents
other silylating agents on a silica aerogel have been inves-
tigated [14-16]. Furthermore, some researchers have
reported the combined effect of two different silylating
agents with similar molecular formulas.
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In this present work, the effect of trimethylethoxysilane
(TMES) as a surface modification agent was investigated.
TMES has a molecular structure similar to that of TMCS.
However, instead of the chlorine present in TMCS, an
ethoxy group is attached to TMES, and it does not form HCI
during the sylilation process. It has been reported that
TMES can be used as a co-precursor to increase the
hydrophobicity of a silica aerogel [17-19]. In the present
study, the effect of a TMES/TMCS mixture on the physical
properties of silica aerogels was studied.

2 Experimental procedure

Sodium silicate-based silica aerogels with various percen-
tages of TMES and TMCS were synthesized using a two-
step sol—gel process followed by the APD method [20, 21].
The following chemicals were used in the synthesis.
Sodium silicate solution (53 wt%, Duksan Chemical Co.
Itd., South Korea) was used as the main precursor. Metha-
nol (99.8%, Duksan Chemical Co. Itd., South Korea) and n-
hexane (95.0%, Duksan Chemical Co. 1td., South Korea)
were used as aging solvents during aging process. Surface
modification was performed using TMCS (pH ~1, 98.0%,
Daejung Chemicals & Metals Co., Itd., South Korea) and
TMES (pH ~8,298.0%, skc silicone, South Korea). Acid
and base catalysts such as hydrochloric acid (HCI, 35%,
Daejung Chemicals & Metals Co., Ltd., South Korea) and
ammonium fluoride (NH4F, 98.0%, Sigma-Aldrich, USA)
were used for the sol-gel process of the sodium silicate. A
water-glass solution with a specific gravity of 1.05 was
prepared by mixing sodium silicate agent and distilled water
while maintaining the pH value of the solution at approxi-
mately 11-12. The solution was stirred to form a homo-
geneous sodium silicate-based silica sol, and a NH4F
solution was added to accelerate the hydrolysis for 4 h at
room temperature. This led to the formation of silicic acid
from sodium silicate, and NaF was formed as a salt during
the hydrolysis step. Then, a hydrochloric acid solution was
introduced for the condensation step. The molar ratio of
Na,Si03:H,O:NH,F:HC1 was kept  constant  at
1:121.67:0.2467:4.144. After gelation, the gel was aged for
3h in an oven at 50 °C. Then, the gel was cut into small
pieces and washed five times with de-ionized water. These
silica gel pieces were aged in methanol at 50 °C for 24 h.
The surface modification process was performed by aging
hydrogels in a mixture of methanol and n-hexane at same
volume as 50 ml with variation in the volume ratio between
TMCS and TMES mixture. In this study, TMES/TMCS
volume ratios of 20/80, 40/60, 60/40, and 80/20 were used.
In addition, samples silylated by different volume ratios of
TMCS compared with the volume of n-hexane (20, 40, 60,
80, and 100 vol%) and TMES alone (50, 100, and 200 vol

%) were prepared for comparison. The silica aerogel sam-
ples prepared with different surface modification conditions
are summarized in Table 1. The reactor was sealed during
the surface modification step, and put in the oven at 50 °C
for 24 h. After that, the wet gels were washed five times
with n-hexane to remove any residue. The aging of the gel
was conducted with excess n-hexane at 50 °C in the oven
for 24 h to strengthen the silica network. Finally, the sily-
lated wet gels were successively dried at 50 °C for 1 h and
200 °C for 1 h. Figure 1 summarizes the complete experi-
mental process in a flow chart.

The bulk density was calculated using the mass-to-
volume ratio. The volume was determined from a cylind-
rical column of a specific volume, which was filled with
aerogel powders [22, 23], and the mass was measured using
an electronic microbalance with an accuracy of 107> g [22—
24]. In addition, the porosity of each sample was calculated
using the formula given below Eq. 1.

Porosity = (1 — p,/ps) x 100(%) (1)

where py, is the bulk density, p, is the skeletal density of
each sample, and the ps values were determined using a
helium pycnometer (Micromeritics, AccuPyc 1330, USA).
The skeletal density values for all the samples were ~1.9 g/
cm®. The chemical bonds in the water-glass-based silica
aerogels were detected by means of Fourier transform
infrared (FTIR) spectroscopy (Perkin Elmer, Model No.
760, USA) using a wavenumber range of 4000 to 400 cm ™.
The contact angle (6) was measured using a contact angle
meter (GITsoft, UNI-CAM-M-Dimension, South Korea) to
analyze the degree of hydrophobicity of each sample. The
specific ~ surface area was calculated using a

Table 1 Silica aerogels prepared under different surface modification
conditions

Sample TMCS TMES

Volume Volume Volume Volume

(ml) percentage (vol (ml) percentage (vol

%) %)

C100 50 100 0 0
C80 40 80 0 0
C60 30 60 0 0
C40 20 40 0 0
C20 10 20 0 0
C80E20 40 80 10 20
C60E40 30 60 20 40
C40E60 20 40 30 60
C20E80 10 20 40 80
E50 0 0 25 50
E100 0 0 50 100
E200 0 0 100 200
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Fig. 1 Flow chart and procedure for synthesis of water-glass based silica aerogel

Brunauer-Emmett-Teller (BET) analysis from the amount
of N, gas adsorbed with a relative pressure in the range of
0.01 < P/Py< 1. In addition, the total pore volume, average
pore diameter, and pore size distribution were analyzed by
the Barrett—Joyner—Halenda (BJH) method using the BET
surface analyzer (Quantachrome, autosorb-iQ, USA). A
field emission scanning electron microscope (FESEM) and
energy-dispersive X-ray spectroscopy (EDX) (JEOL, JSM-
7001F, Japan) were used to investigate the microstructure
and elements present in the silica aerogel surface. The
optical transmittance of the prepared aerogel granules was
measured in triplicate by using a UV-visible spectro-
photometer (JASCO, V-570, USA). The average size of the
granules was approximately 2 mm, and the thickness of the
cell used to measure the optical transmittance was 10 mm
(Cuvets Quartz glass precision cell; Hellma, 6040-UV,
German) when using a wavelength of 200-800 nm [25].

3 Results and discussion

The silica aerogels were synthesized using a two-step
acid-base catalyzed sol-gel process followed by a two-step
acid-base catalyzed sol-gel process. These two processes
are shown below in Egs. 2 and 3.

Hydrolysis : Na,SiO3 + H,O + 2NH4F

2

—= Si — OH + 2NaF + 2NH3; @)

Condensation : = Si — OH + HO — Si 3)
=—-=Si—0-Si=+H,0

@ Springer

After the sol-gel process, silylation was performed to
prevent gel shrinkage during drying. The reaction
mechanism for the surface modification is explained in
Eq. 4.

Surface modification(by TMCS): = Si — OH + (CHj3),Si—
Cl —= Si — O — Si(CH;),+HCI

(4)

Both the sol-gel process and surface modification step
influenced the physical properties of the final products [26].
Figure 2 shows the FTIR spectra of aerogel samples with
different percentage of the TMCS and TMES silylating
agents used to modify the silica aerogel surface. The strong
Si—O-Si bonding is observed at 460 and 1100 cm~ !, and the
peak at 950 cm™~ ' shows Si-OH absorption, which confirms
the formation of a silica network [27]. Further, Si—C
stretching vibrations are shown at 850 and 1250 cm™'. In
addition, the peak at 2900 cm~! means C-H bond [28].
These peaks correspond to the silylation process used to
modify the silica surface with hydrophobic groups. First,
the peaks at 460, 1250, and 2900 cm ! are shown at sam-
ples C100, C80, C60, C80E20, C60E40, C40E60, and
C20ES8O0 for different TMCS values, and TMCS and TMES
volume percentages, as seen in Fig. 2(a, b). It indicates that
the hydrophobicity can decrease with a decrease in the
TMCS vol%, and introducing TMES with TMCS can affect
the silylating reaction even if the TMCS vol% is lower. In
contrast, samples C40, C20, E50, and E100 do not show
any peaks related to the Si—C and C-H bonds. Therefore,
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Fig. 2 FTIR spectra of silica aerogels with different silylating condi-

tions: a TMCS vol%, b TMES/TMCS volume ratio, and ¢ TMES vol
%

the surface modification step was not very effective in their
cases. In addition, it can be suggested that using TMES
alone for the surface modification step could not produce
the silylation effect. It is clear that samples ES0, E100, and
E200 do not show the C-H and Si—C peaks in Fig. 2(c).

Therefore, TMES should be used with TMCS to produce
the silylation effect. However, sample E200 showed a dif-
ferent phenomenon compared to the other samples, as
shown in Fig. 2(c). It has a peak at 2900 cm ', which
indicates the C—H bond rather than the Si—C bond. It is
supposed that the TMES introduced during the surface
modification step was not completely washed away. Con-
sequently, this peak is the result of the TMES.

The difference in the degree of hydrophobicity under
different silylating conditions is shown in Fig. 3 by the
contact angle measurements and Fig. 4. Contact angle
decreases with a decrease in the TMCS vol%, as shown in
Fig. 3(a). This was due to a decrease in the silylation effect
with a decrease in the silylating agent vol% [29]. However,
the combination of TMES and TMCS that maintained the
silylating effect is shown in Fig. 3(b). In particular, the
contact angle increased at a TMES/TMCS = 60/40 as
volume ratio. Rapid silylation could increase the modifica-
tion of the surface with hydrophobic methyl groups.
Therefore, the inner part of the pores could not be silylated
because the permeation of the silylating agent was inter-
rupted as a result of the steric hindrance of the trimethylsilyl
groups outside of the pores [30, 31]. In contrast, a lower
TMCS vol% induced a lower rate of silylating reaction with
an influence on the TMES as the surface modification agent.
Hence, the samples with TMES and TMCS mixed silylating
agents maintained their degree of hydrophobicity. Addi-
tionally, a stable silylating reaction caused a higher degree
of hydrophobicity at a TMES/TMCS = 60/40 volume ratio.
However, using TMES alone could not produce the surface
modification. The TMES could not interact with the silanol
groups, which prevented any degree of hydrophobicity. In
other words, the sample with TMES alone had hydro-
philicity. However, using only TMES up to a 200 vol%
could increase the contact angle up to 76.2°. It was con-
sidered that under-washed residual TMES on the gel surface
caused an increase in the contact angle. This explanation is
related to the FTIR spectra shown in Fig. 2, which simply
shows the C—H bond without the peaks of the Si—C bonds
for samples with an excess TMES vol% introduced, such as
200 vol%. Thus, it was confirmed that the FTIR peak of the
C-H bond and the increase in the contact angle were not
derived from the surface modification under this condition.

Figure 5 shows the EDX spectra of the sodium silicate-
based silica aerogels prepared under different silylation
conditions. Silicon and oxygen peaks at approximately 0.5
and 1.7keV, respectively, are shown for samples C100,
C20E80, C40, and E200 [32]. However, a carbon peak at
approximately 0.3 eV is shown for samples C100, C20ES80,
and E200, but not for sample C40 [33]. It gives evidence
about whether or not the surface modification was produced
because sample C40 underwent silylation with a 40 vol% of
TMCS. However, sample C20E80 has the carbon element
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Fig. 3 The variation in contact
angle with different silylating
conditions: a TMCS vol% and b
TMES/TMCS volume ratio
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Fig. 4 Contact angle images of aerogels prepared under different silylating conditions

Fig. 5 EDX spectra for silica
aerogels with the different
volume ratio of TMES/TMCS
during surface modification step

from the hydrophobic groups even though the TMCS vol%
for sample C20E80 is lower than that for sample C40.
Additionally, it can be suggested that the carbon peak is
shown for sample E200 as a result of the residual TMES
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that remained at the gel surface in spite of the washing step.
The FTIR data for sample E200 in Fig. 2 verifies this idea
because it does not have peaks for the Si—C bonds. There-
fore, the effects of the excess TMES and lower percentage
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Table 2 Physical properties of

silica acrogels prepared under Sample iﬁgg/ Spe;iﬁc Pore Average Bulk‘ Porosity (%) Opticalh Contac(t)
different silylating conditions surface s volume pore density transmittance  angle (°)
volume area (m”/ (cc/g) diameter  (g/cc) at 550 nm
ratio 2) (nm)
C100 100/0 404 297 294 0.135 92.5 79 128.6
C80 80/0 420 2.713 25.82 0.154 91.9 77 124.8
C60 60/0 341 2.83 33 0.168 91.1 60 116.4
C40 40/0 351 1.57 17.93 0.323 83.4 14 76.9
C20 20/0 118 0.952 6.45 0.388 81 8 0
C80E20 80/20 479 3.92 32.7 0.124 93.7 75 128.7
C60E40 60/40 458 3.215 14.04 0.139 92.7 63 131.8
C40E60 40/60 518 3.398 26.24 0.153 92.2 40 134.4
C20E80 20/80 464 1.67 144 0.208 89.3 21 128.6
E50 0/50 503 1.06 8.45 0.358 82.1 0
E100 0/100 536 1.15 8.54 0.360 824 0
E200 0/200 563 1.217 8.652 0.476 76.2 87.6

of TMCS were shown by the EDX spectra and other
measurements.

The optical transmittance at 550 nm is shown in Fig. 6
and Table 2. The optical transmittance at 550 nm is in the
range of 6-79%, and the resultant images are given in Fig.
7. It can be confirmed that the optical transmittance differed
in accordance with the different silylation conditions.
Among these samples, sample C100 had the highest optical
transmittance of approximately 79%. In addition, the ten-
dency for the optical transmittance to decrease differed
between the cases using the combination surface mod-
ification and TMCS alone. This was related to the change in
the physical properties by the capillary pressure between the
solvent and silanol groups during drying due to the lower
hydrophobicity of the silica aerogel. In particular, the
combination of TMCS and TMES resulted in less of a
decrease in the optical transmittance of the silica aerogel,
which can be observed by comparing sample C40 and
sample C40E60. However, the cases with TMES had low

optical transmittance values below 10%. This was similar to
the results for the silica aerogels subjected to the silylation
effect with a lower TMCS vol% of <40 vol%, as repre-
sented by samples C40 and C20. Therefore, it is evidence
that TMES would not produce the surface modification
when used alone as a silylation agent. As a result, the cases
where TMES was used had the lowest optical transmission
values of all the silica aerogels prepared under the different
silylation conditions.

The variations in the bulk density and porosity under
different silylating conditions are presented in Fig. 8. The
porosity decreased and bulk density increased for the silica
aerogel with decrease of TMCS vol% in surface modifica-
tion step [34]. This was because the smaller amount of
introduced silylating agent caused gel shrinkage during
drying [35-38]. In contrast, the combination of TMES and
TMCS produced constant porosity values greater than 89%.
This was additional evidence that TMES could assist in the
surface modification step with TMCS. Moreover, it was
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Fig. 8 Bulk density and porosity with different silylating conditions: a TMCS vol% and b TMES/TMCS volume ratio

confirmed that the TMES alone could not produce a por-
osity greater than 85% or bulk density of <0.3 g/cm®. This
was due to the influence of a higher capillary force during
the drying step compared to other silylated silica aerogel
samples, which had higher physical properties than samples
E50, E100, and E200 [15].

The summarized information about the results for the
specific surface area, pore volume, average pore diameter,
bulk density, porosity, and contact angle for silica aerogels
with various silylating agents is given in Table 2. This
confirms that most of the results varied with the variation in
the volume ratio of TMCS to TMES. In particular, Fig. 9
represents the variation of the pore volume with the vol% of
TMCS and TMES/TMCS. The pore volume decreased with
a decrease in the TMCS vol%. At 40vol% of TMCS, a
drastic decrease in the pore volume is observed from
2.83 cc/g to 1.57 cc/g. This suggests that silica aerogels with

@ Springer

a lower degree of hydrophobicity caused a lower pore
volume due to the capillary force between the solvent and
silanol groups during the drying step [16]. However, the
TMES and TMCS combination increased the pore volume
of the final products above a volume ratio of TMES/TMCS
=20/80. This was due to a reduction of the drawbacks of
the lower silylating reaction rate caused by the reaction of
the silylating agent and greater silanol group surface mod-
ification [15]. Thus, a higher degree of hydrophobicity was
caused, which prevented a decrease in pore volume [16].
Therefore, sample C60E40 had a high specific surface area
(458 m*/g) and large pore volume (3.215 cc/g), as listed in
Table 2.

Figure 10 shows the pore size distributions under the
different surface modification conditions. It confirms that
different surface modification conditions such as the vol%
of TMCS and TMES/TMCS caused different physical
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properties for the sodium silicate-based silica aerogel,
mainly as a result of homogeneous gel formation and a high
degree of hydrophobicity during drying. It is observed that
the average pore diameter dramatically decreased when
TMCS was introduced at a vol% of <40 vol% for the TMCS
alone, as shown in Fig. 10(a). This was related to the lower
TMCS vol%, which caused more interaction between the
solvent and silanol groups during drying [16]. Therefore,
the average pore size decreased with a decrease in the
degree of hydrophobicity. This can be confirmed by the
information on the average pore diameter listed in Table 2.
In addition, a decrease in the TMCS vol% resulted in a
more homogeneous pore size when the TMCS vol% was
above 60%. The silylation effect with the combination of
TMES and TMCS is shown as Fig. 10(b). The most
homogeneous pore size distribution is observed at a volume
ratio of TMES/TMCS = 60/40. It can be supposed that the
silylation proceeded at a stable reaction rate during the
surface modification step with different amounts of reac-
tants [15, 16, 39, 40]. However, it was confirmed that the
pore size distribution became inhomogeneous when the
volume ratio of TMES in the combination solution was
lower than this condition for a TMCS 40 vol%. However,
the samples that were not silylated had homogeneous pore
size distributions, as shown in Fig. 10 (c). It was supposed
that TMES showed a high aging effect similar to the aging

for tetraethoxysilane (TEOS), which is one of the alkox-
ysilanes [33]. This phenomenon was also proven by the
high specific surface areas for samples ES50, E100, and
E200.

Morphological images of the silica aerogels prepared
under the different silylating conditions are shown in Fig.
11. It can be confirmed that the different silylating condi-
tions can make influence on the microstructures of the
prepared silica aerogel samples. It can be observed that the
TMES and TMCS combination shows fine microstructure
although TMES/TMCS volume ratio is high. In contrast, a
lower volume ratio for TMCS (below 40 vol%) caused
collapsed microstructure as a result of the lower silylation
effect. In other words, a lower degree of hydrophobicity
increased the interaction between the silanol groups and
solvent, with less spring-back effect [41]. Hence, the net-
work structure decreased with a decrease in the physical
properties and hydrophobicity, as seen in samples C40 and
C20 [41, 42]. However, it was confirmed that the network
of the gel structure was coarse in the cases that used TMES
alone for the surface modification step, as seen in samples
E50, E100, and E200.

The mechanism of the TMES with TMCS is suggested in
Fig. 12 to investigate the TMES reaction. It was important
to understand the previous analyses and results in this
research. The TMCS and silanol group reacted with each
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Fig. 11 SEM images of silica aerogels with different silylation conditions: a TMCS vol%, b TMES/TMCS volume ratio, and ¢ TMES vol%
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Fig. 12 Mechanism of TMES reaction with TMCS

other. Then, hydrogen chloride was produced in both the
liquid and vapor phases. Next, liquid HCI from the reaction
between the TMCS and silanol group would react with
TMES. A noncovalent electron pair at a chlorine atom in the
HCI could interact with a silicon atom in TMES in a Si-Sy2
reaction, which was similar to the case where hydroxyl
anions attacked a silicon atom of the TMOS [43]. An
oxygen atom in the TMES could also react with a hydrogen
atom in the HCI. As a result, TMCS would be produced
from the reaction of TMES and HCI. It should be the chain
reactions that enhanced the surface modification with a
uniform structure, lower density, and high degree of
hydrophobicity [15]. This TMCS should cause a greater
silylating effect, similar to the conventional TMCS in the
mixed silylating solution [15, 16]. However, this effect had
a restriction due to the low reactivity between the TMES
and HCI. In addition, a considerable amount of HCI from
this reaction would be transformed into vapor, which could
not cause this phenomenon. As a result, using a low volume
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ratio of TMES/TMCS could not produce a high surface
modification effect, and this combination reaction could not
be an infinite cycle for reproducing TMCS. Thus, poor
physical properties would be produced in the silica aerogel
when using a combination of TMES and a lower TMCS vol
%, such as in sample C20E80.

4 Conclusions

In summary, it is possible to decrease the TMCS vol% used
in the silylation step by mixing it with TMES as a new
silylating agent. The combination of TMES and TMCS
provided a constant degree of hydrophobicity >128° com-
pared with unmodified silica aerogels. Furthermore, it was
confirmed that the physical properties of the silica aerogel
were enhanced by using the combination of TMES and
TMCS in the surface modification step. It could be sup-
posed that a lower silylation rate caused a stable silylating
reaction as a result of the lower volume ratio of TMCS.
Specifically, a silica aerogel with a volume ratio of TMES/
TMCS =40/60 showed a high porosity (92.7%), high
specific surface area (458 m%/g), high pore volume
(3.215cc/g), low density (0.139 g/cc), high degree of
hydrophobicity (131.8°), and homogeneous pore size dis-
tribution compared to other sodium silicate-based silica
aerogels. Therefore, physical properties could be improved
for a sodium silicate-based silica aerogel when using a
combination of TMCS and TMES in the surface modifica-
tion step.
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