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1 Introduction

1 Introduction

This master thesis is a continuation of a project module with research proposal where the
optimization of hybrid-silica aerogels in relationship with precursors ratios, acid or base catalyst,
gelation temperature, and washing was analyzed and discussed.

The main goal is to find correlations between the synthetic pathway of hybrid-silica aerogels
and their thermal, mechanical, and hydrophobic properties by modifying the concentration and
ratios of catalysts, precursors, solvent, and other relevant parameters like temperature.

Hybrid-silica aerogels have been previously studied by Hayase ™) and the German Aerospace
Center (DLR - Deutsches Zentrum fiir Luft- und Raumfahrt) @ due to their low bulk den-
sity and high flexibility. The monoliths are prepared by using a mixture of the two different
precursors methyl trimethoxysilane [CH3Si(OCH3)3, MTMS] and dimethyl dimethoxysilane
[(CH3)»Si(OCH3),, DMDMS]. They exhibit low thermal conductivities (12-15mW,/mK),® low
density values (0.1 g/cm®),® high porosity and high surface area.®

Since the first report of hybrid-silica aerogels, © many researchers have been working on the
characterization and improvement of their properties. By using different molar ratios, different
catalysts, or different gelation and aging times or temperatures. The properties of aerogels can
be manipulated and controlled. ? @

As a result of their properties, the use in different applications can be analyzed, more specifi-
cally thermal and mechanical purposes.® In the last years, thermal insulation has become an
interesting topic concerning energy efficiency and saving. Every year new policies are proposed to
create sustainable and environmental-friendly products and reduce global warming. ® However,
the commercialization of hybrid-silica aerogels for thermal insulation has not been widespread,
as the material faces some challenges in terms of water sensitivity and durability. 19

In the case of hybrid-silica aerogels, the mechanical strength and elasticity have shown a re-
markable performance after ambient pressure drying. @ Additionally, the whole synthetic process
has been simplified in the last years. With this, the optimization of these aerogels in a shorter
time span is possible, which also favors the applications of these materials into specific fields like
aircraft manufacturing. Here it can be used to build the inner structure of the airplane cabin to
reduce the overall weight and therefore consuming less fuel. 1) Other further applications of
hybrid-silica aerogels can be in the piping industry, cryogenic applications, and casting. %) (13)
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2 Theoretical background

2.1 De nition of aerogels

Aerogels are solid amorphous materials with mesoporous structures. The most well-known
examples of aerogels are constituted of silica. The material consists of two phases: The rst
phase is a skeletal solid structure, from 1 to 10% of its total volume, while the second phase

consist of air in this structure around 90 to 99 %.@%) Aerogels have been a novelty in materials
science since 1932 when Kistlef? rst assigned their name. But in the last 20 years, the interest

in these materials has increased due to their properties such as low-density values, low thermal
conductivity, high surface area and porosity. These properties facilitate the application and

commercialization of products based on aerogels.

The rst varieties of aerogels were synthesized with silica oxide, alumina, iron oxides,
tungsten-, and tin oxides as well as organic precursors such as cellulose or resorcinol-formaldehyd&4

Improving the properties of the material such as mechanical properties, density and thermal
conductivity has been always a goal in materials science. For example, in 1990 the lightest aerogel
was reported with a density of 0.003 g/cm 3, just three times higher than air (0.001 g/cm 3). @5
The Stoéber Process was one of the most popular synthetic pathways to achieve spherical SiO
molecules since 19688 A short description of the process is shown in g.[2.1]

One of the most well-known precursors for silica aerogels are alkyl silicates such as tetraethyl
orthosilicate [Si(OEt) 4, TEOS]. These can be hydrolyzed by HCI and subsequently condensated
with NH 3 to get a SiO, network (siloxane bridges).

Figure 2.1: Scheme of the Stéber process synthesis pathway for tetraethyl-orthosilicatesTEOS. @©)

For this project, the fabrication of hybrid silica aerogels was carried out using two different sil-
ica derivatives precursors such as methyl trimethoxysilane [CHSI(OCHg)3, MTMS] and dimethyl
dimethoxysilane [(CH 3)2Si(OCHjs),, DMDMS] (see g. . © Aliphatic groups like methyl which
are directly attached to the silicon atom confer mechanical resistance and hydrophobic properties
to the material. ©®
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Figure 2.2: Chemical structures of MTMS (a) and DMDMS(b) .

During the synthesis process, the methyl groups attached to the silicon atom are oriented
towards the wall of the pore in the network, avoiding the capillary compression and therefore the
formation of new siloxane bridges (Si-O-Si) inside the pore for example during the drying step.
Also, due to its non-polarity nature the methyl groups supply hydrophobicity to the material. 7)

2.2 Sol-gel process

The sol-gel process is basically described as the polymerization and 3D network formation of a
sol to produce ceramics, glass or gels. These structures can have a de ned particle size in the
order of nanometers, making them suitable for different applications for example microspheres,
ultrane Ims, bers etc. (18

The polymerization can occur by acid- or base-catalyzed pathways. The acid-catalyzed
process requires a protic acid to donate protons in a hydrolysis reaction pathway. Then, the free
electron pair of the methoxy group of the precursor will attack the proton forming a (CH 30H)*
leaving group and the hydrolyzed precursor (see g. 2.3(a)). At the time, either after hydrolysis
or simultaneously, the condensationreaction occurs (see g. 2.3(b)). Where in an excess of
protons H,O" or CH3OH" leaving groups are formed and the hydrolyzed molecules form a
siloxane bridge.(”

Figure 2.3: Acid catalyzed hydrolysiga) and condensatioifb) of an alkyl silicate precursor.
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In a base catalyzed reaction, the free electron pair of thenucleophilewill attack the silicon
atom (electrophilg following a SN, reaction mechanism forming an intermediate before the
leaving group disconnects from the hydrolyzed compound (see g. 2.4(a)). @) During the
condensation reaction, two hydrolyzed molecules form the siloxane bridge (see g. 2.4 (b)).

Figure 2.4: Base catalyzedhydrolysis(a) and condensationof an alkyl silicate precursor (b).

Both, hydrolysis and condensation can occur simultaneously due to the variety of reaction
rates and rate-determining steps, and it is also affected by the steric effects or inductive effects of
the organic groups attached to the silicon atom.(”) Additionally, there are other factors that can
affect the reaction rates like pH, presence of electrolytes, concentration and temperature. There-
fore, the control of these parameters can regulate the formation of different aerogel structures
with different properties. (%)

In this project the synthesis of hybrid-silica aerogels by using MTMS and DMDMS is studied.
MTMS due to its three methoxy groups can form a 3D network while DMDMS by itself can only
form chain structures.() They combined lead to higher porosity in the aerogel. The mixture
of these two non-polar precursors with water is achieved by use of a surfactant, in this case
cetyltrimethylammonium chloride [CTAC, CH 3(CH>) 25NCI(CHz) 3] which in controlled incorpora-
tion during the synthesis, avoids a total phase separation between MTMS and DMDMS, especially
during the gel formation (see g. 2.5). 19
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Figure 2.5: Overview of the sol-gel reaction from the molecular level to the nal product in the form of
an aerogel monolith.

The reaction to form these hybrid-silica aerogels is calledacid/base two-step synthesighe
gelation can be rst triggered by the pH-change when the acetic acid in water decrease the pH
(* 4 to hydrolyze the MTMS and DMDMS. The second reaction is triggered by urea which
decomposes at 8®C into ammonia and increases the pH ( 10) leading to a condensation
reaction and forming the gel skeleton (see g. 2.6).

Figure 2.6: Scheme of the reaction mechanism for MTMS and DMDMS in araecid/base two-step synthesis.
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After the molecular distribution is achieved the gel skeleton is formed. The next step is
called ageing which increase the strength of the solid network over time through, for example
due to Ostwald ripening. @3 The last step in this procedure is the drying process. Removing
the liquid inside of the pores without destroying the structure is challenging. The problems can
be shrinkage, cracking or the disintegration of the material. Likewise, the drying process can
increase considerably the costs??) Therefore, diverse techniques are used in order to optimize
the drying process.

One of the most used technique for all kind of aerogels is the supercritical drying??) After
the reaction, the liquid inside the wet gel is replaced for example with CO, which at room
temperature and ambient pressure is a gas. When temperature and pressure are increased
above the critical point (31 °C and 61 bar)(") the surface tension becomes zero and the liquid is
removed with no damage to the aerogel network. In order to perform the procedure, the wet gel
is previously washed with ethanol or methanol multiple times to minimize the water content,
as it is not as miscible with liquid CO, as the alcohols. The whole reaction is performed in-
side of an autoclave and the expelled solvent can be collected it in a vessel to reuse it (see g. 2.7).

Figure 2.7: Built-up for the supercritical drying of an aerogel with CO 5.2

Another way to remove the solvent from the pores of the material is the freeze drying
technique. In industry, this technique is known as lyophilization. () In some cases the freezing
must be performed very fast to avoid the formation of large ice particles by crystallization. For
example, during the process of drying nano ber aerogels of chitin?®) the samples are placed in
a freezer and immersed in a solution of water-ethanol (50 %) to form a supercooling state.(®)
Then, the material is cooled at -25°C under the triple point to assure that sublimation occurs,
rather than melting. Afterwards, the pressure is lowered, and the temperature is increased as it is
shown in g. 2.8. In the case of porous materials, the recommendation is rapid freezing to avoid
fractures in the pore wall structure during crystallization.
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Figure 2.8: Phase diagram of water with indicated lyophilization process (red arrow). 17)

One of the more recent drying technique for aerogels is called ambient drying. It is widely
used in industry by Cabot Corporation for hydrophobic aerogels with surface modi cations. 47
For the hybrid-silica aerogels no surface modi cation is required due to the precursors having an
organic hydrophobic group in its structure. Therefore, the methyl groups get oriented towards
the pore wall, repel each other, and avoid the formation of new siloxane bridges during the
ageing or the drying process™ Fig. 2.9 shows the repulsion process. The liquid is removed
from the pores (1) the methyl groups are attached to the pores wall(2) and repel each other
keeping the shape of the pore after spring back effect(3).

Figure 2.9: Scheme of the repulsion in the pore wall caused by siloxane bridges.

2.3 Properties of aerogels

The characteristics of aerogels such as low density and porosity allow them diverse properties for
example thermal insulation and mechanical resistance. The use of different precursors can lead
to different kinds of aerogels. Also, the synthetic conditions allow to control over the composition
of the material through the preparation or during the drying process. 3 In the following table
2.1 different silica aerogel precursors used in the last ten years of aerogel research are shown. In

7
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there, it is possible to see that using different silica derivatives most of the physical properties can
be modi ed as well. Also, allows to compare the most remarkable properties of silica aerogels
with the patented formula developed by DLR.®

Table 2.1: Summary of main characteristics of most-known silica aerogels.

Precursors
TMOS \ TEOS\ Na,SiO3 | MTMS/DMDMS
Physical Almost transparent Opaque and soft
appearance 4 by supercritical drying by ambient drying
Densit
. g/cmy3(13) 0.1 0.2
Thermal
conductivity ®® | 0.03 0.05 0.025 0.02
in W/mK
Flexible and
Mechanical Brittle with a strain compressible
resistance (13) around 10 to 20 % with a strain
around 70 to 85%

2.3.1 Density values

Aerogels are well-known because of their low density. However, two different kinds of densities
can be measured. Theenvelope densitys a value reported including both phases, the solid as well
as the gas phase (air) which is trapped inside the pores.

The samples in this work have a geometrically de ned cylindrical shape, therefore the
envelope densitgan be calculated using equation 2.1:

r= g 2.1)

With an envelope volume for the cylindrical samples, calculated by equation 2.2:

V = prh (2.2)

With: Density r; mass m; volume V; radius r; height h.

Additionally, the density of just the network structure can be found. Itis called skeletal density
or also absolute density The skeletal density is an intrinsic property equal to the ratio of mass in
a skeletal body.2® |t can be measured by gas displacemerit® using a helium pycnometer as it
is shown later in section 3.5.1 (see g. 3.4).
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This technique follows Boyle's law. Where the sample volume (\) is calculated by the
following equation 2.3:

_ pf(Vs + Vr) ins
Vg =
(Pt pi)

With: Skeletal volume Vs; nal pressure pg; volume of the sample Vs ; volume of the
chamber V,; initial pressure p;.

(2.3)

However, the skeletal density can also include the volume of the closed pores in the structure
which are not possible to reach with the gas during the measurement.

2.3.2 Porosity of aerogels

The porosity is de ned as the distribution and abundance of pores in a material. Pores can be
classi ed in different types depending on their size and structure. According to IUPACZ") the
pores can be classi ed in relationship with their connection to their surroundings. Fig. 2.10
shows different types of pores.

Figure 2.10: Schematic pore classi cation by IUPAG27): (a): blind pore; (b) and (f): pores with an open
side to the surrounding; (c), (d) and (e): pores with access of at least two sides to the surrounding and
(9): super cial pores.

In (a) the pore is blind, which means that it is completely closed by the solid structure.
Usually, this kind of pore is found in the middle of the porous material. In the case of the
examples (b) and (f), the pores have an open side to the surroundings. The pores (c), (d) and (e)
have both-sided access, and nally the pore (g) is considered as super cial pores.
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Pores can also be classi ed with respect to the similitude with geometrical shapes as shown
in g. 2.11.

Figure 2.11: Pore geometries classi cation.(28)

Another part of the classi cation of the pores is by their size like macropores (>50 nm),
mesopores (2 - 50 nm), and micropores (<2 nm).

The best way to quantify the porosity is to express it in percentage. To calculate the porosity
of a sample by equation 2.4 the envelope and skeletal density values were used, the porosity is
then an expression of the relationship of the envelope volume and the skeletal density according
to the empty accessible spaces.

Venvelope Vskeletal

Porosity in% = 100 (2.4)

Venvelope

Aerogels should not have blind pores inside their structures. However, in some cases it has
been observed®® Hence, the skeletal density can be affected by the porosity distribution of the
material. Therefore, identifying the structure by imaging analytic techniques can increase the
quality of characterization for aerogels in terms of porosity and density values.

2.3.3 Morphology of aerogels

The internal structure of the hybrid-aerogels can be observed by imaging techniques, which give
some hints about pore distribution, and its relationship with density values.

The scanning electron microscope (SEM) uses a high-energy electron beam focused on a
sample's surface to create an image. The electrons of the beam interact with the sample and
produce different types of signals which can be interpreted to have more information about the
surface and composition of the sample.

For example, observing the SEM pictures of different hybrid-silica aerogels at different
[MTMS : DMDMS] ratios. ) It is possible to characterize the aerogel framework, particle sizes
and explain some properties of the material (see g. 2.12).

10
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Figure 2.12: SEM pictures of aerogels with different ratios of MTMS: DMDMS; a) 1:0,b) 2:1,¢) 2:1.5
andd)1:1.®

2.3.4 Thermal properties

One of the most remarkable properties of aerogels is their low thermal conductivity.(!3) For
example, for silica aerogels values around 0.013 W/mK can be found®°)

In order to nd the most suitable technique to analyze the thermal conductivity of hybrid-silica
aerogels. First the heat conduction for this type of materials will be discussed and second, the
analytical method will be explained. In section 3.5.2 a more detailed explanation about the setup
and equipment is described.

Fourier Law

The principle of thermal conductivity can be explained by the Fourier law. 3 When an object is
between two plates with different temperatures, the heat (Q) will ow from the hot plate (T 1)
to the cold plate (T .q1g). To describe this heat ow the following equation 2.5 can be used.

The equation has a proportionality constant denominate (I ) which is the thermal conductivity,
h is de ned as distance between the two plates and A is the cross section are&®

As the aerogels have at least two different phases composed by a solid structure (network)
and a gas inside its pores (air), it is necessary to analyze the heat ow in each phase.

For the solid network (solid phase) the heat transfer and conductivity are given by the
vibration of the solid in equilibrium. 7 Therefore, in small particle sizes such as aerogels the
heat transfer is signi cantly reduced. For the gas phase, the heat transfer can be explained by
collision between particles and convective transport in the pores(17?)

11
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Air is the most common gas trapped inside of the pores of aerogels, unless the synthesis
is done under special gaseous conditions. So, it is remarkable that aerogels can show thermal
conductivity values lower than air (0.026 W/mK) @D

This phenom can be explained by the so-called Knudsen effect where the thermal laws
applied for materials such as Fourier law, cannot be applied in a nano-scale network(®2 The
Knudsen effect assumes that the heat transfer ratio depends only on the collisions of gas particles
with the pore wall (See g. 2.13), considering that gas molecules are the main energy transport
way for gaseous conduction 32

Figure 2.13: Schematic movement of a particle inside a pore by assuming the Knudsen pathway.

2.3.5 Mechanical properties

One of the challenges to carry aerogels into industry scale is the poor mechanical resistance in
terms of bending or stretching. Hybrid-silica aerogels, on the other hand often show higher
exibility. To calculate the strain of aerogels, Young's modulus is applied according to the linear
elasticity deformation of solids.

= Cl — (26)

The Young's modulus of the porous €;) and the Young's modulus of the solid (Es) is equal
to a constant (C,) and the relationship between the envelope density (r 5) and the skeletal density
(rs) 13 (see equation 2.6).

In terms of compression, when the material is subjected to a uniaxial loading, the strain of
the material can be analyzed in relationship with the envelope density values (see g. 2.14).
Aerogels with high envelope density values such as the so called brittle aerogels can be deformed
in a linear tendency until they break. On the other hand, aerogels with a very low density can be
deformed, recover their original shape and resist higher compression stres$!3)

For hybrid-silica aerogels the expected behavior in terms of elasticity and compressibility can
be classi ed in the range of elastic aerogels according to g. 2.14 where the compressive stress is
correlated with the envelope density of the material. The different areas of the classi cation are
shown in shades of grey, where the bright grey tone indicates brittle aerogels, the darker middle
grey tone indicates elastic aerogels, and the dark grey tone indicates compressible aerogels.

12
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Figure 2.14: Strain behavior of different aerogel types according to their envelope density to compression
stress (33)

2.3.6 Hydrophobicity

The hydrophobicity in hybrid-silica aerogels was attributed to the decrease of solid-vapor interfa-
cial free energy, which is highly related to the type and concentration of chemical groups on the
aerogel surface®4 Therefore, the concentration of methyl groups linked to the siloxane bridges,
has a crucial in uence. For example, in the case of a mixture of precursors of MTMS and DMDMS
where MTMS has one methyl group attached to the silicon atom and DMDMS has two methyl
groups the free energy values went from low to high during the condensation reaction. Thus, the
hydrophobicity increases by increasing the silicon precursor ratio of DMDMS(34)

The hydrophobicity can be measured by the contact angleg of the material with a drop of
liquid, mostly water. A classi cation depending on the angle in four classes (superhydrophilic,
hydrophilic,hydrophobic and superhydrophobic) can be made (see g. 2.15). @ Higher anglesq
between surface and water drop indicates higher hydrophobicity.

Figure 2.15: Classi cation of hydrophobicity by water drop contact angle. (3%
The contact angle can be measured when a liquid—vapor interface meets a solid surfac&®

This angle quanti es how moisten a solid surface could become by a liquid using the Young's
equation, which describes the relationship in a system between solid, liquid, and vapor at given

13
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temperatures and pressures®®® The contact angle can be calculated with the following equation
2.7:

Osc Os. Qigcosgec =0 (2.7)

With: Solid—vapor interfacial energy gsg; solid-liquid interfacial energy gs; liquid—vapor
interfacial energy g, g; contact angle g.

The hydrophobicity in aerogels can be reached by different ways. The rst and most ex-
tended one is by immersion of the aerogels in a solution with hydrophobic compounds such
as trimethylsilyl [-Si(CH 3) 3, TMS], trimethylsilyl chloride [CISi(CH 3)3, TMCS] or Hexamethyl-
disilazane [(CH3)3SiNHSi(CHz)3, HMDZ] before the drying process of the aerogel ") Other
approach is to include directly the hydrophobic groups in the precursor sol. For example, the
methyl groups in the MTMS and DMDMS as it is done in the patent of hybrid-silica aerogels®”) (2)

By using these precursors instead of immersion techniques the process is facilitated in terms
of simplicity, energy consumption and up-scaling. However, the physical appearance of the
aerogels changes drastically comparing the aerogels with other precursors (1 to 4) and the
hybrid-silica aerogels with MTMS and DMDMS (5 and 6), where the last ones seem more opaque
and soft as is shown in g. 2.16. @7

Figure 2.16: Six different hydrophobic aerogels from 1 to 4 by immersion, 5 and 6 by precursor modi ca-
tion. (37)

14
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3 Experimental procedures and data analysis

3.1 Experimental methods
Synthetic pathway for hybrid-silica aerogels

As it was mentioned before in section 2.2 the sol-gel process requires between one to three steps
at least. For hybrid-silica aerogels the synthesis process is a one-pot acid/base reaction with some
established molar ratios for each precursor, solvent and catalysts.

The ratios for the prototype aerogel used in this master thesis can be found in the patent
number EP3042884A1 from German Aerospace Center (DLR — Deutsches Zentrum fir Luft- und
Raumfahrt) @ with the following values:

Table 3.1: Molar ratios and amounts of reactants to prepare 53.6 g of a sol-gel following the patent
EP3042884A1.

Substance Moles Molar ratio | Amount
MTMS 0.04 1 69
DMDMS 0.03 0.67 3.55¢
Water 1.74 39.65 2549
Acetic acid 210 4 4 10 3 9.5nL
Urea 0.17 3.97 10.59
CTAC 25% sIn in water | 6.4 10 3 0.15 8.2¢9

Hence, in order to prepare the standard hybrid-silica aerogel 10.5g (0.17 mol) urea were dissolved
in 25.3 g (1.74 mol) of distilled water and heated to 50 °C for 5 minutes. Then, 9.5 (2 10 “ mol) of
acetic acid was added. Afterwards, 6 g (0.04 mol) of MTMS was added together with 8.2g (6.4 10 3 mol)
of the cationic surfactant cetyltrimethylammonium chloride (CTAC).

The hydrolysis process of MTMS starts with the adding of the acid. The role of the surfactant is to
control the phase separation that takes place in the polycondensation stegd? The mixture was stirred for
15 minutes at 50°C. After this 3.55g (0.03 mol) of DMDMS was added and the mixture was stirred for
another 45 minutes. Fig. 3.1 shows the experimental built-up and the technical steps of this synthesis.

Figure 3.1: Schematic one-pot reaction synthesis for a hybrid-silica aerogel.
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3.2 Modi ed synthetic pathways

In order to nd a material with other characteristics in contrast to the aerogel from the patent the concen-
tration ratios of precursors, water, acids and bases that were used in the patent were modi ed, as well as
trying to use other bases or acids in the synthesis.

The following subsections 3.2.1 - 3.2.4 show the changed parameters in the experiments. In the
tables, the sample name in bold corresponds to the sample paten? . Also, the molar ratios in the tables
are presented from the lowest to the highest value used.

3.2.1 Series of different ratios of precursor

The modi cation of precursors ratios was performed by adding more or less based on the original
synthesis(® For example: To prepare 53.6 g of sol with a precursor molar ratio of [1:1] 6 g of MTMS and
5.3 g of DMDMS were used. While following the patent recipe with a molar ratio of [1:0.67], the same
6 g of MTMS are used, but in this case only 3.5 g of DMDMS were employed.

The table 3.2 shows the used ratios of MTMS : DMDMS of the samples of the experimental series of
the precursor ratio changes.

Table 3.2: Amounts of precursors in different molar ratios with their weight to prepare a sol.

Sample | Total mixture in g [MTI\I<I/IOS|6:WDrI?/ItII§MS] MTMS ing | DMDMS in g
P.1 52.7 1:0.5 6.0 2.7
P.2 53.6 1:0.67 6.0 3.5
P.3 55.3 1:1 6.0 5.3
P.4 58.0 1:1.5 6.0 8.0
P.5 60.6 1:2 6.0 10.6

3.2.2 Water ratio

For investigation of different water to precursor ratios, four samples were prepared by addition of more
or less water based on the original synthesis of the patent? . The molar ratio of the used water was set
to the molar ratio used of MTMS. For example: To prepare a sol with a molar ratio of [1:23.7], 6.0 g of
MTMS and 12.6 g of water were used. On the other hand, to prepare the patent recipe the same 6.0 g of
MTMS were used but with 25.3 g of water.

The table 3.3 shows the used ratios of [MTMS : water] of the samples of the experimental series of the
water ratio changes. In bold, the sample with the patent molar ratio is shown. The values are organized
from the lowest to the highest molar ratio.

Table 3.3: Amounts of water and MTMS in different molar ratios and grams to prepare a sol.

Sample | Total mixture in g [M'\'|/'I|(\)/:Zr; I;/?S':)er] MTMS ing | waterin g
W.1 40.7 1:23.7 6.0 12.6
W.2 53.6 1:39.65 6.0 25.3
W.3 54.4 1:40 6.0 26.0
W.4 61.8 1:50 6.0 33.6
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3.2.3 Acid catalyst

To analyze the effect of the acid catalyst in the sol-gel reaction acetic acid and hydrochloric acid were
used at different concentrations. One example is shown in table 3.4. The bold molar ratio in the table
corresponds to the patent value.

Table 3.4: Amounts of acetic and hydrochloric acid in different molar ratios and grams to prepare a sol.

| HCI (37 %) | Acetic Acid (99 %)

Molar ratio [MTMS:Acid] | [1:4 10 3] [[1:8 10 3] | [1:4 10 3] [ [1:8 10 I
Used amount in nL 4.76 9.52 4.76 9.52
Total mixture in mL 52.05 52.05 52.05 52.05

3.2.4 Base catalyst

The use of different bases such as ammonium carbonate and sodium hydroxide during the synthesis proce-
dure was also analyzed. The recipe molar ratio from MTMS to urea employed was [1: 3.97]. By exchanging
urea for ammonium carbonate, the same molar ratio was used. Unfortunately, no gelation was taking place.

Therefore, it was necessary to adjust the molar ratio, starting from using lowest amount of ammonium
carbonate than urea. The resulted molar ratio was [1: 0.3] a possible reason behind the lack of gelation
at higher ratios of ammonium carbonate could be explained in g. 3.2. Where the one mole of urea
contributes with two moles of base (NH3) 38 after decomposition at temperatures up to 80°C©9 @) |
This slow-regulated aggregation of base catalyst into the sol might allow a more uniform distribution and
therefore more controlled gelation.

On the other hand, with ammonium carbonate the decomposition occurs spontaneously at room
temperature as soon as the salt is dissolved into the sof49) giving as result two moles of (NH3) distributed

in a fast way, less uniform and reducing the control during the gelation time.

In the case of sodium hydroxide the contribution of base (-OH) was direct and fast. Therefore, more
less molar ratio was employed [1:0.03].

Figure 3.2: Decomposition reaction of urea and ammonium carbonate.

In table 3.5 the values to prepare different sols by using three different bases as catalyst in g and the
molar ratios are given. In bold the patent molar ratio is shown:
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Table 3.5: Amounts of base in different molar ratios and grams to prepare a sol.

| Urea | Ammonium carbonate | Sodium hydroxide

Molar ratio [MTMS : Base] | [1:3.97] [1:0.30] [1:0.03]
Amount (g) 10.5 1.25 0.06
Total mixture (g) 53.6 44.3 43.2

3.3 Reactants
« Distilled water
¢ Urea 99 % by Fisher Chemical
« Acetic acid glacial 99.7 % by Fisher Chemical
« MTMS 97 % by Alfa Aesar
+ DMDMS by Acros Organics 95%
¢ Cetyltrimethylammonium chloride CTAC (25 % in H ,0) by Sigma Aldrich
« Ethanol (95 %) by Sigma Aldrich
» Sodium hydroxide 95 % by Sigma Aldrich

* Ammonium carbonate 98 % by Sigma Aldrich

3.4 Lab equipment and software
* Oven Memmert UE220
* Heat Flow meter (HFM) by Netzsch
* Accupyc Il by Micromeritics
« Analytical balance
 Caliper
« Eppendorf
 Polystyrene petri dish in different diameters
» Polypropylene mold and storage container.
* Beaker
« Magnetic stirrer and heat plate
» Disposable pipettes
« Kriiss DSA 100 drop sensile machine
¢ INSTRON 5543A uniaxial compressor
¢ SEM - Zeiss - Ultra 55 with Gemini column (4 detector system)
 Origin 2021 software lab
* Chemdraw 2020
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3.5 Analytical methods

To characterize the structure, thermal conductivity and mechanical properties of hybrid-silica aerogels,
different techniques were applied. Each method is described in the following subsections 3.5.1 - 3.5.5.

3.5.1 Density and the porosity

Density and porosity correlate with each other because hybrid-silica aerogels are highly porous materials.
There are two types of density that needed to be taken in consideration. On the one hand, the envelope
density which correlates with the macroscopic volume of the aerogel and on the other hand the skeletal

density, which correlates with the compressed material itself excepting any pores.

Envelope density

To measure the envelope density of the produced aerogels a caliper with a measurement accuracy of
0.01 mm was used and the volume of the cylindric aerogels was calculated with equation 2.2 from
section 2.3.1. The mass of the aerogel was measured with an analytical scale with a measurement accuracy
of 0.1mg. Simply dividing the mass in g by the volume in cm® gives the envelope density for each

aerogel. A graphical representation of the measurement is shown in g. 3.3:

Figure 3.3: Representation of envelope density measurement.

Skeletal density

To determine the skeletal density of the aerogels, the "Accupyc Il from Micromeritics" a helium pycnometer
was used as shown in g. 3.4.

The sample is placed in a closed sample chamber with a known-de ned volume (\{ ). Then helium is
injected in this chamber and in the next step it expanded towards a second empty chamber with the same
volume than the rst (V ;). The pressure is reported after lling the sample with the gas (P;) and the second
pressure is recorded after equilibrium the gas moves to the second chamber (B. Y The skeletal volume
then can be calculated by using equations 2.3 from section 2.3.1. The temperature is constant during
the whole measurement. Simply dividing the mass in g by the skeletal volume in cn¥ gives the skeletal
density for each aerogel. The g. 3.4 shows the schematic built-up of the "Accupyc II" with the helium ow:
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Figure 3.4: Built-up of the Accupyc If*) to measure the skeletal density.

Porosity

To calculate the porosity of the synthesized aerogels the equation 3.1 was used. Where the measured
envelope volume and skeletal volume were employed. This calculated porosity gives an overall estimation
of void over the total volume. For more detailed analysis, another techniques are described below.

Vv Vv
Porosityin% = —cnvelope Tskeletal g, (3.1)

Venvelope

For a detailed classi cation of the type of pores, their sizes and distribution, more advanced techniques
are required to calculate and give an estimation of values. For this purpose, a BET (Brunauer-Emmett-
Teller) analysis can be performed. The method consists of using an inert gas or nitrogen to determine the
amount adsorbed on the surface of the sample. BET isotherms are ruled by some main assumptiof) :

1. All available sites are considered equal,

2. Gas molecules behave ideally,

3. Multiple gas molecules can be adsorbed to each site,

4. The adsorbate (gas adsorbed) forms a monolayer on the whole surface of the material,
5. There are no adsorbate-adsorbate interactions.

Following the equation 3.2 considering the volume corresponding to the monolayer coverage (imong);
the vapor pressure above a layer of adsorbate (p), and a constant determined by the enthalpy of
desorption of the monolayer compared with the enthalpy of vaporization of the liquid layer (c) calculated
with equation 3.3

\' Ccz

= 3.2
Vmono (1 2)[1 (1 9z (3:2)
When
p
z= — 3.3
0 (3.3)
And
(Ddesl-ﬁ Dvaqu)
c=e R (3.4)

Afterwards, the collected data are plotted and using the respective slope and intercept of the plot, the
surface area (S) can be calculated with equation 3.5. Where the surface area is equal to the volume of
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the monolayer (Umong Multiplied by Avogadro's number (N) and the cross-sectional area of adsorbed gas
molecule (s), divided by the molar volume of the gas adsorbed (V).

Umono NS

Y

After the BET analysis, BJH (Barrett-Joyner-Halenda) analysis can be performed to determine pore
size, speci ¢ pore volume and distribution. However, even though it is a method used for determining
the surface area of a micro- or mesoporous material such as aerogels. For hybrid-silica aerogels it is not
recommended due to the exibility of the material can lead to surface areas larger than real. 3 Therefore,
another analytical approximations are currently investigated. For example, X-ray tomography images,
which could offer a more detailed information in 3D where the contrast of the picture is determined
by density differences.*¥) This possibility was not available for this project due to the time-frame and
deadlines of the research, but can be investigated as an alternative measuring approaches to characterize
hybrid-silica aerogels.

Sa= (3.5)

3.5.2 Thermal conductivity and resistance

To measure the thermal conductivity a heat ow meter (HFM) 446 lambda from Netzsch was used. The
samples for this experiment have a speci ¢ shape of minimum 10x 10 cn? and 2 cm thickness in bigger
dimensions it is also possible as long as is rectangular. The samples were placed in the middle of two
plates with set-point temperatures of 0, 10, and 25°C. The upper plate is set to +10°C above the set-point
and the lower plate is set to -10°C below the set temperature. The heat ow was measured by heat ux
(Q) transductors from both sides of the samples. The thermal conductivity (I ) can be calculated together
with the thermal resistance (R) following equation 2.5 described in section 2.3.4. The g. 3.5 shows the
schematic built-up of a heat ow meter.

Figure 3.5: Schematic built-up of a HFM device by Netzsch(*5)
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