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Abstract Experimental results obtained on the prepara-

tion of hydrophobic silica aerogels by ambient pressure

drying method using the sodium silicate precursor with the

variation of solvent exchanging process, are reported. The

silica hydrogel was prepared by passing the 1.12 specific

gravity sodium silicate through the Amberlite (TM) 120

Na+ resin and addition of 1 M ammonium hydroxide to

silicic acid. The gel was kept in an oven for 3 h to

strengthen the gel. Solvent exchange was carried out with

ethanol and hexane for 36 h each followed by 24 h sily-

lation using 20% hexamethyldisilazane (HMDZ) in hex-

ane. Unreacted HMDZ was washed with hexane by

keeping the gel in hexane for 24 h. Solvent was decanted

and the gel was dried for 24 h by keeping the gel at 50 �C

for 6 h, at 150 �C for 12 h and at 200 �C for 6 h. The low

density (0.06 g/cm3), highly porous (96.9%), highly

hydrophobic (contact angle of 160�), low thermal con-

ductivity (0.07 W/m K) aerogels were obtained for the

process of three times exchange with ethanol and three

times exchange with hexane in 36 h each, followed by si-

lylation with 20% HMDZ in hexane and two times washing

with hexane in 24 h. FTIR studies showed the increase in

the intensity of the Si–H and C–H bands of the aerogels

with the increase of solvent exchanging times because of

increase in silylation for more times of solvent exchange

processes. It was found from the TG–DTA studies that the

hydrophobicity of the aerogels retained up to the temper-

ature of 325 �C. Water absorption studies show that the

aerogels were remained hydrophobic up to 4 months when

the aerogels were placed over the water as well as for up to

60 h in a 90% humid atmosphere. SEMs of the aerogels

reveal that the pore sizes of the silica network increased, so

the percentage of optical transparency decreased with the

increase in exchange times with ethanol and hexane.

Introduction

Silica aerogels consist of more than 90% air and less than

10% solid silica in the form of highly cross-linked network

structure. These materials are unique with low density

(0.03 g/cm3), large surface area (@ 1,000 m2/g), small pores

(@ 50 nm), low thermal conductivity (@ 0.02 W m–1 K–1),

and low sound velocity (@ 100 m s–1) [1–4]. Hence silica

aerogels have several applications such as Cerenkov radi-

ation detectors in nuclear reactors and high-energy Physics

[5–8], inertial confinement fusion (ICF) targets [9] con-

tainers for liquid rocket propellants [10], adsorption and

catalytic supports [11].

So far, the synthesis of silica-based aerogels has been

accomplished mainly through the controlled condensation

of small colloidal particles produced by sol-gel processing

in alcoholic and aqueous solutions followed by supercriti-

cal drying process. A highly desirable goal in aerogel

synthesis is the elimination of the supercritical drying

process, the most expensive and risky aspect of the process,

i.e., drying with siloxanes at high temperatures and pres-

sure with flammable solvent evacuation which is a risky
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method for commercialization. Therefore, interests exists

in methods of preparing the silica aerogels at ambient

pressures using low cost precursors such as sodium silicate.

A few research reports are available in the literature on the

preparation of silica aerogels at atmospheric pressure using

surface modification prior to drying [12–22]. In the present

paper, effect of solvent exchange process for the exchange

of water in the hydrogels in the preparation of hydrophobic

silica aerogels using ethanol, hexane, silylation with 20%

HMDZ in hexane with sodium silicate precursor followed

by drying for 24 h at 50 �C for 6 h, at 150 �C for 12 h, and

at 200 �C for 6 h is reported.

Experimental procedure

Hydrophobic silica aerogels were prepared in three steps:

(1) preparation of silica hydrogels, (2) solvent exchange

and surface modification (silylation) of gels and (3) dry-

ing the surface modified gels. The chemicals used were

1.36 specific gravity sodium silicate, ammonium hydrox-

ide, Amberlite (TM) (TM trade mark of Rohm and Haas)

120 Na+ form resin, ethanol, hexane (LOBA, India) and

hexamethyldisilazane (HMDZ, Sigma Aldrich, Germany).

Systematic preparation of ambient pressure dried silica

aerogels was shown in Fig. 1. In the first step, 1.36 sp. gr.

sodium silicate solution was diluted to 1.12 sp. gr. solu-

tion and passed through the Amberlite resin to get silicic

acid. 0.1 mL of 1 M NH4OH was added to the 25 mL of

silicic acid and a hydrogel formed in 10 min. The gel was

kept in the oven for 30 min to strengthen the silica net-

work. In the second step, the water present in the pores of

the gel was exchanged with 25 mL ethanol for 25 mL of

gel by placing the gel in ethanol for 36 h at 50 �C by

keeping the gel in oven. The ethanol in the gel was

exchanged with 25 mL of hexane by keeping the gel in

hexane for 36 h at 50 �C. Hexane was decanted and the

gel was kept in 25 mL of 20% HMDZ in hexane (5 mL

HMDZ + 20 mL hexane) for 25 mL of gel for 24 h at

50 �C for surface modification. Unreacted HMDZ in the

gel was exchanged with 25 mL of hexane for 24 h.

Various exchanging times with solvents are given in

Table 1. If the water in the gel was exchanged with

hexane directly for 36 h without ethanol exchange, that

aerogel named as sample 1 as mentioned in the table.

Whereas, the water of gel was exchanged with 25 mL

ethanol for one time or two times or three times in 36 h

followed by one time hexane exchange in 36, 24 h sily-

lation and one time hexane exchange in 24 h, those

aerogels named as sample 2, 3, and 4, respectively. In the

similar way according to the number of times of hexane

exchange in 36 h before silylation and in 24 h after

silylation, the names of the aerogels are given as shown

in the table. In the third step, the hexane was decanted

and the silylated gels were dried for 24 h by varying the

1.12 sp.gravity sodium silicate 

3 hours aging at 50°C 

Exchanged gel 

heating the gel  at  50°C for 6 hours, 
150°C for 12 hours and at 200 °C
for 6 hours 

Hydrophobic silica aerogel 

25 ml of Silicic acid 

addition of 0.1 ml of 1N  NH4OH

Aged hydrogel 

Hydrogel 

passing through the Amberlite 120 Na+ form resin 

exchanged with 25 ml ethanol for 36 hours and 
with 25 ml hexane for  36 hours 

Silylated gel 

Silylation with 25 ml of 20% of HMDZ in 
hexane ( 5 ml  HMDZ + 20 ml hexane) for 24 
hours and washed with 25 ml of hexane for 
24 hours 

Fig. 1 Systematic preparation method of ambient pressure dried

silica aerogels

Table 1 Aerogel samples of different exchanging steps with ethanol

and hexane by keeping the silylation of the alcogel with 25 mL of

20% HMDZ in hexane for 24 h for 25 mL of gel

S. No. No. of times

exchanged

with ethanol

in 36 h

No. of times

exchanged

with hexane

in 36 h

Silylation

(h)

No. of times

exchanged

with hexane

in 24 h

Sample 1 - One time 24 One time

Sample 2 One time One time 24 One time

Sample 3 Two times One time 24 One time

Sample 4 Three times One time 24 One time

Sample 5 One time Two times 24 One time

Sample 6 Two times Two times 24 One time

Sample 7 Three times Two times 24 One time

Sample 8 One time Three times 24 One time

Sample 9 Two times Three times 24 One time

Sample 10 Three times Three times 24 One time

Sample 11 Three times Three times 24 Two times

Sample 12 Four times Four times 24 Two times
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temperature of 50 �C for 6 h, at 150 �C for 12 h, and at

200 �C for 6 h. The silica aerogels were cooled to room

temperature and used for characterization.

Characterization

The percentage of volume shrinkage of the aerogels was

calculated from the volumes of the gel and aerogel. The

bulk density (qb) of the aerogel was measured using the

known volume of the aerogel and its mass by a microbal-

ance of 10–5 g accuracy. The refractive index (g) [23],

porosity and pore volume of the aerogels were determined

with the formulae:

Refractive index ðgÞ ¼ 1þ 0:19qb ð1Þ

Pore volume ¼ ð1=qb � 1=qsÞ ð2Þ

% porosity ¼ ð1� qb=qsÞ � 100 ð3Þ

where qs is the skeletal density of the silica aerogels.

The hydrophobicity of the aerogels was tested by mea-

suring the contact angle (h) with water droplet of 0.5 cm

diameter placed on the aerogel surface with contact angle

meter (USA) as well as using the formula [24]:

tan h=2 ¼ ð2I=WÞ ð4Þ

where I is the height of the water droplet and W is

the base width of the droplet touching the aerogel sur-

face. The I and W were measured with travelling

microscope.

The thermal conductivity of the aerogel was measured

from the Thermal conductivity meter (C-T meter,

France) by sandwiching the thermocouple with uniform

samples.

The surface chemical modification of the aerogels was

studied using the Fourier Transform Infrared spectroscopy

(FT-IR, Perkin-Elmer) which gave the information about

the various chemical bondings such as –OH, Si–OH, Si–O–

Si, Si–C, and C–H. The optical transmission of the samples

was measured using the UV–Visible spectrophotometer at

750 nm.

The thermal stability of the aerogels in terms of reten-

tion of hydrophobicity was estimated from the thermo

gravimetric and differential thermal analysis (TG–DTA,

SDT Model 2960 TA Universal Instruments, USA) as well

as by heating the samples in the furnace at different tem-

peratures and putting the cooled samples on the surface of

the water. The retention of hydrophobicity (water repelling

property) in terms of time was also judged from the

absorption of water by the aerogels for various time

intervals by putting the aerogels over the water as well as

from humidity chamber (Remi Company, India). The mi-

cro structure of the silica aerogels were observed with

Scanning Electron Microscope (Model Philips XL-30 SEM

analyzer).

Results and discussion

Ambient pressure dried hydrophobic silica aerogels with

pore volume and pore sizes in the range of supercritical

dried aerogel was prepared by silylation before drying of

well-dispersed siliconoxide via sol-gel method. Many

potential advantages inherent in the use of sol-gel tech-

niques in preparing hydrophobic aerogels are strongly

dependent on the solvent exchange, silylation and drying

methods. Even though supercritical drying prevents the

silica network collapse induced by capillary forces aris-

ing from the liquid–vapor interface leading to material

with low-density and high-porosity aerogels with suitable

properties for many applications, but supercritical pro-

cess has numerous drawbacks due to the extreme con-

ditions used. Therefore, a simple method of ambient

pressure drying method for hydrophobic silica aerogels

has been reported [13]. It is based on the use of sily-

lation on the surface of inorganic gel, prevents the

irreversible shrinkage of the porous structure during

drying. The silica aerogels produced by super critical

drying are hydrophobic for little time as a result of

esterification reaction occurring between surface Si–OH

groups and alcohol inside the autoclave [25]. However

such aerogels retain the hydrophobicity for short time or

an hour when exposed to humid atmosphere. The loss of

hydrophobicity is due to the chemical reaction of the

pore surface Si–OCH3 groups with water. Therefore the

durable hydrophobic aerogels are generally produced by

surface modification method [26]. In the present work

the hydrophobic aerogels were prepared by surface

modification with 20% HMDZ in hexane during the

solvent exchange process of the silica hydrogels, pre-

pared from sodium silicate. The concept of using cheap

raw material water glass based gels is the gels experi-

ence highest degree of monolithicity because of these

wet gels had the highest stiffness (shear modulus) and

large pore size (permeability) [27]. The water in the

hydrogels was exchanged with ethanol and then with

hexane before surface chemical reaction with HMDZ.

Surface modification of the silica gel with HMDZ has

shown in the following reaction.
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Surface chemical reaction:

HMDZ is a good silylating agent because presence of

two Si(CH3)3 groups which contain six CH3 groups and can

replace the H of the surface Si–OH in the inert media.

HMDZ reacts with water and ethanol but not with hexane

and hexane cannot replace the water completely as it is

immiscible with water. Therefore, it is necessary the pore

water should be replaced with ethanol which is soluble in

water and then the ethanol should be replaced with hexane

as it is miscible in hexane.

Table 1 shows the number of times ethanol and hex-

ane exchanged in 36 h and their respective properties

were described in Table 2. From Table 2, it was came to

know that the percentage of volume shrinkage, density,

thermal conductivity, refractive index, and percentage of

optical transmission of the aerogels decreased and pore

volume, percentage of porosity and contact angle of the

aerogels are increased with increasing the number of

times of exchanging the water of the hydrogel in 36 h

with ethanol followed by hexane for 36 h by keeping the

silylation time and percentage of HMDZ in hexane

constant at 24 h and 20, respectively. As we found that

the aerogel (sample 1) obtained with direct replacement

of water with hexane had very high density (0.3 g/cm3)

and hydrophilic (contact angle of 65�). With increasing

the number of times of exchange with ethanol followed

by hexane in 36 h each from 0 to 4, the density of the

aerogels decreased (0.06 g/cm3) for three times and

further it was found that there was not any change in the

density of the aerogels for >3 times of solvent exchange

with ethanol and hexane. For complete surface chemical

modification of the gels with HMDZ, the pore water

should be completely exchanged with ethanol and then

hexane. Even impartial exchange of the water with eth-

anol followed by hexane leads the incomplete surface

silylation, in the silica gels resulted the dense and less

hydrophobic aerogels. It is interesting to note that how

the silylation procedure is capable of preserving at least

partially the gel structure derived from the use of

increasing times of solvent exchanges. During drying of

silylated gels for 24 h, first the gels under go shrinkage

         ------(5)

Silica surface HMDZ Silylated silica surface Ammonia

Si OH

+

(CH3)3 Si
Si

NH

Si O

O

(CH3)3

O(CH3)3 (CH3)3Si Si

+ NH3

OH
Si

O

Si

Table 2 Some of the physical properties of the silica aerogels prepared with variation in the solvent exchanging steps

S. No. % of volume

shrinkage

Density

(g/cm3)

% of

porosity

Pore volume

(cm3/g)

% of optical

transmittance

Thermal

conductivity

(W/m K)

Refractive

index (g)

Contact

angle (�)

Sample 1 55 0.300 85.00 2.81 85 0.250 1.057 65

Sample 2 45 0.202 89.60 4.44 83 0.200 1.038 85

Sample 3 42 0.180 90.76 5.04 80 0.180 1.034 100

Sample 4 40 0.160 91.79 5.75 78 0.167 1.030 115

Sample 5 37 0.145 92.50 6.38 75 0.145 1.027 120

Sample 6 35 0.14 92.80 6.63 73 0.140 1.027 130

Sample 7 33 0.135 93.07 6.88 70 0.120 1.025 140

Sample 8 28 0.128 93.40 7.30 68 0.101 1.024 145

Sample 9 25 0.120 93.85 7.82 65 0.092 1.023 148

Sample 10 17 0.085 95.60 11.25 62 0.075 1.016 150

Sample 11 5.0 0.062 96.80 15.62 60 0.071 1.011 165

Sample 12 4.5 0.06 96.90 16.15 60 0.070 1.011 165
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to minimum volume and expand to its original volume

[18], ‘‘Spring Back’’. In the impartial silylated gel, when

they reach to minimum volume during the drying, a part

of surface which had Si–OH groups condensed and form

Si–O–Si which was a irreversible [28] and the part of

surface that covered with Si–O–Si(CH3)3 as they came

together did not undergo condensation because of inert

CH3 groups and they repelled each other so spring back

to higher volumes. Hence the gel expanded non-uni-

formly making the gel unable to reach its original vol-

ume resulting in a more dense aerogel. It was found that

with increase of solvent exchanging times, the surface

chemical modification increased, and during the drying

the percentage of spring back increased. In the case of

effective surface modification a complete recovery of the

gel during the last stages of drying has previously ob-

served [12]. It was found that three times ethanol fol-

lowed by three times hexane exchange in 36 h each

making the gel of 100% spring back to reach to its

original volume resulted low density and highly hydro-

phobic silica aerogels.

To find out the silylation in the aerogels of various

exchange processes, FTIR spectra of the sample 1(A),

sample 6(B), sample 10(C), sample 11(D) are shown in

Fig. 2. FTIR indicates that along with Si–O–Si and O–H

absorption bands at 1,100 and 3,600, 1,600 cm–1, respec-

tively for unmodified aerogel sample there were additional

absorption bands at 2,900 and 1,450 cm–1 related to C–H

and 1,350, 840 cm–1 related to Si–C bands for the modified

gels [29, 30]. It was found that the intensity of the O–H

band decreased and the Si–C, C–H bands increased from A

to D because number of Si(CH3)3 groups attached to the

silica gel surface increased indicating the better surface

modification. These facts can also seen to be reflected in

the contact angle studies depicted in Table 2.

The water absorption studies were carried out by placing

the A, B, C, and D aerogels on the water as well as in the

humidity chamber with 90% humidity at 30 �C. The

aerogels were removed at different intervals from the water

and humidity chamber to find the percentage of weight

increase in the aerogels as shown in Figs. 3 and 4 respec-

tively. It was found from the figures that the percentage of

weight increase is very high in A than D aerogel. Since,

when the aerogels were kept over the water, there is a 75%

(i.e., 1 g of aerogel increased to 1.75 g) (hydrophilic) and

0.5% (i.e., 1 g of aerogel increased to 1.05 g) (hydropho-

bic) weight increase for A and D aerogels, respectively in

4 months. Whereas, in the humidity chamber, it was found

that there is a 80% (i.e., 1 g of aerogel increased to 1.8 g)

and 0.5% (i.e., 1 g of aerogel increased to 1.05 g) weight

Fig. 2 FT-IR spectra of the silica aerogels of various exchanging

processing times: A (sample 1), B (sample 6), C (sample 10), and D

(sample 11)
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Fig. 3 Change in the percentage of weight increase with time (days)

for various silica aerogels when aerogels put on the water: A (sample

1), B (sample 6), C (sample 10), and D (sample 11).
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increase for A and D, respectively in 60 h. This shows that

the A aerogel is hydrophilic because most of its surface has

covered with OH groups [26] and whereas the D aerogel is

hydrophobic as its surface has –Si(CH3). The Si(CH3)3

groups of HMDZ replace H of the surface OHs of silica

cluster and they form a layer on the surface which is non-

hydrolyzable and hydrophobic as shown below.

Si(CH3)3 covering on the silica surface for A and D

samples:

From the chemical reaction as well as silylation of silica

surface with HMDZ, it was known that all the OH groups

were silylated in the D aerogel hence they are highly

hydrophobic where as A aerogel is partially silylated

leading to hydrophilic nature. The –Si(CH3)3 groups at-

tached to the surface via oxygen bridges –O–Si(CH3)3 thus

causes better withstanding of hydrophobic covering against

water. The water penetration in the pores due to capillary

action is resisted by the hydrophobic surface alkyl groups.

So the percentage of weight increase of the aerogels when

they placed on the water and in humid atmosphere for

longer timings, in D is lesser than A aerogel as shown in

Figs. 3 and 4. And also as shown in Table 2 that the

contact angle of the aerogels increased from the sample 1

to sample 11 because the number of Si(CH3)3 attached on

the surface of silica increased. Hence more number of –

Si(CH3)3 attached to the surface show high contact angle

due to its better hydrophobic covering.

Figure 5(a) and (b) shows the SEM of aerogels of three-

dimensional nanoporous structures for A and D aerogels,

respectively. It was found from the SEM microstructures

that the pore size and particle sizes are less in the A

(sample 1) than D (sample 11) aerogel. The optical trans-

parency of the aerogel decreased from sample 1 to 11 as

shown in Table 2. This is because in sample 1 due to low

surface modification, there is an intensive condensation of

surface –OH groups in the pores leading to the formation of

small pores in the silica network, so they are transparent

where as in sample 11, due to repulsion of surface Si(CH3)3

groups, the pore size and particle size increases resulted

less transparency of the aerogels.

The thermal stability of the aerogels in terms of reten-

tion of hydrophobicity was estimated from the thermo-

gravimetric and differential thermal analysis (TG-DTA) as

well as heating the aerogels at different temperatures in the

furnace and putting the cooled samples over the water

surface. The retention of the hydrophobicity (water repel-

ling property) was judged from the absorption of water by

the aerogels. Figure 6 shows the TG-DT analysis of the A,

B, C, and D aerogels in the oxygen atmosphere up to

600 �C. The TGA and DTA studies in the oxygen atmo-

sphere revealed that all the modified gels are thermally

stable up to the temperature of 325 �C and above the

325 �C, the weight of the samples decrease due to the

oxidation of the methyl groups leaving the silica network.

This fact can clearly seen as there is sharp exothermic peak

in the DTA when the temperature is raised above 300 �C.

The sharpness of the peak increased from A to D aerogels

because of increase in number of methyl groups from A to

D aerogels. It can be also seen in the TGA curves as the

weight loss in A is less than D aerogel because of less

surface modification in A than D aerogel so less number of

methyl groups that undergo oxidation than the D aerogel.

The aerogels that heated up to 300 �C the aerogels did not

absorb the water (hydrophobic) where as the aerogels he-

ated up to 350 �C absorbed the water as aerogels became

hydrophilic.

Conclusions

The method reported in the present work is an easy and

reproducible way to obtain a highly hydrophobic and
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porous aerogels. The ambient pressure dried hydrophobic

silica aerogels were prepared using the sodium silicate

precursor by varying the solvent exchanging process with

ethanol and hexane. The surface modification was carried

out with 20% HMDZ in hexane. The solvent exchange

process was carried out from 0 to 4 times of ethanol and

hexane in 36 h each and 24 h of silylation and 24 h of

washing the unreacted HMDZ with hexane. It was found

that the density and volume shrinkage decreased from

0.300 to 0.06 g/cm3 with increasing the solvent exchanging

times with ethanol and hexane from 1 to 3 times and re-

mained constant for >3 times of solvent exchange. From

the contact angle studies it was found that the hydropho-

bicity and durability of hydrophobicity of the aerogels in-

creased from sample 1 to 12 samples because of increasing

the surface modification. It was also confirmed from the

FT-IR studies that the intensity of the Si–C and C–H bands

increased from sample 1 to sample 12. TGA–DTA studies

shows that the retention of hydrophobicity in the aerogels

is up to the temperature of 325 �C and above this tem-

perature the aerogels become hydrophilic. From the TG–

DTA it was also found that the weight loss and sharpness

of the exothermic peak in the sample 12 is more than the

sample 1 because of more methyl oxidation in the sample

12 than the sample 1. The optical transparency of the

sample decreased from sample 1 to 12 because of increase

in pore sizes in the silica network as seen in the SEMs of

the aerogels.
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