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Abstract: In this study, amine-mediated silica aerogels dried under the ambient conditions in
monolithic form were prepared by following sol-gel method. 3-aminopropyltriethoxysilane
(APTES) was involved in the synthesis as a silica co-precursor. Imidazolium-based short-chain
ionic liquids (ILs) were incorporated into the silica gel structure to control the gel shrinkage
within the pores, as well as to eliminate the capillary effect during the solvent evaporation. A
production procedure was developed to explore the synergistic effect of ionic liquids and
amine-functionalized silica precursor on the textural and chemical properties of the final silica
gels. Surface modifications of the samples were performed by using 3-
Methacryloxypropyltrimethoxysilane (MEMO) to ensure hydrophobic characteristics. To reveal
the chemical and morphological characteristics of the resultant material, various analyses were
conducted. SEM and FTIR analyses were performed to investigate the morphological and
chemical structure, whereas TGA analysis was carried out to determine the thermal stability of
the silica gels. As a result, the ionic liquid embedded sample was obtained in a monolithic
structure with a low density (0.45 g/cm3) and had a good thermal stability (up to 381 °C).
Contact angle measurement also demonstrated that the desired monolithic sample has a
hydrophobic characteristic with a water contact angle value of 113°.
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INTRODUCTION

Silica aerogels are exceptional porous materials with splendid physical properties such as very
low density (0.003-0.5 g/cm?3), notably high surface area (500-1200 m?/g), and high porosity
(80%-99.8%) (1-4). Due to their outstanding properties aerogels are become a promising
candidate in a wide range of applications such as thermal insulation in the construction sector
(5), catalysis, chemical sensors (6), drug delivery systems (7), acoustic impedance (8), and
space applications (9). They can be produced in various forms (i.e. powders, granular, or
monolithic) by changing the synthesis conditions. Silica aerogels in monolithic form have wider
applications as it allows controlling final shape of the product for any particular applications.
Hence, production of silica aerogel as monolithic blocks can promote the commercialization of

these materials.

The silica aerogels are mainly synthesized with the traditional sol-gel method. Typical sol-gel
chemistry consists of consecutive hydrolysis and condensation reactions of a silicon alkoxide
group in a liquid solvent with proper acid and/or base catalysis to form a colloidal solution
called “sol”. This process is followed by gelation of the sol, aging of the gel, and then drying
(10). Several parameters affect the evolution of the microstructural pattern of the aerogel
network, such as the type and amount of precursors, catalyst concentration, type of solvent,
and reaction temperature and pH of sol (7). Aging is also an important step that allows
continuation of condensation reactions of some monomers and unreacted Si-OR and Si-OH
groups. Hence, it strengthens the structural gel network. However, drying is the most crucial
step to satisfy the desired properties of the final product. The main challenge of drying is to
perform it without allowing the collapse of a 3D network of the gel. During drying,
development of capillary tension in pore walls causes a shrinkage of the gel body and crack the
gel (7). This problem generally can be overcome by CO: supercritical drying. Although
supercritical drying technique is used to avoid the destruction of the porous structure, it is
unable to proceed beyond the small-scale batch type applications as it is both an expensive
and risky process due to its high-pressure requirement. Therefore, most of the recent studies
mainly focus on producing silica aerogels by ambient pressure drying (5-9). Generally, during
the production of silica aerogels under ambient conditions, gel shrinkage arises from organic
solvent evaporation during aging period and pore destruction and the collapse of the network
occurs during the drying period. So, the resulting product often exhibits a low degree of
monolithicity (16). Hence, several modifications can be applied to overcome these

circumstances such as:

1. Using co-precursor to accelerate the condensation reaction rate during aging to be able
to develop a stable network.
2. Adding target specific agents to control the gel shrinkage within the pores by satisfying

a “spring back effect” on the pore walls.
664



Gizli N, Sert Cok S, Kog F. JOTCSA. 2018, 5(2): 663-678. RESEARCH ARTICLE

3. Exchanging solvents to eliminate the capillary effect by minimizing surface tension on

the liquid and vapor interface.

Gel shrinkage, which is the main obstacle obtaining crack-free monolithic silica aerogel, usually
arises from organic solvent evaporation during the aging period. This situation can be
prevented by replacing organic solvent with some other solvent that has a lower vapor
pressure. Ionic liquids are organic salts with an extremely low vapor pressure over a large
temperature range (-96 to 400 °C), therefore they do not evaporate during long aging periods
(10). For that reason, using ionic liquids in the sol-gel process may yield a well-ordered pore
structure and a stable gel network. They composed of a large organic cation group such as
ammonium, phosphonium, pyridinium, imidazolium, etc. and inorganic/organic anion group.
Due to their wide range of cation-anion combinations, ionic liquids can be produced with
tunable properties and applied in diverse applications (17). Zhang et al. used various room
temperature ionic liquids as templates in the synthesis of mesoporous silica gels and reported
that increasing the alkyl chain length on the imidazolium cation can increase the pore size of
silica gel and lead to slightly enlarged pores (18). Ivanova et al. produced silica ionogels with a
one-step sol-gel method dried with supercritical CO2 by using imidazolium-based ionic liquids
with different anionic groups. They stated that each ionic liquid behaved as a co-catalyst
during the sol-gel process and reduced the required gelation time (17). Same authors in
another study denoted that depending on the functional groups of ILs incorporated in aerogel
structure can lead to tailor-made porous materials (19). Karout and Pierre investigated the
effect of ionic liquids on silica aerogel produced by partial evaporative drying followed by
supercritical drying and stated that shrinkage of xerogels depended largely on the IL volume
present in the gel before drying (20). They also investigated the effect of four kinds of ionic
liquids on the silica gelation time and indicated that ionic liquids combine a double effect of

condensation catalysts of silica and moderator of the condensation rate (21).

Dorcheh and Abbasi reported that acid-catalyzed hydrolysis and condensation lead to weakly
branch and microporous structure, whereas basic conditions or two-step acid-base processes
increase crosslinking, leading to decrease microporosity and a broader distribution of larger
pores in silica gels. However, silica aerogels with larger pores usually have a lower specific
surface area (4). In another study, Dourbash et al. explained that although ammonium
hydroxide is the most used basic catalyst in the preparation of alcogels, it prolongs the
gelation time and usually results in a dense structure. Instead of ammonium hydroxide, they
recommended the fluoride-based catalysis to reduce the gelation time (22). On the other
hand, Yang et al. prepared a silica aerogel using a two-step process in which a silica co-
precursor containing an amine group 3-aminopropyltriethoxysilane (APTES) was involved to
the sol. They reported that amine-rich APTES behaved like a basic catalyst and eliminated the

additional requirement for a base catalyst during condensation reactions (15).
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In this study, the main purpose is to prepare monolithic silica aerogels mediated with APTES
under ambient conditions. It is also aimed to explore the synergistic spring back effect of
adding ionic liquid into the sol-gel process on the morphological and chemical structure of the
final product. Additionally, the reciprocal influence of ionic liquid and APTES on each other
through the synthesis is evaluated with various characterizations for the first time to the best

of our knowledge.

EXPERIMENTAL PROCEDURE

Materials

Tetraethylorthosilicate (TEOS) as precursor and 3-aminopropyltriethoxy-silane (APTES) as co-
precursor were acquired from Sigma Aldrich. 1-Ethyl-3-methylimidazolium
bis(trifluoromethanesulfonyl)imide (EMIMTF2N) was utilized as the short-chain imidazolium-
based ionic liquid, and 3-methacryloxypropyltrimethoxysilane (MEMO) as surface modification
agent were purchased from Sigma Aldrich. Ethanol (EtOH) and n-hexane were used as

solvents and hydrochloric acid (HCI) was used as the acid catalyst.

Preparation of silica aerogels

The silica aerogels were prepared by following one-step sol-gel processes with or without ionic
liquid. For comparion purposes, silica aerogels were prepared in the absence (SG) or presence
(SG-IL) of ionic liquid. During the preparation of the first sample SG-IL, TEOS was hydrolyzed
by using 0.01 M HCI for 90 min by stirring at 25 °C. Hydrolysis reaction can take place as
follows:

TEOS + Water < Silanol + Ethanol
(C,Hs0), — Si+ H,0 < Si—(OH),+ C,H;OH

- + 4n ‘ —_— ) +4n ‘ﬁf

EtOH was used as a solvent whereas imidazolium-based ionic liquid was involved in the sol to
serve as target-specific agent. After stirring for 90 minutes, the sol was placed in an ultrasonic
media and APTES was added to the sol to start condensation reaction. It can be demonstrated
as given below:
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(C,Hs0), — Si + Si — (C,H50)y » Ry — (=Si— 0 —Si—), —R, + H,0

H

- B

The sol component consists of TEOS: APTES: IL: EtOH: HCI with the molar ratios of
1:0.47:0.14:6.3:7.4x107, After complete gelation, the sample was allowed to age for 24 h in
a polypropylene cylindrical mold to further continuation of the condensation reaction.
Subsequently, the solvent exchange was carried out by treating the wet gels with fresh n-
hexane for 12 h to ensure complete removal of the impurities within the gel. Then, surface
modification was conducted by immersing the sample in silylating agent MEMO diluted with n-

hexane at a volumetric percent of 50% at room temperature. Surface modification reaction can

be shown as follows;

G Methacryloxypropyltrimethoxysilane

@ Qﬁ,
; “w‘%hﬁ“ )

w
“

i i
-4 G

¢ ¢ ¢ & ¢
R aaas

n-llexane Ethoxx group Methyl group

Finally, the sample SG-IL was dried in atmospheric media for two days. During the preparation
of the second sample SG, the same procedure was followed with one difference that, unlike
SG-IL, sample SG did not include ionic liquid in the sol. The sol components molar ratio for SG

was 1:0.47:6.3:7.4x10> for TEOS: APTES: EtOH: HCIl. Figure 1 represents to preparation

steps of the samples by following sol-gel method.
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Figure 1 Sol-gel preparation steps.
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Characterization

Bulk densities of dried gels were determined from mass to volume ratio (Eq. 1). The
percentages of volume shrinkage and porosity of the samples were estimated according to
equations below (Eq. 2, Eq. 3):
m u
pp (g/cm®) =""P lk/Vbulk (Eq. 1)

%Porosity = (1 — p”/ps)xloo (Eqg. 2)

%Volume shrinkage = (1 - Va/V
9

>x100 (Eq. 3)
where p, is the bulk density of synthesized silica aerogel and p_ is the density of solid

skeleton. With respect to former studies p_can be assumed as (2.2 g)/cm3 (1). V, and V,in

the Egq. 3 denote the volumes of the samples after drying and before the solvent exchange,

respectively (4, 23).

Fourier Transform Infrared Spectroscopy (FTIR) (PERKIN ELMER Spectrum 100, USA) was used
between the wavenumber range of 500 - 4000 cm™ to identify the chemical compositions of

the samples.

The morphology of the samples was observed by using scanning electron microscope (SEM)
(PHILIPS, XL 30S FEG) with a magnification rate of 5000.

To investigate the thermal stability of the samples, thermo-gravimetric analysis (TGA) was
performed using a TA Instruments SDT Q600 operating at a heating rate of 5 °C/min from

room temperature to 600°C under a nitrogen atmosphere.

Hydrophobicity of the aerogels was examined by measuring the contact angle (6) of the water

droplet with the sample surface.
_ —1(2h
6 = 2tan (W) (@)
where h is the height and w is the width of the water droplet touching the aerogel surface.
Travelling micropores were used for measuring h and w (24). Figure 2 demonstrates that small

values of contact angle (<90°) correspond to high wettability whereas large contact angles

represent hydrophobicity.
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Figure 2: Water drop - surface contact angle.

RESULTS and DISCUSSION

Up to now, many studies have been directed their attention toward the enhancement of
aerogel production under ambient conditions for further commercialization of these materials.
One of the key issues about ambient pressure drying in aerogel production is to conserve
monolithic structure during drying. Hence, removing of entrapped solvents from the wet gel
while avoiding shrinkage and maintaining the porous structure become today’s prior challenge.
Imidazolium-based ionic liquid incorporated into silica aerogel synthesis in this study with the
intention of promoting spring-back effect against deterioration of porous structure during
ambient drying. On the other hand, an amine-containing silica co-precursor APTES was
involved in the preparation of aerogels for the purpose of reducing required time for synthesis.
To explore the interaction between ionic liquid and APTES, two different samples were
prepared using same components and same procedure with or without ionic liquid and various

physical and chemical characterizations were conducted as follows.

Physical Properties

To compute the density values of the samples with standart errors by using Eq.1, the weight
and volume of the samples was measured three times. Calculated density, porosity and
percentage of volumetric shrinkage of the SG-IL and SG were tabulated in Table 1 with
standart deviations. The sample SG-IL had small volume shrinkage and lower density (psc-

11=0.45 g/cm?3) whether the sample SG could not resist the capillary effect.

Table 1. Observations about the produced silica aerogels.

Density , g/cm3 %Porosity % Volume Shrinkage
Sample ID
(Eq.1) (Eq.2) (Eq.3)
SG-IL 0.45+0.01 80+£0.012 8.50+0.01 0
SG 1.23+0.01 4480+0.012 -
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It can be stated that the sample prepared without ionic liquid may contain dense regions in the
silica network and has large pores. Since ionic liquid controls the solvent evaporation by
ensuring elasticity on the pore walls, without ionic liquid as a support, solid skeleton of the
silica cluster of sample SG drastically collapse due to the severe capillary tension. Besides, IL-
embedded sample SG-IL exhibit high porosity with relatively low density. Also, we can say that
it remained stable after drying process as the total volumetric shrinkage has a relatively low

value of 8.5%.

Visual observations

Physical appearance

Figure 3 demonstrates the physical form of two samples SG-IL and SG after ambient pressure
drying. As seen from the figure, the physical appearance of silica aerogels dried under ambient
conditions strongly affected by the addition of ionic liquid through the synthesis. The sample
SG-IL appeared in monolithic form without cracks while the sample SG was grounded into
pieces because of capillary forces occurred during the solvent evaporation. On the other hand,
the low surface tension and lower vapor pressure of ILs make it possible to sustain the physical

stability of silica framework after the subsequent solvent exchange and drying steps.

9 owé

Figure 3. Physical appearances of the samples SG-IL(a) and SG (b).

Gelation time

Reduction the required time for complete gelation became a major interest in recent studies.
An appreciable decrease in a total synthesis time of silica aerogels brings about considerable
advantages to these materials for practical purposes. It was suggested in the study of
Dourbash et al. that developing one-step sol-gel process instead of time-consuming two-step
processes would be preferable (22). In this study, it was observed that amine-rich APTES used
as co-precursor eliminated the need for additional base catalyst in the sol-gel method.
Regarding its marvelous ability in catalyzing the condensation reactions, APTES significantly
reduced to gelation time. Necessary times for complete gelation in this study are observed as
3 min and 6 min for the samples of SG-IL and SG, respectively which indicates that ionic liquid

supports the catalytic activity of APTES in the condensation reactions, synergistically.
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Morphological properties
Although the physical appearance of the first sample points out the desired monolithic form
under ambient conditions has been achieved, it was not conclusive in visualizing the
morphological differences in the porous structures of the samples with or without ionic liquid.
The SEM images of the synthesized silica aerogels prepared with/without ionic liquid are
demonstrated in Figure 4. Sample SG-IL exhibits a three-dimensional porous network
consisting of the spherical silica clusters indicates that typical microstructure pattern of silica
aerogels was obtained. Sample SG, however, results in the insufficient porous network. As it is

very weak to withstand capillary pressure, it exhibits a rigid structure.

Figure 4. SEM Images of the samples SG-IL and SG with magnification rate is 5000.
FTIR spectra

FTIR analysis was conducted to reveal related chemical bonding in silica aerogel synthesis and

shown in Figure 5.
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Figure 5. FTIR Spectral results of the samples SG-IL and SG.
The absorption peaks around 1080 cm™ may be attributed to Si-O-Si bonding confirming the
development of the silica network. It is obvious from the spectrum that intensity of the Si-O-Si
vibrations increases prominently with the addition of ionic liquid to the sample. Hence, it can
be affirmed that ionic liquid is incorporated into the structure of silica aerogels and can
improve network formation. The peaks observed the around 1352 cm™ and 1471 cm™ may be
related to the existence of the imidazolium-based ionic liquid. Distinct Si-CH3z peaks observed
around 785 cm™ and 1350 cm™! verify stronger gel network and attachment of the methyl

groups to the gel surface may indicate a successful surface modification with MEMO.

TGA/DTG analysis and thermal stability

Based on the previous characterizations applied through the study, it can be seen that ionic
liquids enhanced the formation and conservation of the monolithicity of the samples as well as
it served as a catalyst and accelerated the condensation rate in the sol-gel method. TGA
analysis was conducted to investigate the effect of the ionic liquid on the thermal stability of
the samples. Figure 6 demonstrates the thermal degradation of the Sample SG-IL and Sample
SG with respect to temperature. The sample prepared without ionic liquid exhibited a thermal
decomposition temperature around 144 °C. It lost almost 12% of its total weight up to this
temperature. Confinement ionic liquid, however, increased the thermal stability of the sample

SG-IL by extending the thermal degradation temperature of the sample up to 381 °C.
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Figure 7. DGT analysis results of the samples SG-IL and SG.
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Then, a drastic change in the total weight of the sample of SG-IL after the temperature of
381°C which leads almost two times higher weight loss comparing with the other sample (SG),
can be attributed to the degradation of imidazolium based ionic liquid. The results also
confirmed with the DTG analysis given in Figure 7. For the ionic liquid embedded samples,
having good thermal stability within the temperature range of 0°C- 380°C, can bring the
material a valuable characteristic when considering possible target applications such as

household thermal insulation material, as catalyst supports or as adsorbents.

Hydrophobicity and contact angle

The surface modification was performed by replacing hydroxyl groups on the surface of the
silica gel with the alkyl groups for the purpose of reducing the surface energy of the gel and
turns the sample into hydrophobic form. MEMO was selected as silylating agent and the water
re-balancing ability of dried sample SG-IL was determined by measuring the contact angle of
water droplet on the sample surface and presented in Figure 8. Then again, surface energy of
the sample SG-IL was determined 15.47 mN/m by the same measurement. For the sample
SG, however, contact angle measurement could not be performed because of its fractural

structure.

Figure 8. The contact angle value of the sample SG-IL

CONCLUSION

In this study, monolithic silica gels were synthesized by taking advantage of the synergistic
effect of imidazolium-based short-chain ionic liquid and amine-rich co-precursor APTES in the
sol-gel method. With the help of these agents, required gelation time was reduced down to 3
min. This collective interaction also eliminated the need for the repeated surface modification
periods and hydrophobic characteristic of the samples was achieved by applying one-step
surface modification only. Ionic liquid also served as a drying control agent during the solvent
evaporation of the gel and contributed in retaining solid skeleton network of silica particles
with highly homogeneous pore distribution after ambient pressure drying. It was also observed
that thermal stability of these samples highly affected by the presence of ionic liquid.

Due to the obtained superior physical properties such as low density and highly porous
structure and high thermal stability, the synthesized samples can be promising candidates for

a wide range of applications to be used as thermal and acoustic insulators, as adsorbents
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(especially in the CO:2 capture applications due to the amine containing functional groups of the
samples) as catalyst supports or as energy storage barriers. Synthesizing the samples as
monolithic blocks with controlled shape, have also gave them the opportunity to be used more

easily for any particular application.

For the further studies, it can be suggested that using ionic liquids along with an amine

mediated precursor through the silica aerogel preparation can be an attractive approach.
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