ResearchGate

See discussions, stats, and author profiles for this publication at: https://www.researchgate.net/publication/225447792

Influence of aging conditions on textural properties of water-glass—-based
silica aerogels prepared at ambient pressure

Article in Korean Journal of Chemical Engineering - July 2010

DOI: 10.1007/511814-010-0173-z

CITATIONS READS
18 303
4 authors:
Pradip Sarawade Jongkil Kim
‘e University of Mumbai Hanyang University
54 PUBLICATIONS 1,012 CITATIONS 51 PUBLICATIONS 924 CITATIONS
SEE PROFILE SEE PROFILE
Askwar Hilonga a Hee Taik Kim
The Nelson Mandela African Institute of Science and Technology < Hanyang University
48 PUBLICATIONS 795 CITATIONS 198 PUBLICATIONS 3,450 CITATIONS
SEE PROFILE SEE PROFILE

Some of the authors of this publication are also working on these related projects:

et INNOVative food packaging View project

roject  Taking Water Filters (NanofilterTM) from the Laboratory to the Market View project

All content following this page was uploaded by Pradip Sarawade on 04 June 2014.

The user has requested enhancement of the downloaded file.


https://www.researchgate.net/publication/225447792_Influence_of_aging_conditions_on_textural_properties_of_water-glass-based_silica_aerogels_prepared_at_ambient_pressure?enrichId=rgreq-08fce4d82b48e5f0c790d1dd374b7460-XXX&enrichSource=Y292ZXJQYWdlOzIyNTQ0Nzc5MjtBUzoxMDQyMTkxMzA0NjYzMTBAMTQwMTg1OTE4NTQ4OQ%3D%3D&el=1_x_2&_esc=publicationCoverPdf
https://www.researchgate.net/publication/225447792_Influence_of_aging_conditions_on_textural_properties_of_water-glass-based_silica_aerogels_prepared_at_ambient_pressure?enrichId=rgreq-08fce4d82b48e5f0c790d1dd374b7460-XXX&enrichSource=Y292ZXJQYWdlOzIyNTQ0Nzc5MjtBUzoxMDQyMTkxMzA0NjYzMTBAMTQwMTg1OTE4NTQ4OQ%3D%3D&el=1_x_3&_esc=publicationCoverPdf
https://www.researchgate.net/project/Innovative-food-packaging?enrichId=rgreq-08fce4d82b48e5f0c790d1dd374b7460-XXX&enrichSource=Y292ZXJQYWdlOzIyNTQ0Nzc5MjtBUzoxMDQyMTkxMzA0NjYzMTBAMTQwMTg1OTE4NTQ4OQ%3D%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/project/Taking-Water-Filters-NanofilterTM-from-the-Laboratory-to-the-Market?enrichId=rgreq-08fce4d82b48e5f0c790d1dd374b7460-XXX&enrichSource=Y292ZXJQYWdlOzIyNTQ0Nzc5MjtBUzoxMDQyMTkxMzA0NjYzMTBAMTQwMTg1OTE4NTQ4OQ%3D%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/?enrichId=rgreq-08fce4d82b48e5f0c790d1dd374b7460-XXX&enrichSource=Y292ZXJQYWdlOzIyNTQ0Nzc5MjtBUzoxMDQyMTkxMzA0NjYzMTBAMTQwMTg1OTE4NTQ4OQ%3D%3D&el=1_x_1&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Pradip_Sarawade?enrichId=rgreq-08fce4d82b48e5f0c790d1dd374b7460-XXX&enrichSource=Y292ZXJQYWdlOzIyNTQ0Nzc5MjtBUzoxMDQyMTkxMzA0NjYzMTBAMTQwMTg1OTE4NTQ4OQ%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Pradip_Sarawade?enrichId=rgreq-08fce4d82b48e5f0c790d1dd374b7460-XXX&enrichSource=Y292ZXJQYWdlOzIyNTQ0Nzc5MjtBUzoxMDQyMTkxMzA0NjYzMTBAMTQwMTg1OTE4NTQ4OQ%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/University_of_Mumbai?enrichId=rgreq-08fce4d82b48e5f0c790d1dd374b7460-XXX&enrichSource=Y292ZXJQYWdlOzIyNTQ0Nzc5MjtBUzoxMDQyMTkxMzA0NjYzMTBAMTQwMTg1OTE4NTQ4OQ%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Pradip_Sarawade?enrichId=rgreq-08fce4d82b48e5f0c790d1dd374b7460-XXX&enrichSource=Y292ZXJQYWdlOzIyNTQ0Nzc5MjtBUzoxMDQyMTkxMzA0NjYzMTBAMTQwMTg1OTE4NTQ4OQ%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Jongkil_Kim3?enrichId=rgreq-08fce4d82b48e5f0c790d1dd374b7460-XXX&enrichSource=Y292ZXJQYWdlOzIyNTQ0Nzc5MjtBUzoxMDQyMTkxMzA0NjYzMTBAMTQwMTg1OTE4NTQ4OQ%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Jongkil_Kim3?enrichId=rgreq-08fce4d82b48e5f0c790d1dd374b7460-XXX&enrichSource=Y292ZXJQYWdlOzIyNTQ0Nzc5MjtBUzoxMDQyMTkxMzA0NjYzMTBAMTQwMTg1OTE4NTQ4OQ%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Hanyang_University?enrichId=rgreq-08fce4d82b48e5f0c790d1dd374b7460-XXX&enrichSource=Y292ZXJQYWdlOzIyNTQ0Nzc5MjtBUzoxMDQyMTkxMzA0NjYzMTBAMTQwMTg1OTE4NTQ4OQ%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Jongkil_Kim3?enrichId=rgreq-08fce4d82b48e5f0c790d1dd374b7460-XXX&enrichSource=Y292ZXJQYWdlOzIyNTQ0Nzc5MjtBUzoxMDQyMTkxMzA0NjYzMTBAMTQwMTg1OTE4NTQ4OQ%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Askwar_Hilonga?enrichId=rgreq-08fce4d82b48e5f0c790d1dd374b7460-XXX&enrichSource=Y292ZXJQYWdlOzIyNTQ0Nzc5MjtBUzoxMDQyMTkxMzA0NjYzMTBAMTQwMTg1OTE4NTQ4OQ%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Askwar_Hilonga?enrichId=rgreq-08fce4d82b48e5f0c790d1dd374b7460-XXX&enrichSource=Y292ZXJQYWdlOzIyNTQ0Nzc5MjtBUzoxMDQyMTkxMzA0NjYzMTBAMTQwMTg1OTE4NTQ4OQ%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/The_Nelson_Mandela_African_Institute_of_Science_and_Technology?enrichId=rgreq-08fce4d82b48e5f0c790d1dd374b7460-XXX&enrichSource=Y292ZXJQYWdlOzIyNTQ0Nzc5MjtBUzoxMDQyMTkxMzA0NjYzMTBAMTQwMTg1OTE4NTQ4OQ%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Askwar_Hilonga?enrichId=rgreq-08fce4d82b48e5f0c790d1dd374b7460-XXX&enrichSource=Y292ZXJQYWdlOzIyNTQ0Nzc5MjtBUzoxMDQyMTkxMzA0NjYzMTBAMTQwMTg1OTE4NTQ4OQ%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Hee_Taik_Kim?enrichId=rgreq-08fce4d82b48e5f0c790d1dd374b7460-XXX&enrichSource=Y292ZXJQYWdlOzIyNTQ0Nzc5MjtBUzoxMDQyMTkxMzA0NjYzMTBAMTQwMTg1OTE4NTQ4OQ%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Hee_Taik_Kim?enrichId=rgreq-08fce4d82b48e5f0c790d1dd374b7460-XXX&enrichSource=Y292ZXJQYWdlOzIyNTQ0Nzc5MjtBUzoxMDQyMTkxMzA0NjYzMTBAMTQwMTg1OTE4NTQ4OQ%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Hanyang_University?enrichId=rgreq-08fce4d82b48e5f0c790d1dd374b7460-XXX&enrichSource=Y292ZXJQYWdlOzIyNTQ0Nzc5MjtBUzoxMDQyMTkxMzA0NjYzMTBAMTQwMTg1OTE4NTQ4OQ%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Hee_Taik_Kim?enrichId=rgreq-08fce4d82b48e5f0c790d1dd374b7460-XXX&enrichSource=Y292ZXJQYWdlOzIyNTQ0Nzc5MjtBUzoxMDQyMTkxMzA0NjYzMTBAMTQwMTg1OTE4NTQ4OQ%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Pradip_Sarawade?enrichId=rgreq-08fce4d82b48e5f0c790d1dd374b7460-XXX&enrichSource=Y292ZXJQYWdlOzIyNTQ0Nzc5MjtBUzoxMDQyMTkxMzA0NjYzMTBAMTQwMTg1OTE4NTQ4OQ%3D%3D&el=1_x_10&_esc=publicationCoverPdf

Korean J. Chem. Eng., 27(4), 1301-1309 (2010)
DOI: 10.1007/s11814-010-0173-z

Influence of aging conditions on textural properties of water-glass-based
silica aerogels prepared at ambient pressure

Pradip Bhikaji Sarawade, Jong-Kil Kim, Askwar Hilonga, and Hee Taik Kim'

Department of Chemical Engineering, Hanyang University 2-260, Ansan, Gyeonggi-do 426-791, Korea
(Received 17 July 2009 * accepted 4 November 2009)

Abstract—The experimental results of aging time and temperature on the textural properties of water-glass (sodium
silicate)-based silica aerogels are reported and discussed. Aging of the hydrogel for different times and temperatures
led to an ability to increase the stiffness and strength of the networks. These improvements enabled the gel to withstand
ambient pressure drying (APD) and, consequently, preserve the highly porous silica network without collapse. The
pore size and volume increased with increasing aging temperature and time, while the specific surface area decreased.
Monolithic aerogels with extremely low bulk density (~0.069 g/cm’®), high specific surface area (820 m’g™), large cu-
mulative pore volume (3.8 cm’g™), and high porosity (~96%) were obtained by aging at 60 °C for 18 hours. Therefore,
easy synthesis of monolithic silica aerogels at ambient pressure is achievable using a relatively inexpensive silica pre-

cursor (sodium silicate).
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INTRODUCTION

Silica aerogels are light, man-made ultra-nanoporous solid mate-
rials with large surface area (~1,100 m’/g), high porosity (80-98%),
low bulk density (~0.03 g/cm’), extremely low thermal conductivi-
ties (0.005 W/mk), and fascinating acoustic properties (sound veloci-
ties as low as 100 m/s) [1,2]. As a result, aerogels have a variety of
potential applications, such as thermal super-insulators in solar en-
ergy systems, refrigerators, thermos flasks [3], internal confinement
fusion (ICF) targets for thermonuclear fusion reactions [4], very
efficient catalysts and catalytic supports [5,6], storage media for
liquids in rocket propellants [7], and radio luminescent devices [8].
Additionally, monolithic silica aerogels have been used extensively
in high-energy physics in Cherenkov radiation detectors [9,10]. The
extremely low densities and high surface areas of monolithic aero-
gels allow improving the performance of various metal-oxide-based
devices, including gas and biosensors, batteries, heterogeneous catal-
ysis devices, space launch applications, and dielectric constant ma-
terials for integrated circuits (low-k dielectrics) [11-14].

Conventionally, silica aerogels are prepared via sol-gel polymer-
ization of high-cost hazardous alkoxides [TMOS or TEOS] through
supercritical drying, by removing the entrapped solvent from the
wet gel while maintaining the integrity and high porosity of the gel
[15]. However, supercritical drying has limitations in terms of cost
and safety, as it involves heating and evacuation of flammable sol-
vents at high temperature (260 °C) and pressure (~100 bars). As a
result, a method to produce silica aerogels using low-cost inorganic
precursors, such as sodium silicate (water-glass), at low temperature
and pressure is needed. Ambient pressure drying (APD) is competi-
tive in terms of cost and safety, and the preparation of silica acrogels
has been extensively studied over many years [16-20]. Neverthe-
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less, the synthesis of monolithic silica acrogels using sodium sili-
cate at an ambient pressure is scarcely reported. Optimization of
aging conditions and modification processes are of prime impor-
tance for the synthesis of monolithic silica acrogels (without cracks)
at an ambient pressure. In this process, the gel undergoes a “spring-
back effect” during the drying and preserves porosity and prevents
cracks in the dried solid [21,22]. Otherwise, the gel shrinks to ac-
commodate the loss of pore fluid, producing severe cracks in the
aerogels during APD. Therefore, many efforts have been made to
increase the strength of silica aerogels (before drying) to obtain low
density-monolithic silica aerogels at an ambient pressure [23,24].
Gel aging is a key factor in strengthening the gel network and en-
hancing the backbone strength to prevent the collapse or cracking
of silica aerogels during APD [25,26]. The aging conditions have a
strong impact on the textural and physical properties of the silica
aerogel [27]. Although Zhao et al. [28] recently reported the modi-
fied aging process for TEOS-based silica acrogels, there are few
reports on the effect of preparation and aging conditions on the pore
structure of silica gels derived from alkoxides (TMOS or TEOS)
and water-glass [29-32]. Moreover, to the best of our knowledge,
there are no reports on the combined effect of aging time and tem-
perature on the physicochemical properties of sodium silicate-based
silica aerogels.

In the present study, we concisely report the combined effect of
aging time and temperature on the textural and physicochemical
properties of sodium silicate-based silica acrogels (dried at ambient
pressure). Simultaneous solvent exchange and surface modification
processes were employed to reduce the synthesis duration of mono-
lithic aerogels from 7 to ~3 days. Moreover, the effect of the aging
conditions on the monolithicity of sodium silicate-based silica acro-
gel synthesized at an ambient pressure was investigated. We have
successfully synthesized monolithic aerogels with more desirable
density, surface area, and pore volume, using a cheap silica precur-
sor (sodium silicate), at optimized aging conditions.
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MATERIALS AND METHODS

1. Preparation of Silica Hydrogels Using Sodium Silicate (Water-
glass)

Silica hydrogels were prepared through hydrolysis and polycon-
densation of sodium silicate as a precursor solution with 24% silica
content (molar ratio SiO, : Na,0=3.24) (Shinwoo Materials Co.
Ltd., South Korea). The silylating agent was trimethylchlorosilane
(TMCS) from Duksan Chemical Co. Ltd., South Korea. Initially,
the 24 wt% water-glass solution was diluted to 8 wt% with distilled
water. Furthermore, for the replacement of Na* with H', the solu-
tion was mixed at a 1 : 1 volume proportion with an ion exchange
resin (IR-120, pH 2.4, Fluka Chemicals, Switzerland) and stirred
for 30 minutes. The colloidal silica solution was separated by filtra-
tion. The initial sodium silicate solution had a pH of about 12, which
was reduced to pH 2.4 after stirring with Amberlight. The hydro-
gel was prepared by gradual addition of a 1 M NH,OH solution to
the colloidal silica solution, resulting in an increase in pH from 2.4 to
6. The as-prepared silica solutions were poured into a 50 ml bea-
ker, made air-tight, and incubated at room temperature for gelation.
Thereafter, samples were aged at different conditions of time and
temperature.

2. Simultaneous Solvent Exchange/Surface Modification and
Drying of the Hydrogel

To minimize the drying shrinkage, the surface of the gels was
modified using a methanol/TMCS/n-hexane solution via a one-step
solvent exchange surface modification process before APD. The
simultaneous solvent exchange and surface modification was per-
formed by immersing the aged hydrogel in a methanol/TMCS/n-
hexane at room temperature for 24 hours. To determine the opti-
mum conditions for the one-step surface modification process, the
molar ratio of methanol/TMCS (M) was varied from 0.5 to 2. Addi-
tionally, the volumetric ratio of hexane and TMCS (V) was varied
from 10 to 30. There was no significant effect of the methanol/TMCS
molar ratio on the monolithicity of the dried aerogels in the selected
range of ratios. Thus, the molar ratio of methanol/TMCS was fixed
at one for additional experiments. The volumetric ratio of n-hexane/
TMCS was also fixed at 25 since fewer cracks were observed at
this ratio and also as reported elsewhere [33]. After the surface modi-
fication, the gels were washed with n-hexane to remove the unre-
acted TMCS. The wet gels were dried at room temperature (~25 °C)
for 24 hours and then at 80 °C for two hours to reduce drying shrink-
age. For a complete evaporation of the pore liquid, the gels were
dried at 200 °C for an hour. The aerogel samples were allowed to
cool to room temperature and were characterized by various tech-
niques.

3. Characterization Methods

The bulk densities of the obtained silica acrogels were calculated
from their mass to volume ratios. The volume was calculated after the
dimensions of the monolithic aerogel were measured by using ver-
nier calipers. An electronic microbalance (Model OHAUS EPG214C
USA) was used to measure the mass of the samples. The percent
volume shrinkage and porosity of the prepared aerogels were deter-
mined, as follows:

9% Volume shrinkage=(1-V,/V,)x100 (1)
% Porosity=(1-0,/p,)*100 ()
July, 2010

where, V, and V, are the volumes of the aerogel and hydrogel, re-
spectively. 0, and p, are the skeletal and bulk densities (of the silica
aerogel), respectively.

The specific surface area of the aerogels were analyzed by the
Brunauer Emmet and Teller (BET) method, while the pore size dis-
tributions (PSDs) were determined by the BJH method (ASAP 2000,
Micromeritics, USA). BET analysis from the amount of N, gas ad-
sorbed at various partial pressures (ten points 0.05<p/p,<0.3, nitro-
gen molecular cross sectional area=0.162 nm’) was used to deter-
mine the surface area, and a single condensation point (p/p,=0.99)
was used to determine the pore volume. Before N, adsorption, the
sample was degassed at 200 °C. Pore size distributions were calcu-
lated from the desorption isotherms [34-36]. To study the thermal
stability of the aerogels (in terms of retention of hydrophobicity),
the samples were examined by thermogravimetric and differential
thermal analysis (TG-DTA). Ten mg of the hydrophobic nanopo-
rous silica acrogels was heat-treated in air from room temperature
(25°C) to 1,000 °C with a controlled heating rate of 1.5°C min™'
using a microprocessor-based Parr temperature controller (Model
4846, USA) connected to a muffle furnace (A. H. JEON Industrial
Co. Ltd., Korea). In this study, the thermal stability refers to the tem-
perature up to which the silica aerogel retains its hydrophobicity
[37].

The surface modification was confirmed by infrared (IR) spec-
troscopy, Perkin-Elmer (Model No. 783, USA). For this purpose,
the as-prepared monolithic silica acrogels were ground into powders,
mixed with KBr, and pressed to form a sample pellet for FTIR meas-
urements. The contact angle (6) measurements were performed with
a contact angle meter (CAM 200 Automates Contact Angle Ana-
lyzer, Finland) to quantify the degree of hydrophobicity. For this
purpose, a water droplet of 12 ul was placed at each of three dif-
ferent locations on the surface of the hydrophobic aerogel, and the
average value was then taken as the contact angle (6). Microstruc-
tural studies of the aerogel samples were performed by transmis-
sion electron microscopy (TEM, JSM 6700 F, JEOL Ltd., Japan).

RESULTS AND DISCUSSION

1. Mechanisms of Simultaneous Solvent Exchange and Sur-
face Modification of the Hydrogel

Generally, the silica network that is developed through polymer-
ization of colloidal silica is weak. As the liquid, which coexists with
vapor within the pores of the gel, begins to evaporate during the
drying process, a meniscus forms at the liquid-vapor interface. This
interface generates surface tension, which develops concave menisci
in the pores of the gel. With progressive evaporation, the interface
meniscus recedes into the gel body and builds compressive force
that acts on the walls of the pores. Shrinkage, due to partial collapse
of the gel network [38], results. In addition, the terminal silanol groups
(Si-OH) present on the silica surface undergo condensation, form-
ing new siloxane bonds that ultimately result in irreversible shrink-
age of the gel [39]. This irreversible shrinkage of the gel network
can be reduced by attaching alkyl groups to the silica surface by
replacing the alkyl group (R) from OH. Additionally, gel collapse
ceases when the gel structure is strong enough to withstand the tensile
strength of the liquid. Therefore, to reduce irreversible shrinkage of
the gel during the drying process, in this study, the surface of the
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gels was organically modified by tri-methyl groups (found in TMCS)
via simultaneous solvent exchange and surface modification using
methanol/TMCS/n-hexane solution. The expected chemical reac-
tions for the one-step solvent exchange and surface modification of
the gels are:

(CH,),Si-CI[TMCS]+CH,OH—>(CH,);-Si-O-CH,[MTMS]+HCI  (3)

2(CH,),Si-CI[TMCS]+H,0
—>(CH,),-Si-O-Si~(CH,),[HMDSO]+2HCl @)

2(CH,);-Si-0-CH,+H,0— (CH,),-Si-O-Si-(CH,), *2CH,OH ()
(CH,),-Si-Cl+=Si-OH—=Si-O-Si(CH,),+HCl (6)

Thus, TMCS reacts with the methanol (Eq. (3)), pore water (Eq.
(4)), and OH groups of the silica surface (Eq. (6)), to form methylt-
rimethoxysilane [MTMS], hexamethyldisiloxane (HMDSO). Con-
sequently, the hydrophilic surface of the silica network becomes
hydrophobic. As the reaction proceeds, transferable liquids (HCl/
residual methanol) spontaneously exit the wet gel [40]. During the
simultaneous solvent exchange/surface modification process, the
reaction between methanol and TMCS can help to reduce the reac-
tion rate of TMCS with OH groups on the silica surface. This pro-
cess spontaneously replaces pore water with n-hexane, as shown in
Fig. 1. The chemical surface modification of the hydrogels by non-
polar alkyl/aryl groups is an indispensable step before the APD,
prohibiting the formation of new siloxane bonds between the adja-
cent silica cluster and thereby preventing irreversible shrinkage of the
gel [41,42]. In the present work, the surface of the sodium silicate-

Fig. 1. Floating of the gel while simultaneous chemical surface modi-
fication and solvent exchange in n-hexane.

Table 1. The physical properties of aerogels synthesized by differ-
ent methanol/TMCS molar and n-hexane/TMCS volume
ratios

Sr.  Methanol/TMCS

n-Hexane/TMCS

No molar ration (M)  volume ratio (V) Remarks

1 0.5 - Pieces

2 1 - Pieces

3 1.5 - Pieces

4 2.0 - Pieces

5 1 10 Cracks

6 1 15 Cracks

7 1 20 Multiple cracks
8 1 25 Few cracks

9 1 30 Multiple cracks

based hydrogels was organically modified by tri-methyl groups pres-
ent in trimethylchlorosilane by simultaneous solvent exchange and
surface modification process.
2. Effect of Methanol/TMCS Molar (M) and n-Hexane/TMCS
Volume (V) Ratios on the Physical Properties of Sodium Sili-
cate-based Silica Aerogels

Table 1 shows the physical properties of acrogels synthesized by
different methanol/TMCS molar and n-hexane/TMCS volume ratios.
The molar ratio of methanol/TMCS was varied from 0.5 to 2, and
the volumetric ratio of n-hexane and TMCS was varied from 10 to
30. No significant effect of methanol/TMCS on the monolithicity
of the dried aerogels was observed at the experimental molar ratios.
As a result, the molar ratio of methanol/TMCS was maintained at 1.
However, the volume ratio of n-hexane/TMCS strongly influenced
the physical and textural properties of the resulting acrogels. Fewer
cracks were observed in acrogels when the volumetric ratio of n-
hexane/TMCS was 25, as observed in related studies [33,43]. There-
fore, for further experiments, the volumetric ratio of n-hexane/TMCS
was fixed at 25.

3. Effect of Aging Time (t) and Temperature (T) on Volume
Shrinkage, Bulk Density, and Porosity

Aerogels are brittle due to the high porosity, and enhancement
of the mechanical strength of the aerogels is essential to preserve
its porosity during ambient pressure drying. In addition to the change
in crosslinking density during aging, coarsening and microscopic
phase separation may occur and affect the surface and pore struc-
ture of a dried gel. In addition, the aging of a gel strengthens the
network stiffness without a significant reduction in pore size. The
extent of shrinkage that occurs during ambient pressure drying de-
pends on the strength and stiffhess of the network [44]. Extending
the aging time can increase the framework strength of a silica gel,
and increasing the aging temperature can shorten the aging period
and, consequently, affect the pore size [25,45].

During the aging process, material is transported to the neck region
between particles, producing a more rigid gel network. The driving
force for the material transport is the difference in the solubility, s, for
surfaces with different curvatures, r, given by the Kelvin Eq. (7):

2% ,Vm)

s= soexp(——-—-—

RTr M

where s, is the solubility of a flat surface of the solid phase, ¥ is
Korean J. Chem. Eng.(Vol. 27, No. 4)
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the solid-liquid interfacial energy, V,, is the molar volume of the
solid, R is the ideal gas constant, and T is the temperature. Necks
between particles have a negative curvature (r<0) and, hence, a low
solubility. Material accumulates in these convex areas after being
transported from the concave surface of a particle. The smaller the
particle, the larger the solubility, such that the driving force also acts
to dissolve the smallest particles, followed by precipitation onto larger
particles. However, this ripening mechanism leads to a coarsening
of the structure and occurs after too long an aging time [25]. The
coarsening mechanism, in which the particles dissolve and repre-
cipitate onto larger particles, also leads to an increase in pore size.
The capillary pressure decreases according to Eq. (8):

_"2posd
R

Pr ®)
where, yis the surface tension of the liquid, &is the contact angle
between the walls of the pore and liquid, R is the radius of the pore,
and Pr is the capillary pressure which causes stress in the gel dur-
ing drying. An increase in pore size, which decreases capillary pres-
sure and, hence, drying stress in the gel network, therefore reduces
linear drying shrinkage. Hence, low-density monolithic silica aero-
gels can be obtained as a result of the increase in stiffness and pore
size of the gel, which reduces the shrinkage during drying. Aging
conditions (temperature and time) have a strong impact on the physi-
cal properties of the silica aerogels: volume shrinkage, bulk den-
sity, porosity, monolithicity, and contact angle.

Effects of the gel aging temperature and time on the volume shrink-
age (%), density, and porosity (%) were studied by varying the aging
temperature and time from ~25 to 80 °C (Table 1) and 6 to 24 hrs,
respectively. Fig. 2 shows the effect of aging time (t) with respect
to temperature (T) on the volume shrinkage of the aerogels. The
percentage of volume shrinkage decreased with an increase in aging
time up to 18 hours. Further increase in aging time up to 24 hours
caused more volume shrinkage, resulting in an increase in bulk den-
sity. However, at higher gel aging temperatures (80 °C), the volume
shrinkage increased continuously with increasing aging time from
6 to 24 hour. The variation in bulk density with temperature with
respect to gel aging time is depicted in Fig. 3. As shown there, the
lowest dense silica acrogel was obtained at an aging temperature

29

—— 25°C —=—40°C
27 ——B0°C —— 80°C
25
23

21

Volume shrinkage (%)

19

17
2 6 10 14 18 22 26

Gel aging period (hrs)

Fig. 2. Effect of gel aging time and temperature on the volume
shrinkage (%).
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Fig. 3. Effect of gel aging time and temperature on the bulk density.

of 60 °C for 18 hours. It was previously reported that the condensa-
tion of surface -OH groups, syneresis, coarsening, and segregation
(which occur during aging) strongly affect the properties of dried
silica acrogels [46].

The lowest bulk density in the present study was observed at the
aging temperature of 60 °C for 18 hours. This result indicates that,
at this aging condition, the dissolution and reprecipitation of silica
particles occur more strongly, consequently depositing at the nega-
tive radius of the curvature, causing the neck growth between the
particles, and leading to increasing characteristic pore size. As a re-
sult, the capillary pressure was lower (as demonstrated using Eqs.
(7) and (8)), and the acrogels were probably stiffer and stronger. In
the latter case, a low-density, silica aerogel was obtained due to less
shrinkage during APD. Fig. 4 shows the variations in the porosity
percentage in relation to the aging temperature and time. Evidently,
the porosity percentage increases with aging temperature. Addition-
ally, the porosity percentage increases with an aging time up to 18
hours, although further increase in aging time decreases the poros-
ity. This finding is attributable to an increase in aging temperature
leading to more shrinking of the gel, which leads to an increase in
the volume shrinkage and the bulk density of the aerogels. Hence,
the porosity percentage increases with aging temperature accord-

96.8
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%4 e 60°C—+80°C
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95.2
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Fig. 4. Effect of gel aging time and temperature on the porosity (%).
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Table 2. Effect of aging temperature on the physical and textural properties of the sodium silicate-based silica aerogels prepared by simul-
taneous solvent exchange surface modification followed by ambient pressure drying

Sr. No Aging time (hrs) BET surface area (m%/g) Pore size (nm) Pore volume (cm’/g) Remarks

Aging temperature 25 °C

1 0 (unaged) 829 7.8 3.56 Pieces

2 6 833 8.2 3.41 Pieces

3 12 836 8.5 2.31 Cracks

4 18 840 9.8 3.20 Few cracks

5 24 847 10.3 3.15 Monolithic
Aging temperature 40 °C

1 6 841 11.4 3.38 Cracks

2 12 835 12.6 3.46 Few cracks

3 18 829 13.4 3.50 Few cracks

4 24 819 13.9 3.61 Monolithic
Aging temperature 60 °C

1 6 834 13.5 3.39 Cracks

2 12 827 14.8 3.52 Few cracks

3 18 820 154 3.80 Monolithic

4 24 811 16.1 3.86 Few cracks
Aging temperature 80 °C

1 6 807 14.5 3.48 Few cracks

2 12 792 16.2 3.62 Few cracks

3 18 785 17.4 3.83 Cracks

4 24 764 18.6 391 Cracks

ing to Eq. (2). Therefore, the capillary pressure decreases with the
increase in pore size, resulting in a decrease in linear volume shrink-
age. Reduction in porosity percentages with more than 18 hours
aging may be associated with the extensive shrinkage that occurs
during prolonged gel aging.
4. Effect of Aging Time (t) and Temperature (T) on Mono-
lithicity

Aging a gel before APD helps to strengthen the silica network,
reducing the risk of fracture during drying [46]. As mentioned in
Table 2, at lower aging times and higher aging temperatures, the
probability of fracturing the silica network is high during the drying
process. Specifically, with less aging, the silica network was not stiff
or strong enough to prevent cracks. Moreover, a few cracks were
observed in the aerogel that was dried above 60 °C, whereas, abso-
lutely monolithic silica aerogels were obtained at an aging temper-
ature of 60 °C for 18 hours, attributable to the higher aging tem-
perature of the gel strengthening the gel network. Higher aging tem-
perature also increases the pore size and considerably reduces the
capillary pressure [30]. Thus, a gel that can withstand the drying
stress can develop into a monolithic silica aerogel.
5. Effect of Aging Temperature (T) on Hydrophobic Properties

To determine the effect of aging temperature on the hydropho-
bic properties of sodium silicate-based silica aerogels, the aging
temperature before surface modification of the gel was varied from
room temperature to 80 °C, while the aging period was maintained
at 18 hrs. The effect of the aging temperature on the hydrophobic
properties of silica aerogels was studied by measuring the water
contact angle on the silica acrogel surface. The observed hydropho-
bicity was attributed to the attachment of hydrolytically stable -Si-
(CH,), groups after replacement by CHj; of the -OH groups on the

2.9
- B

Fig. 5. Water droplets placed on the hydrophobic silica aerogels
surfaces prepared with different aging temperature of the
gel at fixed aging time (18 hr) (a)25°C (b) 40 °C (c) 60°C
and (d) 80 °C.

silica surface. A slight increase in the contact angle of the aerogels
occurred at some aging temperatures. The contact angle was great-
est (160°) for the aerogels aged at 60 °C for 18 hours (Fig. 5). As
shown in Fig. 6, the hydrophobicity of the silica acrogel was tested
by placing the silica acrogel directly on the water surface.

Surface modification of the gels was also confirmed by Fourier
transform infrared (FTIR) spectroscopy, as shown in Fig. 7. Besides
the Si-O-Si absorption peak at 1,060 cm™, all aerogel samples showed
Si-CH, peaks at 850 and 1,260 cm™' [30,47,48]. The presence of

Korean J. Chem. Eng.(Vol. 27, No. 4)
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Fig. 6. The monolithic hydrophobic silica aerogel floating on the
surface of water.

Relative intensity (a.u.)

400 900 1400 1900 2400 2900 3400 3900
Wave number (cm™")

Fig. 7. FTIR spectra of the TMCS modified sodium silicate-based
silica aerogels prepared with different aging temperature
of the gel at fixed aging time (18 hr).

Si-CH; peaks in the FTIR spectra of all the aerogel samples con-
firms the successful attachment of -SiCH, groups from the TMCS
to the silica aerogel surface upon surface modification of the aero-
gels. The degree of intensity of the Si-CH; peaks depends on the
aging temperature. The intensity of the O-H band decreased, while
that of the Si-C and C-H bands increased with aging temperatures
from ~25 to 80 °C, due to the increase in Si(CH,); groups attached
to the silica gel surface. Better surface modification of the gel oc-
curred at higher aging temperatures. Due to the surface modifica-
tion process, the aerogels exhibited hydrophobic behavior.

To investigate the thermal stability or the hydrophobic nature of
the silica aerogels, samples were heated in a furnace at various tem-
peratures. The aerogels retained their hydrophobic behavior up to
520°C, above which they became hydrophilic. At this temperature,
the surface methyl groups (-CH,) are oxidized, resulting in the forma-
tion of a hydrophilic aerogel. In addition, the thermal stability of the
aerogels and oxidation temperature for the -CH; groups were esti-
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Fig. 8. TG-DTA curve of an ambient pressure dried sodium sili-
cate-based hydrophobic silica aerogel.

mated by thermogravimetric (TG) and differential thermal (DT) anal-
yses, respectively. Fig. 8 shows the TG-DT analysis of the aerogels
aged at 60 °C for 18 hours in an oxygen atmosphere up to 1,000 °C.
The TG-DTA curves clearly show that the aerogels aged at 60 °C
and modified with TMCS exhibited a negligible weight loss up to
a temperature of 520 °C, beyond which the aerogel underwent sig-
nificant weight loss. This decrease in weight is due to the oxidation
of the surface methyl groups confirmed by the sharp exothermic
peaks in the DTA curve when the temperature was above 520 °C
[49].
6. The Combined Effect of Aging Time and Temperature on
the Textural Properties

The effect of aging time and temperature on the textural proper-
ties of silica aerogels were investigated by varying the aging time
from 6 to 24 hrs and the aging temperature from room temperature
(~25°C) to 80 °C. To obtain the effect of aging time on the textural
properties of silica aerogels, the aging time was varied from 0 to
24 hrs while maintaining the temperature at ~25 °C (room temper-
ature). Further, to observe the effect of the aging temperature on
the textural properties of silica acrogels, the aging temperature was
varied from 25 to 80 °C, and the aging time was fixed at 18 hours.
The effects of the aging time and temperature on the specific sur-
face area, pore volume, and pore size were determined by the stan-
dard BET and BJH methods, as summarized in Table 2. All acrogels
exhibited specific surface areas in the range of 750 to 850 m’g .
There was a slight increase in the surface area, pore volume, and
pore size with increasing aging time (aging at room temperature).
Alternatively, significant changes were observed for the specific sur-
face area, pore volume, and pore size of the aerogels aged at a higher
temperature (>25 °C). The specific surface area decreased with in-
creasing gel aging time (0 to 24 hrs) and temperature (>25 °C). How-
ever, the cumulative pore volume and pore size increased with in-
creasing gel aging time and temperature. The average pore diame-
ter (P,) of the aerogels aged at room temperature ranged from 7.8
to 10.3 nm while the aging period varied from O to 24 hrs. Alterna-
tively, the average pore diameter obtained for the aerogels aged at
a fixed aging period (18 hrs) ranged from 9.8 to 17.4 nm while the
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Fig. 9. Effect of aging period of the gel on the N, adsorption-des-
orption isotherms.
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Fig. 10. Effect of aging temperature of the gel on the N, adsorp-
tion-desorption isotherms.

aging temperature varied from ~25 to 80 °C. The capillary pressure
can be reduced by a larger pore size when the gel is dried at ambient
pressure. As a result, the acrogel underwent less shrinkage and de-
veloped a high pore volume [41,50-52]. Thus, the aging time and
temperature influenced the porosity of the final product.

The porosity propetrties of acrogels obtained at different aging
times and temperatures were further compared by examining the
nitrogen adsorption-desorption isotherms and pore size distribu-
tions. Figs. 9 and 10 show the nitrogen adsorption and desorption
graphs for aerogels obtained at different aging conditions. The max-
imum amount of N, gas absorbed for aerogel samples aged at low
temperature (~25 °C) was less than for samples aged at higher tem-
peratures (above room temperature). This finding is due to gels aged
at a lower temperature having small-sized pores, whereas those aged
at higher temperatures having large-size pores. Thus, the increase
in aging temperature resulted in the increase in pore size that caused
an increase in pore volume. The physisorption isotherms obtained
for all the aerogels exhibited hysteresis loops, which corresponded

1.2
—— 0 h (unaged
1.0 ——12 h
——18 h
T —+—24 h
g) 0.8
]
L
@ 06
=]
o
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>
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0 -
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Fig. 11. Effect of aging period of the gel on the BET pore size dis-
tribution profiles.
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Fig. 12. Effect of aging temperature of the gel on the BET pore size
distribution profiles.

to the characteristic feature of the mesoporous materials (Type IV
isotherms) [53,54].

Figs. 11 and 12 show the pore size distribution (PSDs) profiles
of the silica aerogels obtained at different aging conditions. A sig-
nificant change was observed in the PSDs profiles of the aerogels
obtained at different temperatures. A slight change was observed
in the PSDs profile of the aerogels aged at lower temperatures. As
shown in Fig. 12, the peak pore diameter shifted to a larger size as the
aging temperature increased from ~25 to 80 °C. In contrast, the PSD
profiles for the aerogels aged at higher temperatures had a higher-
diameter scale (>11 nm) with broad distribution. The aerogels aged
with a lower temperature had a narrow PSD at 10 nm, indicating
uniform pore distribution throughout the gel network. According
to the TUPAC classification of the pores [55], all aerogel samples
aged under different conditions showed a pronounced peak in the
mesopore region (20-500 A). This is a characteristic feature of meso-
porous materials, indicating that the acrogels developed in the pres-
ent study maintain mesoporosity in their structure even after drying,

To observe the effect of the aging temperature on the nanostruc-
ture of the aerogels, a considerable investigation was performed
using transmission electron microscopy (Fig. 13). As previously
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Fig. 13. TEM micrographs of the sodium silicate-based silica aero-
gels prepared at various aging temperature of the gel at
fixed aging time (18 hr) (a) 25°C (b) 40 °C (c) 60 °C and
(d) 80°C.

demonstrated (the PSD profiles for the samples aged at higher tem-
perature), the aerogels were comprised of large pores of uniform size
in the gel network. This observation was empirically supported by
the TEM micrographs presented in Fig. 13. Specifically, as the aging
temperature of the gel increased, the pore size also increased. In add-
ition, the aerogels synthesized by aging the wet gel at 60 °C showed
a well-developed nano-porous structure consisting of aggregates of
primary particles that were ~4 nm in size, as shown in Fig. 13(c).

CONCLUSIONS

The optimum conditions for gel aging before surface modification
for the synthesis of sodium silicate-based monolithic silica aerogels
at ambient pressure are reported. The resulting silica aerogels pos-
sessed low bulk density and high porosity, similar to those pro-
duced by conventional supercritical drying. This approach is suc-
cessful because gel aging at the optimum temperature reduces the
aging period that is necessary for the synthesis of monolithic silica
aerogels at ambient pressure. A sufficient chemical modification can
be achieved by simultaneous solvent exchange and surface modifi-
cation treatment with methanol/TMCS/n-hexane. Monolithic sodium
silicate-based silica aerogels with extremely low density (0.069 g/
cm’) and large surface area (820 m*/g) were synthesized by aging
the gel at 60 °C for 18 hours through simultaneous surface modifi-
cation and drying processes at ambient pressure. The new method
suggested in this study is an essential and easy way to synthesize
sodium silicate-based (low-cost) monolithic silica aerogels with de-
sired properties at ambient pressure.
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