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Abstract: Robust and hydrophobic tetraethoxysilane (TEOS) based silica aerogel was synthesized by supercritical alco-

hol drying with surface modification using the phenyl based silica co-precursor (PTMS). The aerogels were synthesized
by hydrolysis and polycondensation reaction in which TEOS and PTMS in methanol were reacted together in presence
of oxalic acid and ammonium hydroxide as the catalysts. Supercritical alcohol dried PTMS/TEOS composite silica aerogel
were examined for the hydrophobicity, chemical interaction, surface morphology, and textural characteristics. The hydro-
phobic silica-based aerogels were characterized by Fourier transform infrared spectroscopy to investigate the presence of
functional groups and chemical bonds. The prepared silica demonstrates hydrophobicity (76o-149o), a high specific surface
area (398 m2/g to 739 m2/g). The present investigation provides a simple approach to synthesize hydrophobic and thermally
stable silica aerogels.
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1. Introduction

Nanostructured silica aerogels have been widely used for

different applications in suitable form as thermal,1,2) and

acoustic insulators,3) energy-saving windows,4) heat storage

systems, and drug delivery systems5) due to its advanced

physicochemical properties such as low refractive index

(~1.05), specific surface areas (500-1,200 m2/g), high

porosity (80-99.8%) and high transparency, low density

and low thermal conductivity (0.04 W/mK).6,7) Silica aero-

gels have been synthesized by various methods to improve

their mechanical strength and inherent properties.8)

As pristine TEOS and sodium silicate based silica aero-

gels are hydrophilic due to the large number of Si-OH

functional groups on the surface, they become wet due to

the absorption of atmospheric moisture and water, gets

deteriorated with time. Several approaches have attempted

to functionalize the surface of aerogels by attachment of

hydrolytically stable ≡Si-R (R= CH3, phenyl, octyl, etc.,)

groups. The hydrophobic nature and high thermal stability

of aerogels open many doors of challenging applications in

various fields. In this regard, silica nanostructured materi-

als are synthesized using sol-gel chemistry by agglomerat-

ing silica particles within 3 to 10 nm.9,10) The aerogel is

synthesized by preparing wet gel, aging, and removing

entrapped solvent within the gel by drying. The successful

preparation of aerogels depends on the physicochemical

properties of the material and drying method.11) Supercriti-

cal drying is a primary method used to preserve the porous

silica gel network in aerogels.12)

Many attempts have been made to dry the silica aerogels

by ambient pressure drying,13-15) but surface shrinkage and

cracking in the gels were observed due to internal stress

raised by capillary force. Direct supercritical drying

(DSCD) technique is improved by drying process which

can remove alcohol by exerting pressure and temperature

above its critical point i.e., without exposing to a vapor-liq-

uid interface whereby very low capillary pressure is

exerted. Many research groups are engaged in modifying

silica aerogels by the addition of co-precursors like

trimethylethoxysilane, waterglass, phenyltriethoxysilane,

methyltriethoxysilane, and 3-Glycidyoxypropyl)trimethox-

ysilane.16-22) Many reports are presented hydrophobic aero-

gels are synthesized by the use of tetramethoxysilane

(TMOS).23) But TMOS is highly toxic and expensive there-

fore, the present study envisaged the use of tetraethoxysi-
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lane (TEOS) as a precursor in the production of non-toxic,

cost-effective, and environmentally friendly silica aerogel. 

PTMS/TEOS based hydrophobic silica aerogels have

been used in the nanofluidic devices in the transportation

of liquids for chemical and biological applications.24) The

present research work deals with observing the effect of

phenyltrimethoxysilane (PTMS) as a co-precursor on the

hydrophobicity and physical properties of TEOS based

monolithic silica aerogel (scheme 1) synthesized using sol-

gel process followed by supercritical alcohol drying

(SAD). PTMS/TEOS based monolithic silica aerogels

were characterized by Fourier transform infrared spectros-

copy (FTIR), Field emission scanning electron microscopy

(FESEM), Brunauer–Emmett–Teller (BET) measurement

and contact angle measurements.

2. Materials and Methods

2.1. Materials 

All chemicals and reagents used were of analytical grade

and used without further purification. PTMS, TEOS, and

oxalic acid were procured from Sigma-Aldrich. Ammonia

water solution (NH4OH), and methanol alcohol solvent

were procured from Duksan Pure Chemical, Korea.

2.2. Synthesis of PTMS/TEOS Monolithic Silica Aerogel

Silica aerogels were prepared by the addition of PTMS

as co-precursor and TEOS main precursor in various molar

ratios by hydrolysis and condensation reaction. The molar

ratio of TEOS: methanol: oxalic acid: ammonium hydrox-

ide was kept constant at 1:30:2:2 whereas the concentration

of PTMS was varied with respect to TEOS to produce

molar ratio as 0, 0.3, 0.5, 0.7 and 1. When the molar ratio

of PTMS over the 1, precipitate were generate instead of

gels. The agglomeration has occurred because the structure

of PTMS which has phenyl functional groups is too big to

combine with TEOS. The reaction was initiated by hydro-

lysis reaction between PTMS and TEOS in methanol using

0.01 M oxalic acid catalyst, stirred on a magnetic stirrer for

12 h at room temperature. Subsequently, the above reaction

mixture was basified by the addition of 1 M ammonium

hydroxide and stirred for 5 min until gelation occurred.

After gelation, the PTMS/TEOS composite gel was treated

with methanol at 50oC for 48 h to generate alcogel. Finally,

the alcogel was dried by SAD at the critical temperature

(265oC) and pressure (11.58 MPa).

2.3. Characterizations 

The PTMS/TEOS composite gel was characterized by

FTIR (Perkin Elmer 1760X spectrophotometer) within a

4,000-400 cm1 wavelength range to determine chemical

interactions within a gel. The surface morphology was

examined by a FESEM (FEI TECNAI SPIRIT Japan),

accelerated at 120kV voltage. The specific surface area and

average pore radius were calculated from the N2 adsorp-

tion-desorption data acquired using a BET surface-area

analyzer (Quantachrome Instruments v10.0). The bulk den-

sities of aerogel were characterized by AUTOTAP density

Scheme 1. Schematic representation of PTMS/TEOS composite aerogel.
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analyzer (Quantachrome Instruments). The degree of

hydrophobicity of the aerogel was analyzed by measure-

ment of the contact angle between the contact surface

PTMS/TEOS silica aerogel and water using contact angle

meter (Surface Tech, South Korea).

3. Results and Discussion

FTIR spectrum of PTMS/TEOS aerogel was recorded at

various molar ratios as shown in Fig 1. The presence of

peaks at 1,073 cm1 and 800 cm-1 attributed to the Si-O-Si

group which confirms the characteristic feature of the for-

mation of a silica network in the gel.25)

The appearance of characteristic peaks at 2,973 cm1 and

792 cm1 correspond to C-H and Si–C bond respectively in

the spectrum of PTMS/TEOS. The broad bands around

1,600 cm1 and 3,200 cm1 are assigned as characteristic of

-OH group present on the surface of PTMS/TEOS aero-

gel.26) In addition, the appearance of a peak at 1,425 cm1

was attributed to the presence of the Si-phenyl group

which confirmed the attachment of phenyl group on the

surface of silica aerogel.27) It was seen that as the number

of phenyl groups in the organosilane co-precursor increases,

the intensity of absorption bands due to Si-C and C-H

bonds increases indicating better surface chemical modifi-

cation, which was also confirmed from the contact angle

measurement. The surface morphology of the PTMS/

TEOS composite aerogel at various molar ratios was stud-

ied by the FESEM. PTMS/TEOS composite aerogel exhib-

ited spherical morphology with a particle size in diameter

of around 100 nm. The FESEM micrograph showed a

characteristic porous network at 100 nm. It was clear from

the micrograph that an increase in a molar ratio from 0/1 to

1/1 porous nature of aerogel was observed which looks like

a clustered network of silica shown in Fig. 2. 

PTMS/TEOS composite silica aerogel was characterized

by the contact angle meter to determine the effect of

PTMS:TEOS molar ratio on hydrophobicity based on mea-

surement of the contact angle between silica aerogel sur-

face and water in Fig. 3. From Fig. 3, it showed that the

contact angle was increased with an increase in the concen-

tration of PTMS, which corresponds to increased hydro-

phobicity of PTMS/TEOS composite aerogel. The increase

in hydrophobicity was also attributed to the attachment of a

number of phenyl groups on the surface of silica aerogel.

Moreover, in the sol-gel processing stage, using PTMS as a

co-precursor the OH groups are replaced by a hydrolyti-Fig. 1. FTIR spectra of PTMS/TEOS composite aerogel.

Fig. 2. FESEM photographs of the PTMS/TEOS composite aerogel with different molar (a) 0/1 (b) 0.3/1 (c) 0.5/1 (d) 0.7/1 (e) 1/1.



30 Rushikesh P. Dhavale et al.

마이크로전자 및 패키징학회지 제26권 제4호 (2019)

cally stable O-Si-phenyl group as shown in Scheme 1. The

aerogel surface becomes hydrophobic because of the

hydrolytic stability of Si-C bonds is confirmed from the

FTIR spectroscopy. The contact angle at 76º to 149º was

observed at an increased molar ratio of PTMS:TEOS from

0 to 1 respectively. However, some hydrophobic gels were

synthesized by time-consuming methods in which PTMS

as co-precursor participate slowly in hydrolysis and poly-

condensation reaction with TEOS due to the presence of

more reactive alkyl/aryl groups on PTMS.28) Further, we

observed the presence of a high number of hydroxyl

groups on the three-dimensional network of PTMS/TEOS

aerogel. In addition, the attachment of non-hydrolyzable

(phenyl) organic groups in aerogel produced steric crowd-

ing near silica groups which enables an increase in hydro-

phobicity.29)

The effect of PTMS/TEOS at various molar ratios on the

bulk density of composite aerogel was showed in Fig. 4.

From the Fig. 4, we observed that the bulk density of aero-

gel was increased with an increase in PTMS/TEOS molar

ratio. Due to an increase in PTMS content in sol, the

hydrolysis and condensation are retarded which is because

of the presence of less Si-OH groups and more Si-phenyl

groups and hence increases the bulk density. However,

Table 1 indicates the physical properties of PTMS/TEOS

composite aerogel, namely, bulk density, volume shrink-

age, and percentage porosity of aerogel prepared at differ-

ent PTMS:TEOS molar ratio was observed.

The phenyl groups in PTMS are denser as compare to

ethyl groups and it leads to enhance bulk density in com-

posite aerogels. With an increase in the PTMS:TEOS

molar ratio from 0.3 to 1 increases the bulk density 0.064

g/cm3 to 0.160 g/cm3, percentage volume shrinkage was

increased from 3.142 to 4.264 and percentage porosity

decreased from 92.56 to 87.23. In the case of percentage

volume shrinkage, as the molar ratio of PTMS/TEOS was

increased, the more phenyl groups were conjugated to the

silica group which enabled crosslinking to form a network

between them and shrink accordingly during the supercrit-

ical drying process. It has been noted that, decrease in per-

centage porosity with the increase in the molar ratio of

PTMS:TEOS was attributed to a decrease in pore size

(void volume) as it depends on the corresponding volume

of shrinkage, in turn, bulk density in Table 1.

The N2 adsorption-desorption isotherms of the PTMS/

TEOS composite aerogel molar ratio for (0 to 1) was inves-

tigated in Fig. 5(a, b) showed type IV isotherms specifying

the presence of typical mesoporous materials. The textural

properties of as-prepared PTMS/TEOS composite aerogel

with different molar ratios are presented in Table 2 and cor-

responding plots are presented in Fig. 5(a, b). The specific

surface area at 0, 0.3, 0.5, 0.7 and 1 PTMS/TEOS compos-

ite aerogel were calculated as 620 m2/g, 398 m2/g, 490 m2/

g, 593 m2/g, and 739 m2/g, respectively. Moreover, from

the results, it was observed that as the concentration of

PTMS concentration was increased from 0.3 to 1, the spe-

Table 1. Physical properties of PTMS/TEOS composite aerogel

PTMS/TEOS 
molar ratio

Bulk Density 
(g/cm3)

Volume shrinkage 
(%)

Porosity
(%)

0 0.064 3.142 92.56

0.3 0.082 3.4311 91.60

0.5 0.102 3.6988 90.31

0.7 0.130 4.012 88.54

1 0.160 4.264 87.23

Fig. 3. Contact angle measurement of the PTMS/TEOS aerogel in
various molar ratios.

Fig. 4. Relation between PTMS/TEOS molar ratios and bulk
density.
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cific surface area and pore characteristics are enhanced in

PTMS/TEOS composite aerogel as shown in Table 2. This

is because of the more phenyl groups attaching on the sil-

ica surface before the supercritical alcohol drying.

4. Conclusions

Hydrophobic silica aerogel was synthesized using phenyl

based silica co-precursor by the one-step sol-gel process

under the SAD. This study established that the various kind

of hydrophobic aerogel can be controlled by the amount of

phenyl groups. The effect of PTMS:TEOS molar ratio on

physical and textural characteristics was studied in detail to

exhibit hydrophobicity in the resulting aerogels. The results

suggest the increase in hydrophobicity was observed with an

increase in contact angle from 76o to 149o as the PTMS

concentration on silica sol was increased. FTIR analysis

confirmed the strong interaction between phenyl groups

attached to silica surface which was correlated with an

increase in the percentage of PTMS and an increase in the

intensity of Si-C and decrease in the C-H peak. However,

the PTMS/TEOS composite aerogel with high specific sur-

face area (398 m2/g to 739 m2/g), reduced pore volume

(3.65 cc/g to 1.58 cc/g) and increased pore size (1.58 nm to

3.16 nm) were attributed with a change in molar ratios

from 0.3 to 1 respectively. Therefore, it can be concluded

that the composite of PTMS/TEOS composite aerogel

achieves improved hydrophobicity and textural properties.

Furthermore, the phenyl functional groups were commonly

known that it has thermal stable property. For these rea-

sons, these hydrophobic aerogels with the high surface area

have potential candidates in the high temperature thermal

insulation and self-cleaning applications.
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