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1. Origin of the Problem

Aerogels are typically produced in the shape of monoliths. However, various
applications require aerogels in the shape of spherical beads or particles.!]

Resorcinol-Formaldehyde (RF) aerogel beads with various sizes, size
distributions and shapes can be produced by an inverse emulsification approachl? or
by grinding monoliths®l. These processes have some disadvantages like problematic
reproducibility and upscaling or the need of additional washing steps. Other efficient
methods to produce microbeads have been reported for polysaccharide aerogels.
These methods involve syringe-dropping and mechanical cutting with a JetCutter.['2 4]
All of these methods are described in a later section. Especially, dropping is an
interesting method for pioneering studies on the lab scale. It is quite challenging to
shape RF sols as spherical beads in terms of dropping because of their low viscosity.[®!
Hence, a thickening agent is required to control the viscosity and also the bead’s
properties, especially their size and shape.['2 61 Moreover, the thickening agent should
not react with other chemicals in the sol. Typically, polysaccharide based thickening
agents like Xanthan gum, Locust bean gum, Arabic gum and Guar gum are used in
the food industry.”l They are of special interest, since they are non-toxic and
environmentally friendly.

One important application of RF- and carbon aerogel beads is the sand casting
process. This process is used in the foundry industry to produce metals or alloys with
a desired shape. In this process, the melt of a certain metal or alloy is poured into a
mold made from sand and a binder, which binds the sand grains to give stability to the
mold. Cavities in the product are produced by placing cores in the mold. Cores are also
often made from sand and binder combinations. The mold and especially the core are
often exposed to very high temperatures ranging from 750-1600 °C. These high
temperatures cause decomposition of the binder, which leads to the formation of toxic
gases and cracks, thus resulting in defects of the casting part like blow holes or to
veining (Fig. 1). To avoid these problems, aerogels in the form of granules have been
mixed with the sand prior to the application of the binder. The aerogel granules must
have sizes in the region of the sand grains to achieve a homogenous miscibility.[®!
Some sands typically used by the foundry industry have grain sizes ranging

from 0.1—1.0 mm.[8b]



Figure 1: Common defects in the form of a) blow holes!® and b) veining!"®, occurred in casting
parts made by a sand casting process.

The main aim of this masters' thesis is to produce RF aerogel beads with the
addition of a thickening agent to the RF sol. A suitable dropping process will be found,
and the products will be analyzed with sorption isotherms and morphological and
spectroscopical methods. Furthermore, RF microbeads will be carbonized to form
carbon microbeads, since they are especially interesting for the sand-casting process

due to their high specific surface area and porosity.

2. State of the Art

Open porous nanostructured solids that are prepared by a sol-gel process with
subsequent drying are generally referred to as ‘aerogels’. They can consist of inorganic
metal oxides, biopolymers, phenols, proteins, polyols, carbon allotropes or anything
that can be gelled. Aerogels can further be classified according to their pore sizes as
microporous (<2 nm), mesoporous (2—50 nm) and macroporous (>50 nm) or according
to the drying process called as ‘xerogels’ (subcritically dried with large shrinkage),
‘cryogels’ (freeze-dried) and ‘aerogels’ (supercritically dried with minimal shrinkage).
They possess remarkable properties like low densities (0.02—0.2 g/cm?3), low thermal
conductivities (0.005-0.1 W/mK), low speed of sound (~100 m/s), high porosities
(up to 99.9%) and high specific internal surface areas (100-3000 m?/g), which
make them especially interesting.['"]

21 RF Aerogels

More frequently used organic aerogels are prepared by a sol-gel reaction between
resorcinol (R) and formaldehyde (F) and referred to as ‘RF aerogels’. RF aerogels have

porosities of about 90—-98%, thermal conductivities as low as 0.012 W/mK, envelope
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densities of 0.05-0.3 g/cm® and specific surface areas up to 1500 m?/g. They are
further not flammable and non-toxic.

The first step of the reaction is an electrophilic aromatic substitution (SeAr) at R
with F (Scheme 1).1'1]

OH OH
X
+ B —— HO
H™ 'H
OH OH
resorcinol formaldehyde hydroxymethyl resorcinol
CgHeO2 CH,O C7HgO3

Scheme 1: Formation of hydroxymethyl resorcinol from SegAr of R with F.['"]

The resulting hydroxymethyl resorcinol can react further in a SeAr reaction to form
multi-substituted resorcinol derivatives. This step is followed by a polycondensation
reaction between the hydroxymethyl resorcinol molecules resulting in methylene and

methylene ether groups (Scheme 2).[']

OH OH OH
OH OH
& oC L
2 g +
HO OH HO
(@) OH

H
hydroxymethyl methylene methylene
resorcinol derivative ether derivative

Scheme 2: Polycondensation between two hydroxymethyl resorcinol molecules forming either
methylene or methylene ether groups.!'"

The structure and the properties of the resulting gel strongly depend on the
following conditions: ratios of R/C, R/F and R/W, pH of the sol, catalyst type, gelation
temperature, aging time and drying method.l'"l Al-Muhtaseb et al.l'? had published an
extensive review concerning the synthesis parameters of RF aerogels. The value of
R/F ratio <1 is necessary to obtain the desired network structure, which is referred to
as the ‘Resol’ structure. An increase in the R/\W ratio results in an increased density
and reduced porosity. The R/C value or pH of the sol has a large influence on the
aerogels structure and properties. A precursor sol without catalyst has
a pH between 3 and 4. The gelation process takes the longest time at this
pH-value (Fig. 2). Both acidic and basic conditions result in a decreased gelation time.
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Figure 2: RF gelation time in dependence of the pH value.['?

The mechanism is different for both conditions and leads to aerogel products with
different properties.

In a typical reaction process for base catalysis, R and F are dissolved in
deionized water (W) and stirred before Na2COs3 is added as catalyst (C). After the
stirring, the mixture is typically transferred to a sealed container and stored in an oven
at temperatures between 40—-80 °C for up to 7 days to perform gelation and aging.['"]
In basic conditions, the SeAr reaction is faster than the polycondensation reaction. R
is activated by deprotonation at the phenolic oxygen and reacts fast with F to form multi
substituted hydroxymethyl resorcinol molecules (Scheme 1). These molecules react
with each other resulting in polycondensation (Scheme 2) to form clusters, the size of
which is determined by the pH value. The higher the pH, the more anions are formed
initially which then react at the same time to form more but smaller clusters. Smaller
clusters result in small pores after networking with other clusters (Fig. 3a). The surface
area is therefore increased, whilst the stability against ambient drying conditions is
decreased. Typically, Na2COs is used as a basic catalyst, resulting in a pH of 6.5-7.4.
The polycondensation reaction is hindered for a pH >9.0.

In acidic conditions, the polycondensation reaction is faster than the SeAr
reaction. F molecules are activated by protons and react in a SeAr reaction with R to
form hydroxymethyl resorcinol molecules. These molecules are protonated at the
aliphatic alcohol groups and water leaves the molecule, which makes it a good
electrophile for another SeAr reaction with R. Therefore, lots of methylene bridges are
formed under acidic conditions. Primary particles are big (Fig. 3b), since the
polycondensation reaction is much faster than the SeAr reaction. RF aerogels
produced under acidic conditions therefore have big pore volumes, small surface areas
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and enhanced stability against ambient drying conditions. The reactants precipitate if
the pH is lower than 0.8.

Figure 3: SEM images of RF aerogels synthesized under a) basic'"¥ and b) acidicl'¥
conditions.

The synthesis can also be performed in a consecutive order of basic and acidic
conditions. Laskowski et al. have pre-gelled RF sol under basic conditions and added

citric acid after various pre-gelation times (Fig. 4).'°!

t=15h t=3h

base catalyzed

base-acid catalyzed

«® solparticles formed in the base catalyzed step
M monomer

cover layer formed from monomers in the acid
catalyzed step

Figure 4: Scheme of base-acid catalyzed synthesis of RF aerogels. If the acid is added after
a shorter pre-gelation time under basic conditions the gel will contain fewer but bigger particles,
while it will contain more but smaller particles after a longer pre-gelation time.['%
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Depending on the pre-gelation time before acid addition, different microstructures and
properties of the gels were obtained. In the first step under basic conditions, resorcinol
anions are formed and the longer the pre-gelation time under basic conditions, the
more small particles are formed (Fig. 4, base catalyzed step). In the second step under
acidic conditions, particle growth and cluster formation occur. Therefore, if the acid is
added earlier, the gel will contain of fewer but bigger particles, while the sol contains
of more but smaller particles if the acid is added at a later point (Fig. 4, acid catalyzed
step). In consequence of the varying microstructure other properties like the surface
area will also be different.['!

The water in aged gels is often exchanged with other organic solvents like
acetone and alcohols (e.g. methanol, ethanol). In some cases, heat is applied to
increase diffusion of the solvents into the pores of the gel. These solvents have lower
surface tensions and boiling points than water, which is beneficial for subcritical and
ambient drying. Further, they are also miscible with supercritical CO2, which is
necessary for supercritical CO2 drying. In some cases, trifluoro acetic acid is used
before the first solvent exchange step to enhance the crosslinking of clusters. Ambient
drying is time consuming and requires stable gels to prevent excessive shrinkage.
Therefore, the gels should have large pore sizes and high solid concentrations.!"®!
Subcritical drying is performed at elevated temperatures and reduced pressure for a
few days and results in RF xerogels with shrinkage up to 68%. Supercritical drying with
COz2 is one of the best methods to obtain high quality aerogels with a very low
shrinkage, but it requires a time-consuming solvent exchange. Freeze drying is an
economical and easy method to dry RF gels but has the disadvantage of the formation
of big pores due to ice crystal formation in the gel. As an alternative method, microwave
drying has been reported as a good drying method for gels with big pore sizes or gels
that were prepared under ultrasonic irradiation.!'”]

Furthermore, RF aerogels are especially interesting because they can be

transformed to carbon aerogels.



2.2 Carbon Aerogels

Carbon aerogels (Fig. 5b) can be produced by carbonization of various organic
aerogels (e.g. RF['2 (Fig. 5a), phenol furfurall'® polyisocyanatel' polyvinyl

chloridel??) and biopolymeric aerogels (e.g. starchl?'l, pectinel??], alginic acid[?3]).

Figure 5: Photographs of a) RF aerogel and b) carbon aerogel monoliths.?4

Carbonization of RF aerogel is typically carried out under inert conditions (Ar,
N2) at temperatures ranging between 600-2100 °C.12% Temperatures <1000 °C lead to
pyrolysis while temperatures >1000 °C lead to graphitization of the material.[?6]

They can furthermore be doped with other heteroatoms?"}/metals[?® or activated
by introduction of functional groups with Oz (plasma), HNOs or H3PO4 or by etching
with CO2, NaOH or KOH.['2]

Carbon samples prepared from RF aerogels typically exhibit a shrinkage of
20-30% and a mass loss of approx. 50%. They generally have a similar microstructure
to their precursor aerogels (spherical particles for RF precursors and fibrous structure
for polysaccharide precursors) but can be altered by choosing the carbonization
temperature. The surface area of carbon aerogels is increased significantly compared
to RF aerogels due to the formation of micropores during the pyrolysis and the resulting
loss of organic groups.?®! The micropore volume therefore increases and the
mesopore volume decreases during the pyrolysis step. Specific surface areas as high
as 4570 m?/g and pore volumes as high as 4.9 cm3®/g have been reported.l*0

Carbon aerogels derived from RF aerogels have applications as electrode
materials, catalyst carriers, and adsorbent materials for large molecules and heavy
metals.['2 291 Another interesting application is the use of carbon aerogels as additives

for sand mixtures in the sand casting process.!8a



2.3 RF-and Carbon Aerogels for Foundry Applications

B. Milow and L. Ratkel® 24l have given an extensive overview on the topic of aerogels
for foundry applications in the form of a book chapter and journal articles, which are
cited in the following section. Metals and alloys are often shaped by pouring their melts
into molds that are a negative of the desired shape. Cavities in the product are
produced by placing removable cores in the molds (Fig. 6). These molds can be reused
or destroyed after each process. The latter is the case in the sand casting process,
where the molds and cores are made up from various combinations of sands like
quartz-, chromite-, zirconia or olivine sand and binders like clay, water glass, cement,

plaster, organic resins, oils and carbohydrate binders.[#a

Top half mold Core Bottom half mold

Figure 6: Images of molds and cores used in sand casting process.?"

The combination of sand and binder must fit the temperatures of the casting.
Light metal castings (Al, Mg) require temperatures of ~750 °C, non-ferrous heavy metal
castings (Cu, brass, bronze, Ti) require temperatures of 900-1200 °C, cast iron
requires 1350 °C and steel requires ~1600 °C.

There are some important requirements that sand/binder combinations must
fulfill to be proper candidates for the sand-casting process. The mixture must not lump
and have a good flowability to tickle easily in the molds. They should also have a big
enough green strength and dry strength to be stable while handled in the process.
They should have a good refractoriness to withstand the strain while the hot metal is

poured and resist fluid friction to prevent sand grains getting into the melt. A good
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deformability is also necessary to withstand the shrinkage stresses and prevent
crumbling. Another important property is the gas permeability. Gases that are
dissolved in the melt or decomposition products of the sand/binder mixture must be
able to pass through the mold to prevent the blow hole formation in the casting part.
Additionally, they must be resistant to metal penetration to prevent veining. They must
have a fine structure, so that a fine surface of the casting is guaranteed. Cores must
have a good collapsibility to be easily removed from the casting part after the process.
These properties can be to some degrees tuned by optimizing the sand type, grain
size and size distribution, binder type, binder amount and curing temperature, but the
formation of defects remains a problem.

Aerogels are used as binder material or as particular additive (Fig. 7) and have

some properties that are especially beneficial for foundry applications.

[ —

’

Figure 7: Sand casting cores made with 1.5% aerogel additive. Brown: RF aerogel, buff
colored: silica aerogel and black: carbon aerogel.!?4

In a typical process, 0.5-10% of the sand is substituted by the aerogel beads
and then mixed with a binder before core shooting and hardening. The size of the
aerogel beads should be in the region of the sand grains to guarantee a good
miscibility.[82. 241 The high surface area of aerogels results in an enhanced physisorption
of decomposition gases from binders and thus reduces the formation of defects like
blowholes. Further, depending on the type of aerogel used, the gases can react with
the aerogel, resulting in chemisorption.

The thermal conductivities of cores decreased (by 8-20%) upon aerogel bead
addition (1.0-2.5 vol%).1?*l The cooling time of the melt is delayed by 10-20% due to
the reduced thermal conductivity. Lower casting temperatures and thin-walled casting
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are therefore possible. Nevertheless, depending on the binder, enhanced binder
decomposition can occur due to the longer impact of the heat. The use of aerogels as
additives further leads to the advantage of compensating the expansion of quartz sand
upon heating, due to their elastic properties.

The addition of aerogel beads to a sand (F34) and binder (resin) combination
resulted in an enhanced gas permeability.l?*! Moreover, the surface roughness of brass

and aluminum castings has been remarkably improved by the addition of various

aerogel beads (Fig. 8).124

b) 50 - + - :

Rz (mean roughness depth) [pm)

S nss with Aerogel

wio Si02-Aarogel RF-Aarogel C-Aarogel

Figure 8: a) Comparison of the surface roughness of brass and aluminum castings produced

using cores with and without aerogel additives. b) Mean roughness depth of brass and
aluminum casting produced with various aerogel additives and without aerogel additives.?

L. Ratke et al.?®! have patented a process, in which a water-soluble core, made
from quartz and corundum sands mixed with silica aerogel particles and bound by
water glass, is used in a light metal sand-casting process. The core can be easily
removed by water with temperatures from 30-100 °C in a time frame ranging from few
seconds to few minutes after the cooling of the casting. Other hydrophilic aerogels like
RF aerogels can also be used. A remaining challenge in this field is the cost effective

mass production of aerogel beads.!®2l
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2.4 Microbeads of RF- and Carbon Aerogels

Various methods can be used to produce microbeads of aerogels. Very recently,
Schwan et al.l have produced particles by grinding stiff, ductile and flexible carbon
aerogel monoliths (Fig. 9) with sanding paper (lowest energy input) or by milling them
with a cryo-shaker mill (low energy input) and a ball mill (high energy input).

AW Vonolith @ Aerogel powder ' Milling ball
% » Grinding paper K —
KA = =~ Y both - 959
@ o KRS ; \G5aY
1L 8% ro o asmo 284 5 ( " )
Grinding Shaker mill Planetary ball mill

Figure 9: Various pulverization techniques with different energy inputs.®!

Particles generated by these methods have sizes ranging between 1—40 um. It was
shown that especially flexible aerogels underwent significant microstructure changes.
Microstructure changes of ductile and stiff aerogels were rather minor. Grinding with
sanding paper appeared to be not reproducible, since the pressure used to grind varies
from operator to operator. Pulverization of carbon aerogels by grinding them in a mortar
is also reported in literature.[3?!

A more common method to produce aerogel beads that is often used for RF
aerogel beads is the inverse emulsion approach. Generally, a solution of aqueous RF
sol is added to an immiscible liquid that contains an emulsifier and stirred thoroughly.
The gelation can be triggered chemically or physically. The hydrogel beads can be

filtered, washed and dried to obtain aerogel beads (Fig. 10).l"al

e
Sedimentatiol Solvent Supercritical
= =|":»| Partitioning exchange drying
B UTIRPA Rty

Water in oil Gel particle Separated Alcogel
Emulsion Suspension suspention particles

Alginate solution

|
|
Y mulsification
—
il Phas

Figure 10: Scheme of the inverse emulsion approach, with alginate aerogels."

Gelation
i

Aerogel microparticley

Apart from RF aerogels!?®¢l, other microbeads produced by inverse emulsion
approach include silica aerogel®d, polyurea aerogel®, polyimide and
polybenzoxazine aerogelsi®®, alginate aerogell®” 36l carrageenan aerogel®”! and

pectin aerogell*8l. Carbon microspheres are typically produced by the carbonization of
11



carbon containing aerogel microspheres.[?2-¢. 3]

The continuous phase/emulsifier can consist of PEG-9 lauryl alcohol or
cetyltrimethyl-ammonium bromide in hexane!34 mineral oill®®!, sorbitan monooleate in
cyclohexanel?a¢ 2¢l peanut oil?dl, sorbitan monooleate in paraffin oill?%, sorbitan
trioleate and hypermer™ 1599 in cyclohexanel*%! and canola oil(38l.

RF aerogel microbeads produced by this method typically have sizes in the
region of 10—1000 ym.?a. 2¢. 2d. 341 Eyen bigger beads with sizes up to 3 mm were
reported in a patent.?®! The size of the beads can be increased by decreasing the
stirring speed during the gelation and also by increasing the viscosity of the sol.l°?l The
size of the beads depends further on the collision rate of the droplets, which can be
tuned by the water/oil ratio (typically 1:2—1:10).l'3 Further, the reaction rate, which can
be tuned by the chemical composition of the sol, has an impact on the bead size.[?"!
The amount of emulsifier and its hydrophilic-lipophilic balance (HLB) value are also
important. The HLB value, describes the ratio of hydrophilic and lipophilic parts of a
emulsifier and should be in the region of 3—6."2

An approach to scale up the inverse emulsion method for aerogel microbead
production is reported in literature.?! The major drawback of this method is, that the
beads are polydisperse in nature and need to be washed from the lipophilic medium.["al

The syringe dropping method, which is frequently used for polysaccharide
aerogel microbeads, would be an elegant method for the production of RF aerogel
microbeads on a laboratory scale.l'® 81 The dropping is based on gravitational forces

and can be further supported by vibrations or electrostatic forces (Fig. 11).
(@) ? (b)
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Figure 11: lllustration of dropping methods. (a) gravitational dropping, (b) vibration assisted
dropping and (c) electrostatic force assisted dropping.!@
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To the best of my knowledge, no published reports were available on the
production of spherical RF aerogel microbeads by conventional dropping methods.
The dropping method involves the dropping of a sol into a gelation bath. Typically
syringes or pipettes are used to produce droplets.['l

With a conventional dropping method (Fig. 11a), beads with sizes of few
millimeters are produced. The shape and size of the droplets are influenced by the
surface tension, density and dynamic viscosity of the sol and the geometry of the
nozzle and its distance from the gelation bath. The production capacity of this method
is very low and viscosities of sols are usually limited to <200 mPa.s.[* The vibration
assisted dropping method (Fig. 11b) involves the destabilization of a liquid jet with
superimposed vibrations. The sol is pressurized through a nozzle to produce a jet. The
droplet size is typically twice the diameter of the nozzle and can be additionally
controlled by the flow rate of the liquid. The major drawback of this method is that it is
also usually limited to low viscosity sols (few hundred mPa.s). The electrostatic force
assisted dropping method (Fig. 11c) involves the extrusion of a low viscosity sol
through a charged nozzle. The electric field in addition to the gravitation pulls the liquid
as droplets away from the outlet of the nozzle. An induced surface charge of the
droplets prevents coalescence of the beads while falling. The disintegration of the
droplets and their size depends on the viscosity of the sol, the nozzle diameter, the
distance between the nozzle and the gelation bath and the applied voltage. Beads
produced with this method are nearly monodispersed and can be as small as few tens
of micrometers. Dropping methods have the advantages of being very simple and
generally do not require any additives. The disadvantage though is the very low
productivity and the limitation to low viscous sols.l'? Aerogel beads of polyureal*?],
agar*'l alginatel*'], cellulosel*?, chitinl*'l, chitosan®*'l, K-carrageenan!*!l, pectini*3 and
starchl*4l produced by dropping methods were reported in the literature.

The upscaling of aerogel microbead production can be carried out by
mechanical cutting with a JetCutter (Fig. 12a). This method involves the cutting of a
continuous liquid jet into cylinders with a rotating cutting disc. The cutting disc contains
radially oriented wires. The cylinders fall into a gelation bath that is placed along their
trajectory. Upon falling, they turn into spherical beads due to their surface tension. A

small amount of the jet is lost during each cutting step (Fig. 12b).l"al
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Figure 12: a) JetCutter from geniaLab GmbH at DLR™! and b) illustration of the mechanical
cutting method of a liquid jet with a JetCutter.%

Since the jet and the cutting disc have similar velocities, a perpendicular arrangement
(Fig. 13a) of them results in distorted cylinders, which leads to additional spraying
losses. This problem is reduced by using an inclination between the jet and the cutting
disc (Fig. 13b).13°
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Figure 13: Detailed scheme of the cutting process for a) perpendicular arrangement and b)
inclined arrangement of the jet and the cutter.’®

The bead size can be tuned between few hundred micrometers and few millimeters by
changing the nozzle diameters, jet velocities and cutting frequencies. Further, the
gelation bath should be big enough for the amount of beads produced.fl The
advantages of the JetCutter method are very high productivity (several kg/h), the
absence of additives, commercial availabilty and monodispersed beads. The
disadvantages of this method are that small beads (<200 um) can’t be produced, the
losses during cutting and the limited rheological properties of the solutions that are
suitable. For sols with low viscosities (200—300 mPa.s), the loss from cutting increases
with decreasing viscosities.l' Fluids that have successfully been turned into beads
with a JetCutter include solutions of alginate, pectinate, chitosan, gelatin, cellulose and
its derivatives, waxes, polymer melts and inorganic sols.[>

The dropping and jet cutting methods have in common, that a proper gelation

bath must be used. A proper gelation bath should induce the gelation whilst keeping
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the shape of the droplet and preventing the droplets from agglomeration or
coalescence. The gelation of polysaccharides is based on the precipitation of dissolved
polymers and is induced by temperature, crosslinking agents such as ions or the pH
value.l'al Synthetic organic polymer aerogels on the other hand depend on the
formation of the polymer itself from monomers in the gelation step. Therefore, the
polymerization reaction should be triggered fast in the gelation bath.

In RF aerogel synthesis under common basic conditions, the gelation takes few
hours up to few days for monoliths, as stated in a previous section. In case of acid-
base catalyzed synthesis of RF monoliths, the gelation can be ranging from 1-5 min
after adding 1.0 M acetic acid to the RF sol that has been aged for 2 h at 50 °C.[46]
Moreover, as cited in a previous section, Laskowski et al. have induced the rapid
gelation (2-5 min) of RF sol pre-gelled for 2 h under basic conditions by addition of
citric acid (Fig. 14). If the pre-gelation time was not long enough (<1 h), a bakelite like

structure formed instead of an aerogel.['5]
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Figure 14: Graph of the pH dependent gelation time of a RF sol. The sol was pre-gelled under
basic conditions at a pH-value ranging between 7—6 before citric acid was added to lower the
pH value to 2.5 and thus induce instant gelation of the sol.!"®!

The approach of choosing a gelation bath that increases the gelation rate
chemically with an acid instead of physically stabilizing the droplets seems the best for
RF chemistry when the previously discussed works are considered.['5 461 Pre-gelation
under basic conditions is expected to be necessary since it improves the microstructure
of the resulting beads and allows a faster gelation afterwards and thus prevents dilution

of the droplet upon dropping into the gelation bath. However, the major concern about
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acidic conditions is that it influences the microstructure of the resulting beads. To
prevent that only the acid determines the microstructure of the resulting aerogel, the
sol should be pre-gelled as long as possible under basic conditions. The gelation bath
medium should not be too viscous since it could result in destruction of the droplets

upon the impact.

2.5 Thickening Agents for Aqueous Solutions

Controlling the dynamic viscosity of the precursor solution is of great interest since the
size and shape of the beads generated by the syringe dropping method depends on
its viscosity.[*® An increase in viscosity is referred to as thickening. The dynamic
viscosity (u) is the ratio between the shear stress (1) and the shear rate (y) (eq. 1)#7]
and can be described as the resistance of a fluid against shear flow.[*®! A liquid with a

higher viscosity will flow slower at a constant force.

- 1
; ™

B=s
Nevertheless, this equation is only true for Newtonian fluids (2 in Fig. 15). The dynamic
viscosity itself can depend on the shear rate. For shear thickening (dilatant, 1 in
Fig. 15) fluids the dynamic viscosity increases with increasing shear rate and for shear
thinning (pseudoplastic, 3 in Fig. 15) fluids the dynamic viscosity decreases
with increasing shear rate. Other special cases like Bingham-plastic fluid
(4 in Fig. 15) and Casson-plastic fluids (5 in Fig. 15) are known. Here, a threshold

shear stress is needed before the liquid flows in a newtonian or pseudoplastic way.!*°!
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3
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>

Figure 15: Shear stress-shear rate diagrams of various materials: 1) Shear thickening
(dilatant) fluids, 2) Newtonian fluids, 3) Shear thinning (pseudoplastic) fluids, 4) Bingham-
plastic fluids, 5) Casson fluids.®”
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The viscosity can depend on the temperature, the shear time, the concentration of the
dispersed phase, the particles sizes, shapes and interactions between each other.[°!
The viscosity of a liquid can be increased in various ways. For example, for most
materials it can simply be cooled down.

Another way to increase the viscosity is to react the components of a material
like in polymerization reactions. A common used method to increase the viscosity
without changing other properties of the material is to add thickening agents.
Thickening agents can be inorganic ones like clays and silica or organic ones like
typically polysaccharides, proteins or other synthetic polymers like polyethylene
glycols, polyvinyl alcohol, polyacrylates and polyurethanes.[®'l They find application in
the food-l"®  cosmetic-52, pharmaceutical-3, paint-5'],  explosive-*4 and
petrochemical industriesl®®. For the current thesis, the thickening of aqueous RF sol
solutions with an environmental-, health- and cost friendly agents is of special interest.
Therefore, thickening agents used in the food-, cosmetic- and pharmaceutical
industries are going to be considered. These are primarily biological polysaccharides.

In the following section, the rheological properties of commercially available
thickening agents are going to be briefly reviewed concerning their application as
thickeners for RF sols which could be used for microbead production by
syringe dropping method.

Xanthan gum is probably the most common representative of polysaccharide
thickening agents. It is composed of a 1,4-linked B-D-glucose backbone with a side
chain composed of B- b-mannose- 1,4-3- D-glucosyl acid- 1,2-a-D-mannose. The
internal mannose unit is O-acetylated, and about the half of the external mannose unit
forms an acetal with pyruvic acid (Fig. 16). It is produced by the Xanthomonas

campestris bacterium.[56]

17



R =COCHjorH

H o] H
H
OH

O H

OH
H
e o coo
H o H o
H H
HC OH OH o OH H
o H H
H H H OH

Figure 16: Chemical structure of Xanthan gum.*"!

Xanthan gum is dispersible in hot and cold water.[81 Aqueous Xanthan gum
dispersions show shear thinning behavior and the viscosity is proportional to the
concentration of Xanthan gum (Fig. 17).15°1 Compared to other thickening agents, only

a small amount is needed to increase the viscosity.[6"]
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Figure 17: Frequency sweep of the viscosity of aqueous XG solutions with concentrations
ranging from 0.05-1.00%.5¢

Lower concentrated dispersions have a stable viscosity in the region of pH
1-13. In the case of 1% dispersion, only minor viscosity changes from pH 3-12 are
observed, while a lower pH value will decrease- and a higher pH value will increase
the viscosity.[%62 60-611 Fyrther, the viscosity of Xanthan gum dispersion is temperature
dependent and decreases strongly for increasing temperatures at lower shear rates.
The viscosity is rather insensitive to temperature changes for low concentrations

(0.1 and 0.2 wt.%).162
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Welan gum is a material produced by Alcaligenes bacteria. The chemical

structure is shown in Figure 18.163]
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Figure 18: Structure of welan gum.®®!

Welan gum dispersions can be prepared at room temperature. They show shear
thinning behavior and the viscosity is proportional to the concentration. Only a low
amount of welan gum is needed to increase the viscosity. Moreover, Welan gum
dispersions keep more of their viscosity when the temperature is increased compared
to xanthan gum.[63!

Guar-, Tara- and Locust bean- gum have in common, that their major
ingredients are galactomannans with similar structures. The chemical structure is
shown in Figure 19.41 The dispersibility in cold water correlates with the
mannose/galactose ratio and is best for Guar gum and worst for Locust bean

gum.[64-65]
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Figure 19: Comparison between the structures of Guar gum, Tara gum and Locust bean
gum.[68!

Aqueous Guar gum dispersions show typical shear thinning behavior and the viscosity
is proportional to the concentration.[®%! Increasing temperatures result in a decreasing
viscosity.l6”] Further the viscosity is higher at acidic conditions, followed by neutral

conditions and the lowest viscosity at basic conditions.[?8 Tara gum dispersions show
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a shear thinning behavior and the viscosity is proportional to the concentration. The
dispersions generally show a stable viscosity for pH values ranging from 3—11, even
though minor changes occur. They further show a decrease in viscosity for increasing
temperatures. This effect was stronger for dispersions with lower concentrations.[64
Locust bean gum dispersions must be stirred at >80 °C in order to be dispersed.
Aqueous dispersions show shear thinning behavior and the viscosity is proportional to
the concentration./6% The viscosity further strongly depends on the temperature. The
temperature effect is stronger for dispersions that experience low shear rates. For a
pH value ranging from 3-6, an influence on the viscosity is observed only for
dispersions that experience low shear rates.®°]

Alginates are produced by various Laminaria brown algae. They are salts of

alginic acid. The chemical structure is shown in Figure 20.
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Figure 20: Chemical structure of alginate polysaccharide.[®

Common water dispersible salts are e.g. Na-alginate, K-alginate or NHs-alginate.
Alginates gel by interaction with calcium ions. Too many monovalent cations like Na*
and CI result in solubility issues of alginates. Alginate dispersions typically exhibit
shear thinning behavior.[’% The viscosity is increased with the molecular weights of the
alginate polymers and the concentrations of the resulting dispersions. Further, the
viscosity of alginate dispersions decreases with decreasing temperature at a rate of
about 2.5%/°C. Alginate dispersions are stable for a pH range from 5-11. If the pH is
<5, the viscosity starts to increase and if the pH is as low as 34, a gel

will start to form.["1]
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2.6 Preliminary Experiments

In preliminary unpublished experimentsl®®] it was observed that a sol without
thickening agent and reactant ratios of R/F = 0.74, R/W = 0.044 and R/C = 1500 could
be dropped into 2 M formic acid after pre-gelation for 4.25 h at 60 °C to obtain jellyfish-
like structures. The addition of a thickening agent gives control over the viscosity,
reduces the gelation time, and is expected to lead to better results in terms of the
gelation of the sol and the beads size and shape. First experiments with Na-alginate
as thickening additive have been performed with concentrations of 1-3%.1"2 The sol
was pre-gelled for 1-1.5 h under basic conditions and dropped into 2m formic acid and
2Mm HCI. Since xanthan gum is a frequently used thickening agent with various
applications, preliminary experiments have been performed with a sol that contained

0.1% and was dropped into 2m HCI, which led to stable spherical RF aerogel beads.["?]

3. Experimental Section

3.1 Materials

Resorcinol and Na2COs were purchased from SIGMA ALDRICH, Germany.
Formaldehyde (23.5%) was purchased from CARL ROTH, Germany. Xanthan gum (XG)
was obtained from DEUTERON GmbH, Germany (VT 930) as a gift sample.
HCI solution (37%) and HNO3 solution (2M) were purchased from PANREAC APPLICHEM

ITW Reagents, Germany. Deionized water was used throughout the experiments.

3.2 Methods

Gelation, aging and drying of RF Beads was performed in a MEMMERT Universal Oven
UF110 or a MEMMERT Universal Oven UF30 at 60 °C. The pH values were measured
with a SevenEasy pH-meter from METTLER TOLEDO. The carbonization yields were
calculated as percentual mass ratio before and after carbonization.

Average bead sizes were measured with a digital sliding caliper. 100 beads
were measured for each sample.

The tapped density of beads was measured by weighing 2 ml of beads in a
measuring flask after forming a close packing by tapping. The skeletal density of beads
was measured using an AccuPyc Il 1340 Helium Pycnometer from MICROMERITICS. The
purge- and cycle fill pressure was set to 19.500 psig and equilibration was ended at a
rate of 0.0050 psig/min. The samples were purged 10 times for RF Beads and 30 times

for carbon beads and measured 10 times in both cases. The porosity (P) was
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calculated as the ratio between tapped density (ob) and skeletal density (pos) by the

following equationle:

rei-(2)
Ps

The BET surface area, external surface area, micropore surface area and
micropore volume of the beads were measured by means of N2 adsorption/desorption
isotherm analysis using a 3Flex Physisorption Analyzer from MICROMERITICS at 77.3 K
with a relative pressure (p/po) range of 10°-0.3 (RF) or 10°-0.4 (carbon). The
micropore size distributions for carbon beads were calculated with original density
functional theory using a N2-DFT model. RF beads were outgassed at 120 °C for 12 h
and carbon beads were outgassed at 200 °C for 12 h with a Smart VacPrep 067
HIVAC, MICROMERITICS before starting the measurements. The IUPAC
recommendations for the application of the BET method to microporous materials has
been taken in consideration for all measurements.[74!

ATR-IR spectroscopy was performed on a Tensor 27 spectrometer from BRUKER
with a resolution of 4 cm™ and 150 scans for each sample over the range of
4000400 cm™,

Wide angle X-ray scattering (WAXS) measurements have been performed on a
BRUKER D8 Advance diffractometer with Cu Kq radiation (A = 1.5406 A) at 35 kV and
30 mA. Beads were ground with an agate mortar and the powder was placed in a Si
single crystal with a pit of 5 mm diameter and 0.8 mm depth. Raw data was processed
with the EVA-program and the data was compared to the ICDD-PDF2 database (2019)
and the BRUKER COD (2020).

The microstructures of the samples were analyzed using an ULTRA55 scanning
electron microscope (SEM) from ZEISS with an operating voltage of 2 kV. A thin
platinum layer was sputtered with a BAL-TEC SCD 500 Sputter Coater on all samples
from the top for 60 s and with a current of 21 mA. RF beads were additionally being
sputtered on from two opposite sites for 45 s and with a current of 21 mA before the
measurements.

The surface tensions of RF sols with varying XG concentrations have been

measured with a KRUSSE force tensiometer K100 using the Du-Noly method.
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3.3 Preparation of RF and Carbon Aerogel Microbeads

In a typical synthesis, resorcinol (R) and deionized water (W) were first weighed into a
100 mL screw lid container. After 10 min of stirring with a magnetic stirring bar at
250 rpm, formaldehyde (F) solution (23.5%) was added and further stirred for another
10 min at 250 rpm before xanthan gum (XG) was added. Na2CO3 (C) was added as
catalyst after the complete dispersion of XG. The initial pH value was ranging between
5.8—6.1 after further stirring for 40 min. In case of adjusting the pH value, HNO3 (2m)
was added with a micro pipette 10 minutes after Na2COs3 addition until the pH value
was ranging between 5.4-5.6. The containers were closed airtight and placed into an
oven at a preset temperature of 60 °C for pre-gelation. When the RF sol reached near
the gelation point (determined based on trial), the container was taken out of the oven
and cooled down in a water bath.

In order to produce microbeads, the RF sol was filled into a syringe or a
pressurized container with multiple cannulas and dropped into the acid gelation bath.
Blunt B.BRAUN Sterican cannulas with a length of 22 mm and a diameter of 0.8 mm
have been used. The beads were left in the gelation bath until a color change to pink
occured before being filtered and placed in a closed container in the oven at 60 °C for
1 d for further curing. After that all beads were washed with deionized water until
neutral pH was achieved and then dried in an oven at 60 °C for at least 1-2 days. The
following reactant ratios were used throughout the experiments: R/C=1500, R/F=0.74
and R/W=0.044 with a total mass concentration (Mrr) of 27%.

Carbonization was performed with following parameters using a GERO tube
furnace with a maximum temperature of 1350 °C, a diameter of 150 mm and a length
of 500 mm. The samples were heated to 1000 °C with 400 K/h and held for 1 h at
50 mbar under Ar atmosphere.

RF- and carbon microbeads were labelled as RFB and CB, respectively. In case
of pH adjustment with HNO3 (2m) “a” is used as suffix. Xanthan gum addition is noted
with ‘XG’ and the respective concentration (wt.%) is added as prefix to XG. The
gelation baths were referred as ‘H’ for hydrochloric acid and ‘N’ for nitric acid.
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4. Results and Discussion

4.1 Dropping Process Development

In the following section, the improvements and insights concerning the process of RF
aerogel bead production by dropping experiments are described and discussed.

Ratios of R/C = 1500, R/W = 0.044 and R/F = 0.74 have been chosen since the
resulting materials have been successfully used for foundry applications(® and in
preliminary experiments![”3l. Furthermore a high R/C ratio of 1500 allows ambient drying
at elevated temperatures without significant shrinkage of the gels.[’S] The pH
adjustment of the RF sol with 0.5M HNO3 to a value of 5.4-5.6 is used, since RF
aerogel granules produced with pH adjustment provided better sand core performance
for foundries in the previous experiments from our group. Samples w/o pH adjustment
have been produced for comparison.

As described in the experimental section, R was first dissolved in W followed by
addition of F. After that XG was dispersed. The time required for complete dispersion
of XG was depending on various parameters like beaker size, stirring speed, desired
XG concentration and total sol amount. To prevent ongoing pre-gelation during XG
dispersion which would lead to a less reproducible process, C was only added after
XG was completely dispersed. Table 1 shows some example pre-gelation times of
RFB- and RFBa sols pre-gelled at 60 °C containing various XG concentrations.

Table 1: Exemplary pre-gelation time of RFB- and RFBa sol at 60 °C.

XG conc. RFB Time at 60 °C RFBa Time at 60 °C

[wiv%] [min] [min]
0 192 235
0.2 155 159
0.4 92 133
0.6 90 134
0.8 85 127
1 84 109

The pre-gelation time was generally reduced with increasing XG concentrations.
Furthermore, RFBa sols generally required longer pre-gelation times than RFB sols.
These pre-gelation times can nevertheless vary strongly since they also depend on the
type of oven used, filling of the oven and position of the container in the oven (Fig. 21).
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Figure 21: Varying pre-gelation progress of RFB sols after 58 min at 60 °C. Containers are
placed on various positions.

All sols gradually turned from clear colorless in the beginning over clear pale
yellow to clear orange and finally to slightly orange milky sols with increasing pre-
gelation time. The optimal pre-gelation time for each sample was determined as the
point when the sol just became milky. Sols with XG concentrations >0.6 wt.% had to
be taken out shortly before the sol became milky, since they gelled during cooling in a
water bath if taken out when already milky.

First dropping experiments have been conducted with one 20 ml syringe and
one cannula (Fig. 22a). After that two syringes have been used simultaneously
(Fig. 22b). These two methods were rather time- and labor consuming. The process
has been significantly improved in terms of upscaling and time efficiency by using a
pressurized vessel that contained 5 cannulas (Fig. 22c). The cannulas were pushed
through holes in the lid of a screw lid container and the Ar-gas needle was pushed
through a septum on the bottom of the container. An amount of 80 ml of sol with high
XG content could be dropped in approx. 15 min instead of approx. 60 min for one
syringe. This process had to be performed carefully since small changes in the
pressure led to extrusion instead of dropping. The gas pressure had to be adjusted
manually during the whole process.
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Figure 22: Photographs of dropping experiment setups with a) one syringe, b) two syringes
and c) a pressurized container with 5 cannulas.

The dropping distance required to obtain spherical beads was increased with
the XG concentration. Whilst a distance of 2 cm was required in a syringe dropping
experiment with sol that contained 0.1% XG, 80 cm were required for a sol with
1.0% XG. When the pressurized multi-nozzle system was used, dropping distances as
low as 5-10 cm were sufficient even for sols that contained 1.0% XG. Chan et al. have
investigated the Ca-alginate bead formation mechanism during dropping
experiments.l”®] The shape of the resulting bead and the dropping distance were mainly
determined by the viscosity, density and surface tension of the alginate solution. When
the droplet detached from the nozzle, the shape was evolving from tear- to sphere
shaped due to the surface tension effect. For solutions with higher viscosities a longer
distance was needed for the droplet to become spherical. Furthermore, the droplets
were deformed if the viscous-surface tension forces were not high enough to
counteract the impact-drag forces when hitting and entering the gelation bath. A
spherical droplet could also be deformed due to high impact-drag forces if the dropping
distance became too high. Table 2 shows the surface tensions measured for XG

containing pre-gelled RF sols typically used in this work.
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Table 2: Surface tensions measured for pre-gelled RFB-XG solutions with varying XG
concentrations.

XG conc. Surface tension

[wiv%] [mN/m]
0.0 55.1
0.2 58.1
0.4 59.8
0.6 60.5
0.8 60.0
1.0 59.9

XG containing sols have surface tensions ranging from 58-60 mN/m and sol w/o XG
has a surface tension of 55 mN/m. The increase in the surface tension and viscosity
for increasing XG concentrations explains why sols w/o XG resulted in flakes while sols
with XG resulted in beads.

In preliminary experiments, 2m HCI has primarily been used as gelation bath.
Other concentrations have been used to possibly improve the process time in case of
higher concentrations or to possibly reduce the acid usage and thus the generated
amount of waste. The beads were typically filtered when they turned from white to pink,
since they were rigid enough at this point to prevent agglomeration upon filtration
(Fig. 23). When placed in the oven, the color of the beads became more intense and
turned to dark pink with a red undertone. A small amount of configurationally locked
o-quinone methide or its spiro derivative are responsible for the red color in acid
catalyzed RF aerogels.l’’]

Figure 23: Color of RF aerogel microbeads: a) right after dropping and b) filtered after few
minutes in the gelation bath.

Figure 24 shows the time until color change to pink for various HCI gelation bath

concentrations.
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Figure 24: Time until the beads turned pink for HCI gelation baths with concentrations of
12.0M, 6.0m, 2.0M, 1.0M, 0.5M and 0.125Mm.

The time until color change was significantly reduced to a few seconds for HCI
concentrations higher than 2m, but the bead size increased and became irregular since
the acidic vapors lead to partial gelation at the cannula. For concentrations lower than
2™ the time until color change increased drastically to a few days if the concentration
was lower than 1M. Moreover, the beads had to be handled more carefully since they
tended to agglomerate in the beaker and upon filtration. The use of 2m HCI as gelation
bath offered best process time, bead stability upon handling and the acid amount.

In the case of using HNOs as gelation bath, a concentration as low as 0.5M had
to be used since higher concentrations led to dissolution, nitration and oxidation of RF
at elevated temperatures.l’® A 0.5M HNOs solution has a pH value of ~ 0.65 whilst a
similar value is found for a 0.2m HCI solution. Even though the pH value of both acids
is the same, the color change occurred much faster for HNO3 (few minutes) than for
HCI (1 day). Therefore, the reaction speed in the case of HCl and HNO3 doesn’t only
depend on the pH value but also the type of acid used. At this point it is not clear which
properties of the acids are responsible for this observation. More experiments should
be performed in the future to investigate this effect.

During each dropping experiment, irrespective of the XG concentration,
leaching of the beads started after they have been in the acid for a short time (Fig. 25).
Since the leached-out material turns pink over time and yellow/orange after washing
to pH-neutrality, it can be concluded that this material is composed of RF. It should be

investigated, if XG is also leaching out.

28



Figure 25: Photograph of leaching that was observed in each dropping experiment.

After curing in the oven, the beads have been washed to pH neutrality and filtered with
a sieve (2.0 mm mesh) to separate the beads from the dust that was formed from the
leaching. The bead color changed readily from pink to yellow/orange upon pH
neutralization.

Furthermore, previously pre-gelled and frozen sol has successfully been used
to produce RF beads even 10 weeks after pre-gelation of the sol (results not
discussed/characterization not complete). By pre-gelling and freezing bigger amounts
of sol, the dropping process can be performed more spontaneously and more time
efficient, since a big amount of sol has to be pre-gelled only one time instead of pre-

gelling freshly prepared sol every time an experiment must be performed.

4.2 RF Aerogel Beads without Xanthan Gum

In the frame of investigating the influence of XG addition on the dropping process and
the resulting properties of XG containing beads, reference samples w/o the addition of
XG have been produced. 2m HCI and 0.5mM HNO3 have been used as gelation baths
for pre-gelled RF sol with and w/o pH adjustment. Figure 26 shows photographs of the
resulting RFB samples w/o XG.

Figure 26: Photograph of RF aerogel flakes w/o XG.
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The samples are brown/orange in color and have an irregular flake shape. The droplets
couldn’t withstand the impact upon entering the gelation bath and were therefore
deformed before they gelled. Since only XG containing samples are of special interest
in the framework of this work, the samples shown above have not been carbonized.
Figure 27 shows the representative SEM overview and cross-section images of
RFBa-H and RFBa-N.

Overview

Cross-section

Figure 27: SEM overview and cross-section images of RFBa-H and RFBa-N.

The overview SEM images show wrinkled and unordered macroscopic structures. The
microstructure of RFBa-H is composed of nearly spherical particles with sizes of
approx. 0.5-0.7 ym while RFBa-N is composed of nearly spherical particles with sizes
of approx. 0.7—1.0 um. The connections between the particles are not clear and look
covered. The samples furthermore exhibit micrometer sized macropores.
Laskowski et al. have produced base-acid catalyzed monoliths of RF aerogel that show
a similar microstructure.l'® The particle size was ranging between 50-2230 nm and
decreased with longer pre-gelation time before the acid was added to the sol. The
bigger particle size of RFBa-N might therefore result from small variations in the pre-

gelation time before dropping the sol into the acid gelation bath. Furthermore, the
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covering of the connections between particles was also observed by Laskowski et al.
The remaining unreacted monomers reacted fast with pre-formed particles upon acid
addition leading to an overall covering. Figure 28 shows the skeletal densities of RFB

samples w/o XG.
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Figure 28: Skeletal densities of RFB-H, RFBa-H, RFB-N and RFBa-N.

The skeletal densities of RFB w/o XG are ranging between 1.42—1.48 g/cm3,
which is in accordance with values typically reported for RF aerogels.!'® 771 Figure 29
shows the BET surface areas of the RFB samples w/o XG.
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Figure 29: BET surface area of RFB-H, RFBa-H, RFB-N and RFBa-N.

The BET surface areas are ranging between 13—-75 m?/g. RFB-N (75 m?/g) has

a higher surface area than RFB-H (40 m?/g). pH adjusted samples have, as expected

for sols with lower pH values, a lower surface area in case of both gelation baths.

Laskowski et al. reported specific surface areas as high as 97 m?/g for base-acid
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catalyzed RF aerogels. Since they used a much lower R/C ratio (R/C=200) for their
synthesis, the surface area is as expected higher than for the samples shown above.
Furthermore they observed, that the surface area is increasing for longer pre-gelation
times.['81 Therefore small differences in the pre-gelation time of HCI and HNOs3 bath
samples might have contributed to the differences in the surface area. Figure 30 shows

the ATR-IR spectra of the above shown samples.
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Figure 30: ATR-IR spectra of RFB samples w/o XG.

All obtained ATR-IR spectra have the same absorption bands regardless of pH
adjustment or the acid used as gelation bath. The bands are furthermore in accordance
with absorption bands reported by Pekala for base catalyzed RF aerogels!’® and by
Mulik et al. for HCI catalyzed RF aerogels.[’’l The band at 3382 cm™ has been
assigned to the -OH stretching vibration, the bands at 2942, 2874 and 1479 cm" have
been assigned to the -CH2 stretching and scissoring vibrations and the vibrations at
1222 and 1092 cm™' have been assigned to the -C-O-C- stretching vibrations of
methylene ether bridges.

Even though the microstructures, surface areas, skeletal densities and IR
spectra were in accordance with values of RF aerogels reported in literature, the
control of the shape and size of the beads was not given. Therefore, experimental
series with varying XG concentrations for both acids and with or w/o pH adjustment

were performed.
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4.3 RF and Carbon Aerogel Beads with Xanthan Gum in HCI

RFB-XG-H samples have been produced with XG concentrations varying between
0.2-1.0% and were carbonized afterwards to obtain the respective CB-XG-H samples.
Figure 31 shows photographs of resulting RFB-XG-H (left half) and CB-XG-H
(right half) samples and a table with their respective carbonization yields.

Sample Carb. Yield
[%]
0.2XG 42.8
0.4XG 45.8
0.6XG 35.3
0.8XG 41.4
1.0XG 43.2

Figure 31: Photographs of RFB-XG-H (left half) and CB-XG-H (right half) with varying XG
concentrations. The carbonization yield is given as percentual mass ratio before and after
carbonization.

The resulting RFB-XG-H samples appear brown/orange and are nearly
spherical irrespective of the XG concentration. They were successfully carbonized with
yields ranging between 35.3—45.8% (Fig. 31, table), resulting in black samples with
similar shape. For RF aerogels w/o XG addition a carbonization yield of approx. 50%
is reported in literature.!% The additional weight loss for RFB-XG-H might result from
additional functional groups added with XG or residual water in the pores. Table 3 gives
the average size, standard deviation and vol. shrinkage of selected RFB-XG-H and
CB-XG-H samples.

Table 3: Diameter and vol. shrinkage of RFB-XG-H and CB-XG-H with varying XG
concentrations.

XG Conc. RFB-XG-H CB-XG-H Vol. Shrinkage

[wiv%] [mm] [mm] [%]
0.2 2.24+0.19 1.76+0.13 214
0.6 2.32+0.10 1.75+.0.08 24.6
1.0 2.5610.25 2.02+0.20 211
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The average RFB-XG-H size is increasing with the XG concentration from
2.24 mm (0.2% XG) over 2.32 mm (0.6% XG) to 2.56 mm (1.0% XG), but the standard
deviations are rather high, resulting in overlapping size distributions. CB-XG-H
samples generally have smaller sizes (1.75-2.02 mm) than their respective RFB
precursors. The volumetric shrinkage after carbonization is ranging between
21.4-24.6%, which is in accordance with literature values.B'! Figure 32 shows

overview SEM images of RFB-XG-H and CB-XG-H with varying XG concentrations.

RFB-XG-H CB-XG-H

0.2XG

0.6XG

1.0XG

Figure 32: SEM images of RFB-XG-H (left) and CB-XG-H (right) with varying XG
concentrations.
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The SEM images reveal tear shaped beads for RFB-XG-H and CB-XG-H with 0.2%
and 0.6% XG, while oblate like beads are obtained for RFB-1.0XG-H and
CB-1.0XG-H. Those irregular shapes might be a result of adjusting the dropping
distance throughout the dropping process. Furthermore, RFB-XG-H and CB-XG-H with
0.2% and 0.6% XG have a wrinkled surface while RFB-1.0XG-H and CB-1.0XG-H have
dents. Figure 33 shows cross-sectional images of RFB-0.6XG-H and
CB-0.6XG-H. Both samples have a dense skin which can be distinguished from the
internal structure of the beads. Skin formation on RF and carbon aerogels is a known

phenomenon.®

RFB-XG-H CB-XG-H

Figure 33: SEM images of RFB-0.6XG-H (left) and CB-0.6XG-H (right).

The wrinkled structure of the above shown beads might be a result from rapid gelation,
sudden densification and therefore shrinkage of the surface. The dents in
RFB-1.0XG-H and CB-1.0XG-H are a result of other beads lying on top during the
gelation process. Since the SEM images only show single representative beads,
wrinkling and dents might occur in all observed samples irrespective of the XG
concentration.

The internal microstructures of the beads are shown in figure 34. The
microstructure of all shown samples is again composed of nearly spherical particles
whose connections look covered, which is in agreement of base-acid catalyzed RF
aerogels!’ and carbon aerogels with same reactant ratios and carbonization
conditions used here.®! Particle sizes of few hundred nm and macropores with a size
of few microns can be observed. CB-XG-H samples generally have a smaller particle
size than their respective RFB-XG-H samples. RFB-0.6XG-H and RFB-1.0XG-H have
bigger particles than RFB-0.2XG-H, which is probably a result of a small difference in

the pre-gelation time.
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RFB-XG-H

Figure 34: Cross-section SEM images of RFB-XG-H (left) and CB-XG-H (right) with varying
XG concentrations.

One significant change with increasing XG concentrations is the appearance of fiber
structures. The RF particles have grown on top of the fibers and are interconnected by
them. The amount of fibers in RFB-XG-H is increasing with the XG concentration. The
fiber structure is remained after carbonization. When XG is dispersed in water at pH
values similar to the ones used during pre-gelation time in this work, fiber structures

have been observed with an AFM method.[®3 This fiber structure might be frozen even
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after gelation because RF is growing on top and therefore prevents agglomeration.
Furthermore, the reduced gelation time with increasing XG content might be explained
by the interconnection of RF particles by XG fibers. Figure 35 shows the skeletal and
tapped densities of RFB-XG-H and CB-XG-H with varying XG concentrations.
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Figure 35: Skeletal- and tapping densities of RFB-XG-H and CB-XG-H with varying XG
concentrations.

The skeletal densities of RFB-XG-H are with exception of RFB-0.6XG-H
(1.32 g/lcm3) ranging between 1.39—1.42 g/cm3, which are typical values for RF
aerogels.[’’1 CB-XG-H has skeletal densities ranging from 2.0-2.4 g/cm?® which is in
accordance with skeletal densities of similar monolithic carbon aerogels.®! The tapped
densities of RFB-XG-H are ranging between 0.17—0.29 g/cm? and the tapped densities
of CB-XG-H are ranging between 0.18—0.28 g/cm3. The XG concentration has no
influence on the tapped densities. The differences between the tapped densities are
probably a result of differences in size and shape of the beads. Bulk densities of
monolithic RF aerogels produced with base-acid catalysis are ranging between
0.24-0.32 g/cm3.I'® For monolithic carbon aerogels a bulk density of 0.34 g/cm? is
reported.®¥ Table 4 shows the resulting porosities of RFB-XG-H and CB-XG-H.
Table 4: Porosities of RFB-XG-H and CB-XG-H with varying XG concentrations.

XG conc. RFB-XG-H Porosity CB-XG-H Porosity
[wiv%] [%] [%]
0.2 81 86
0.4 84 90
0.6 78 88
0.8 88 91
1.0 87 92
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The porosities of RFB-XG-H are ranging between 78—-88% and the porosities of
CB-XG-H are ranging between 86—92%. The XG concentration has no influence on
the porosity. CB-XG-H samples have a higher porosity than their RFB-XG-H
precursors.

The representative sorption isotherms of RFB and CB samples are shown in
figure 36. The sorption isotherms of the prepared RFB exhibit a combination of type Il
and type IV isotherm character, indicating the presence of macropores (seen in SEM
images shown below).[’* 771 The prepared CB exhibits a combination of strong type |
isotherm character of microporous materials with little contribution of type IV isotherm
character of mesoporous materials.!® 74 The micropore volume increased from almost
no micropores for RFB-0.1XG-H to 0.36 cm?3/g in CB-0.1XG-H upon carbonization. The
micropore and external surface area of CB-0.1XG-H were found to be 931 and 93 m?/g
respectively. Since approx. 90% of the surface area comes from micropores, further

analysis was focused on micropore characteristics of each CB sample.
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Figure 36: Nitrogen sorption isotherms of RFB-0.1XG-H and CB-0.1XG-H.

Figure 37 shows the BET surface area of RFB-XG-H and CB-XG-H with varying XG
concentrations.
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Figure 37: BET surface area of RFB-XG-H and CB-XG-H with varying XG concentrations.

The BET surface area of RFB-XG-H samples is ranging between 15-37 m?/g
and in the same region like RFB-H and other base-acid catalyzed RF aerogels.!'®! The
BET surface area of CB-XG-H is ranging between 785-978 m?/g and similar to other
carbon aerogels.* 81 Carbon aerogels have a much higher surface area than RF
aerogels due to the formation of micropores during carbonization.[® The XG
concentration has no significant influence on the surface area of RFB-XG-H and
CB-XG-H. Table 5 shows the external- and micropore surface area and micropore
volumes of CB-XG-H.

Table 5: External- and micropore surface area and micropore volume for CB-XG-H.

External Micropore Micropore

Sample Surface Area  Surface Area Volume

[m?/g] [m?/g] [cm®/g]
CB-0.2XG-H 77 901 0.35
CB-0.4XG-H 84 784 0.30
CB-0.6XG-H 95 861 0.33
CB-0.8XG-H 62 847 0.33
CB-1.0XG-H 50 735 0.28

The ratio of external- and micropore surface area reveals a dominating content of
micropores in CB-XG-H irrespective of the XG concentration. 735—-901 m?/g of the
surface area result from micropores while only 50-95 m?/g result from the external
surface of the beads. The micropore volume is ranging from 0.28-0.35 cm?3/g and also
not correlating with the XG-concentration. The micropore volume of similar carbon
aerogels is ranging between 0.20-0.22 g/cm3.B! Figure 38 shows the DFT calculated

pore size distribution of CB-XG-H with varying XG concentrations.
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Figure 38: Micropore size distribution of CB-XG-H with varying XG concentrations calculated
by N>-DFT Model.

All samples show a high amount of micropores with widths ranging between
0.4-1.0 nm and additional pores with sizes slightly above 1.0 nm. The XG
concentration doesn’t influence the micropore size distributions of CB-XG-H. The
micropore size of similar carbon aerogels is ranging between 0.5-2.0 nm.F!

Figure 39 shows the ATR-IR spectra of RFB-XG-H and CB-XG-H samples. All
obtained ATR-IR spectra of RFB-XG-H have the same absorption bands regardless of
the XG concentration and are in accordance with literature spectra.l’”> 791 A XG
reference spectrum shows absorption bands at 3309, 1606, 1400, 1370, 1238 and
1016 cm', which is in accordance with literature spectra.l®® Since both, RF and
carbohydrates in general contain of methylene groups and aliphatic alcohols, the
absorption bands are overlapping. Nevertheless, XG has a band at 1016 cm™’
(deformation of C-O) which doesn’t overlap with the RF spectrum and doesn’t appear
in the RFB-XG-H spectra. A concentration of 1.0% might be too low to observe the
bands of XG in RFB-XG-H spectra. As seen in the SEM images, RF grows on top of
XG. ltis therefore concluded from ATR-IR spectra that the addition of XG additive does
not influence or hinder the polycondensation of the precursors and thus the formation
of RF aerogel. The CB-XG-H samples show only a general low reflectance without
sharp absorption bands. It is therefore concluded that CB samples don’t contain any

residual functional groups from RF or XG.

40



CB-0.2XG-H
) )
S 2 (CB-0.6XG-H
o |[RFB-0.2XG-H ® —
2 e T
& [ReB-0.6XG-H < Mo,
o @ S
= =
o e

! I ! ! — I v T T T T T T T T T T T T T T
4000 3000 2000 11 000 4000 3000 2000 1000
wave number [cm™] wave number [cm™]

Figure 39: ATR-IR spectra of RFB-XG-H (left) and CB-XG-H (right) with varying XG
concentrations. XG reference spectrum is added.

Figure 40 shows the WAXS pattern of CB0.6XG-H.
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Figure 40: WAXS pattern of CB-0.6XG-H.

The above shown diffractogram shows peaks at 22.4° (002), 43.7° (10) and
79.9° (11) which are in accordance with literature diffractograms of carbon
aerogels.[> &1 The (002) reflex result from interlayer scattering between parallel
stacked layers and the (10) and (11) reflexes result from intralayer scatterings within
the graphene layers. The wideness of the peaks is typical for nanocrystalline
turbostratic carbons.®!

In this section it was shown, that the addition of XG resulted in a much smoother
dropping process which led to spherical-like RFB-XG-H and CB-XG-H. Increasing XG
concentration resulted in larger beads, shorter gelation times and a fibrous network on
which RF grew while other properties like the densities, surface areas and IR spectra
were not significantly influenced by the addition of XG.
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44 RF and Carbon Aerogel Beads with Xanthan Gum in HCI - pH
adjustment

RFBa-XG-H samples have been produced with XG concentrations varying between

0.2-1.0% and were carbonized afterwards to obtain CBa-XG-H. The pH-value was

adjusted to 5.4-5.6 with HNO3 (0.5m). Figure 41 shows photographs of resulting

RFBa-XG-H (left) and CBa-XG-H (right) samples and a table with their respective

carbonization yields.

Sample Carb. Yield
[%]
0.2XG 49.7
0.4XG 44.0
0.6XG 41.8
0.8XG 49.6
1.0XG 48.4

Figure 41: Photographs of RFBa-XG-H (left half) and CBa-XG-H (right half) with varying XG
concentrations. The carbonization yield is given as mass ratio before and after carbonization.

The resulting RFBa-XG-H samples similar to RFB-XG-H appear brown/orange
and are nearly spherical irrespective of the XG concentration. CBa-XG-H could be
obtained with carbonization yields ranging between 41.8-49.7% (Fig. 40, table), which
is slightly higher than for RFB-XG-H but otherwise in accordance with literature
values.lB% CBa-XG-H samples are black and have a shape like their RFBa-XG-H
precursors. Table 6 gives the average size, standard deviation and vol. shrinkage of
selected RFBa-XG-H and CBa-XG-H.
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Table 6: Diameter and vol. shrinkage of RFBa-XG-H and CBa-XG-H with varying XG
concentrations.

XG conc. RFBa-XG-H CBa-XG-H Vol. Shrinkage

[wiv%] [mm] [mm] [%]
0.2 2.18+0.26  1.80+0.11 17.4
0.6 2.35+0.16  1.85+0.16 21.3
1.0 2.41+0.17  1.88%0.13 22.0

The average RFBa-XG-H size is increasing with the XG concentration from
2.18 mm (0.2% XG) over 2.35 mm (0.6% XG) to 2.41 mm (1.0% XG), but the standard
deviations are rather high, resulting in overlapping size distributions. CBa-XG-H
samples generally have smaller sizes (1.80-1.88 mm) than their precursors. The
volumetric shrinkage after carbonization is ranging between 17.4—22.0%, which is in
accordance with literature values.®l The bead sizes are similar to RFB-XG-H and
CB-XG-H. Figure 42 shows overview SEM images of RFBa-XG-H and CBa-XG-H with
varying XG concentrations.

RFBa-XG-H CBa-XG-H
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Figure 42: SEM images of RFBa-XG-H (left) and CBa-XG-H (right) with varying XG
concentrations.
43



The SEM images reveal tear- and oblate shaped beads with wrinkled surfaces and
dents. The internal microstructures of the beads are shown in figure 43. The
microstructure of all shown samples is again composed of nearly spherical particles
whose connections look covered, which is in agreement with literature.®> 91 Particle
sizes of few hundred nm and macropores with a size of few microns can be observed.
The CBa-XG-H samples generally have a smaller particle size than their respective
RFBa-XG-H samples. In RFBa-0.6XG-H and CBa-0.6XG-H few big particles with a
size in the micron region can be seen. For higher XG concentrations fibers on which
the RF has grown can be seen again. There are no other significant differences
compared to RFB-XG-H and CB-XG-H samples.

RFBa-XG-H CBa-XG-H

Figure 43: Cross-section SEM images of RFBa-XG-H (left) and CBa-XG-H (right) with varying
XG concentrations.
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Figure 44 shows the skeletal densities and tapped densities of RFBa-XG-H and
CBa-XG-H with varying XG concentrations.
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Figure 44: Skeletal- and tapped densities of RFBa-XG-H and CBa-XG-H with varying XG
concentrations.

The skeletal densities of RFBa-XG-H are, with the exception of RFBa-0.4XG-H
(1.26 g/lcm3), ranging between 1.42—1.44 g/cm?®, which are typical values for RF
aerogels.[’’1 CBa-XG-H has skeletal densities ranging from 2.20—2.42 g/cm?® which is
in accordance with values reported in literature.l¥! The tapped densities of RFBa-XG-H
are ranging between 0.17-0.30 g/cm® and 0.18-0.31 g/cm® for CBa-XG-H. The
densities are similar to the values for RFB-XG-H and CB-XG-H and don’t correlate with
the XG concentration. Table 7 shows the resulting porosities of RFBa-XG-H and
CBa-XG-H.
Table 7: Porosities of RFBa-XG-H and CBa-XG-H with varying XG concentrations.

XG conc. RFBa-XG-H Porosity CBa-XG-H Porosity

[wiv¥%] [%] [%]
0.2 85 91
0.4 86 92
0.6 83 89
0.8 79 86
1.0 84 89

The porosities of RFBa-XG-H are ranging between 79-86% and the porosities
of CBa-XG-H are ranging between 86-92%. CBa-XG-H samples have a higher
porosity than their corresponding RFBa-XG-H samples. The porosities are in the same
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region like for RFB-XG-H and CB-XG-H. Figure 45 shows the BET surface area of
RFBa-XG-H and CBa-XG-H with varying XG concentrations.
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Figure 45: BET surface area of RFBa-XG-H and CBa-XG-H with varying XG concentrations.

The BET surface area of RFBa-XG-H is ranging between 9-19 m?/g and
between 687—-860 m?/g for CBa-XG-H. The surface areas are not directly correlating
with the XG concentration and are lower than for RFB-XG-H (15-37 m?/g) and
CB-XG-H (785-978 m?/g). Table 8 shows the external- and micropore surface area
and micropore volumes of CBa-XG-H.

Table 8: External- and micropore surface area and micropore volume for CBa-XG-H.

External Micropore Micropore

Sample Surface Area Area Volume

[m2/g] [m2/g] [cm/g]
CBa-0.2XG-H 53 807 0.31
CBa-0.4XG-H 41 646 0.25
CBa-0.6XG-H 55 651 0.25
CBa-0.8XG-H 63 716 0.27
CBa-1.0XG-H 57 668 0.26

The ratio of external- and micropore surface area reveals a dominating content
of micropores in CBa-XG-H irrespective of the XG concentration. 646—-807 m?/g of the
surface result from micropores while only 41-63 m?/g result from the external surface
of the beads. The micropore volume is ranging from 0.25-0.31 cm®/g and is also not
correlating with the XG-concentration. The micropore area and micropore volume of
CBa-XG-H samples is lower than for CB-XG-H samples (0.28—0.35 cm?/g). Figure 46
shows the DFT calculated pore size distribution of CBa-XG-H with varying XG

concentrations.
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Figure 46: Micropore size distribution of CBa-XG-H with varying XG concentrations calculated
by No-DFT Model.

All samples show a high amount of micropores with widths ranging between
0.4—1.0 nm. Only CBa-0.2XG-H and CBa-1.0XG-H show additional pores with sizes
slightly above 1.0 nm. The XG concentration doesn’t influence the micropore size
distributions of CBa-XG-H. CBa-XG-H and CB-XG-H have similar micropore size
distributions. Figure 47 shows the ATR-IR spectra of RFBa-XG-H and CBa-XG-H

samples.
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Figure 47: ATR-IR spectra of RFBa-XG-H (left) and CBa-XG-H (right) with varying XG
concentrations. XG reference spectrum is added.

All obtained ATR-IR spectra of RFBa-XG-H have the same absorption bands
regardless of the XG concentration and are in accordance with RFB-XG-H, and
literature spectra.l’”- 7°1 The CBa-XG-H samples show only a general low reflectance

without sharp absorption bands. It is therefore concluded that CB samples don't
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contain any residual functional groups from RF or XG. Figure 48 shows the WAXS
pattern of CBa-0.6XG.H.
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Figure 48: WAXS pattern of CBa-0.6XG-H.

The above shown diffractogram shows peaks at 22.2° (002), 44.0° (10) and
80.3° (11) which are in accordance with literature diffractograms of carbon aerogels.
The wideness of the peaks is typical for nanocrystalline turbostratic carbons.3 871

To summarize, increasing XG concentration only influences the bead size and
the microstructure of RFBa-XG-H and CBa-XG-H. Furthermore, when RFBa-XG-H and
CBa-XG-H are compared with RFB-XG-H and CB-XG-H, the only differences are a

lower BET surface area and micropore volume of RFBa-XG-H and CBa-XG-H.
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4.5 RF and Carbon Aerogel Beads with Xanthan Gum in HNO;

RFB-XG-N samples have been produced with XG concentrations varying between
0.2-1.0% and were carbonized afterwards to obtain CB-XG-N. Figure 49 shows
photographs of resulting RFB-XG-N (left half) and CB-XG-N (right half) samples and a
table with their respective carbonization yields.

L piae N

sample Carb. Yield
[%]
0.2XG 44.2
0.4XG 43.4
0.6XG 43.3
0.8XG 421
1.0XG 44.3

Figure 49: Photographs of RFB-XG-N (left half) and CB-XG-N (right half) with varying XG
concentrations. The carbonization yield is given as mass ratio before and after carbonization.

The resulting RFB-XG-N samples appear brown/orange and are nearly
spherical irrespective of the XG concentration. CB-XG-N could be obtained with
carbonization yields ranging between 42.1—44.3% (Fig. 48, table), which are similar to
the samples shown in previous chapters. Table 9 gives the average size, standard
deviation and vol. shrinkage of selected RFB-XG-N and CB-XG-N.

Table 9: Diameter and vol. shrinkage of RFB-XG-N and CB-XG-N with varying XG
concentrations.

XG conc. RFB-XG-N CB-XG-N Vol. Shrinkage

[wiv%] [mm] [mm] [%]
0.2 2.37+0.16  1.86+0.14 21.5
0.6 2.3610.16  1.77+0.18 25.0

1 2.22+0.23  1.66+0.17 25.2
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The average RFB-XG-N size is decreasing with the XG concentration from
2.37 mm (0.2% XG) over 2.36 mm (0.6% XG) to 2.22 mm (1.0% XG), but the standard
deviations are rather high, resulting in overlapping size distributions. CB-XG-N
samples generally have smaller sizes than their respective RFB-XG-N precursors. The
volumetric shrinkage after carbonization is ranging between 21.5-25.2%, which is in
accordance with literature values.’®'l The bead sizes are similar to samples discussed
in previous chapters but with the main difference of decreasing with increasing XG
concentration. Figure 50 shows overview SEM images of RFB-XG-N and CB-XG-N
with varying XG concentrations.

RFB-XG-N

0.2XG

0.6XG

1.0XG

Figure 50: SEM images of RFB-XG-N (left) and CB-XG-N (right) with varying XG
concentrations.
50



The SEM images reveal tear shaped beads with wrinkled surfaces and dents are again
observed for both RFB-XG-N and CB-XG-N. In RFB-XG-N with 0.6% and 1.0% XG
and CB-1.0XG-N, a very abrupt transition between wrinkled and flat surface can be
seen. Since the sol is the same for RFB-XG-H and RFB-XG-N, this appearance might
be a result of the higher pH value of the nitric acid gelation bath. Figure 51 shows the
internal microstructure of RFB-XG-N and CB-XG-N.

RFB-XG-N CB-XG-N

e

Figure 51: Cross-section SEM images of RFB-XG-N (left) and CB-XG-N (right) with varying
XG concentrations.
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The microstructure of all shown samples is again composed of nearly spherical
particles whose connections look covered, which is in agreement with literature.® 19
Particle sizes of few hundred nm and macropores with a size of few microns can be
observed. The CB-XG-N samples have smaller particles than RFB-XG-N. Big particles
with a size in the micron region can be seen again. Less fibers are observed when
these big particles are present. XG fibers might agglomerate at some regions of the
sample and lead to these big knots. Figure 52 shows the skeletal- and tapped densities
of RFB-XG-N and CB-XG-N with varying XG concentrations.
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Figure 52: Skeletal- and tapped densities of RFB-XG-N and CB-XG-N with varying XG
concentrations.

The skeletal densities of RFB-XG-N are in the region of 1.4 g/cm3, again a
typical value for RF aerogels.’”] CB-XG-N has skeletal densities ranging from
2.2-2.3 g/cm?® which is again in accordance with values reported in literature.l¥! The
tapping densities of RFB-XG-N are ranging between 0.22-0.31 g/cm?® and between
0.19-0.26 g/cm?® for CB-XG-N. The density values are similar to values for samples
dropped in HCI and don’t correlate with the XG concentration. Table 10 shows the
resulting porosities of RFB-XG-N and CB-XG-N.

Table 10: Porosities of RFB-XG-N and CB-XG-N with varying XG concentrations.

XG conc. RFB-XG-N Porosity CB-XG-N Porosity

[wiv¥%] [%] [%]
0.2 81 90
0.4 81 90
0.6 84 92
0.8 82 91
1.0 78 89
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The porosities of RFB-XG-N are ranging between 78-84% and the porosities of
CB-XG-N are ranging between 89-92%. CB-XG-N samples have a higher porosity
than their corresponding RFB-XG-N samples. The porosities are in the same region
than for all HCI samples. Figure 53 shows the BET surface area of
RFB-XG-N and CB-XG-N with varying XG concentrations.
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Figure 53: BET surface area of RFB-XG-N and CB-XG-N with varying XG concentration.

The BET surface area of RFB-XG-N is ranging between 18-26 m?/g, similar to
HCI samples. The BET surface area of CB-XG-N is ranging between 856—1206 m?/g,
which is higher than for all HCI samples. Furthermore, there is no correlation with the
XG concentration. Table 11 shows the external- and micropore surface area and
micropore volumes of CB-XG-N.
Table 11: Additional BET data for CB-XG-N.

External Micropore Micropore

Sample Surface Area Area Volume

[m?/g] [m2/g] [cm3/g]
CB-XG0.2-N 78 1098 0.42
CB-XG0.4-N 64 849 0.32
CB-XG0.6-N 84 1122 0.43
CB-XG0.8-N 74 968 0.37
CB-XG1.0-N 34 825 0.31

The ratio of external- and micropore surface area reveals a dominating content
of micropores in CB-XG-N irrespective of the XG concentration. 825—1122 m?/g of the
surface comes from micropores while only 34—84 m?/g come from the external surface

of the beads. The micropore volume is ranging between 0.31-0.43 cm3/g and is also
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not correlating with the XG-concentration. The micropore volume is higher than for all
HCl samples. According to a literature report, boiling activated carbon in HNO3 resulted
in an increase in micropores. Trace amounts of HNO3 left in the pores of CB might
contribute to an increased amount of micropores during carbonization due to a similar
effect. Figure 54 shows the DFT calculated pore size distribution of CB-XG-N with

varying XG concentrations.
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Figure 54: Micropore size distribution of CB-XG-N with varying XG concentrations, calculated
by N>-DFT Model.

All samples show a high amount of micropores with widths ranging between
0.4-1.0 nm and, with exception of CB-1.0XG-N, additional pores with sizes slightly
above 1.0 nm. The pore size distributions are similar to the distributions found for HCI
samples and the XG concentrations doesn’t influence the micropore size distributions
of CB-XG-N. Figure 55 shows ATR-IR spectra of RFB-XG-N and CB-XG-N with varying
XG concentrations.
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Figure 55: ATR-IR spectra of RFB-XG-N (left) and CB-XG-N (right) with varying XG
concentrations. XG reference spectrum is added.
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All obtained ATR-IR spectra of RFB-XG-N have the same absorption bands regardless
of the XG concentration and are in accordance with literature spectra.l’”. 7 The
CB-XG-N samples show only a general low reflectance without sharp absorption
bands. It is therefore concluded that CB samples don’t contain any residual functional
groups from RF or XG. Figure 56 shows the WAXS pattern of CB-0.6XG.N.
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Figure 56: WAXS pattern of CB-0.6XG-N.

The above shown diffractogram shows peaks at 22.0° (002), 43.8° (10) and
80.2° (11) which are in accordance with literature diffractograms of carbon aerogels.
The wideness of the peaks is typical for nanocrystalline turbostratic carbons.[? 871

To summarize, CB-XG-N samples have higher surface areas and micropore
volumes than all CB-XG-H and CBa-XG-H samples. The bead sizes, densities,

porosities, surface areas of RFB-XG-N, pore size distributions, IR spectra and XRD
diffractograms are similar to HCI samples.
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4.6 RF and Carbon Aerogel Beads with Xanthan Gum in HNO3; — pH
adjustment

RFBa-XG-N samples have been produced with XG concentrations varying between

0.2-1.0% and were carbonized afterwards to obtain CBa-XG-N. The pH-value was

adjusted to 5.4-5.6 with HNO3s (0.5m). Figure 57 shows photographs of resulting

RFBa-XG-N (left half) and CBa-XG-N (right half) and a table with their respective

carbonization yields.

Sample Carb: Yield
[%]
0.2XG 51.4
0.4XG 52.9
0.6XG 522
0.8XG 51.8
1.0XG 50.2

\ Ca.rﬁéﬁ‘.'-yie‘l_d': 518"/? ' E\gCé?boﬁ, yield: 502% ?

Figure 57: Photographs of RFBa-XG-N (left half) and CBa-XG-N (right half) with varying XG
concentrations. The carbonization yield is given as mass ratio before and after carbonization.

The resulting RFBa-XG-N samples appear brown/orange and are nearly
spherical irrespective of the XG concentration. CBa-XG-N was obtained with
carbonization yields ranging between 50.2-52.9% (Fig. 56, table), which are higher
than for all previously discussed samples but in accordance with literature.!®% Table 12
gives the average size, standard deviation and vol. shrinkage of selected RFBa-XG-N
and CBa-XG-N.

Table 12: Diameter and vol. shrinkage of RFBa-XG-N and CBa-XG-N with varying XG
concentrations.

XG conc. RFBa-XG-N CBa-XG-N Vol. Shrinkage

[wiv%] [mm] [mm] [%]
0.2 2.41+0.18 2.02%0.16 16.2
0.6 2.46+0.20 2.06%0.17 16.3

1 2.29+0.23  1.91%0.16 16.6
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The average RFBa-XG-N size is 2.41 mm (0.2% XG), 2.46 mm (0.6% XG) and
2.29 mm (1.0% XG). There is no direct correlation to the XG concentration, but the
standard deviations are rather high, resulting in overlapping size distributions.
CBa-XG-N samples generally have smaller sizes than their respective RFBa-XG-N
samples. The volumetric shrinkage after carbonization is ranging between
16.2—16.6%, which is slightly lower than literature values.[®'IThe bead sizes are similar
to all other samples. Figure 58 shows overview SEM images of RFBa-XG-N and

CBa-XG-N with varying XG concentrations.

RFBa-XG-N CBa-XG-N

Figure 58: SEM images of RFBa-XG-N (left) and CBa-XG-N (right) with varying XG
concentrations.

The SEM images reveal tear shaped beads with wrinkled surfaces and dents
are again observed for both RFBa-XG-N and CBa-XG-N. Similar as in RFB-XG-N and

CB-XG-N again abrupt transition between flat and wrinkled surface is exhibited for
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CBa-0.6XG-N, RFBa-1.0XG-N and CBa-1.0XG-N. Figure 59 shows the internal
microstructure of RFBa-XG-N and CBa-XG-N.

RFBa-XG-N CBa-XG-N

Figure 59: Cross-section SEM images of RFBa-XG-N (left) and CBa-XG-N (right) with varying
XG concentrations.

The microstructure of all shown samples is again composed of nearly spherical
particles whose connections look covered, which is in agreement with literature.® 19
Particle sizes of few hundred nm and macropores with a size of few microns can be

observed. The CBa-XG-N samples generally have a smaller particle size than their
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RFBa-XG-N precursors. Micron sized particles and less fibers can be seen again,
indicating agglomeration of XG. Figure 60 shows the skeletal densities and tapped
densities of RFBa-XG-N and CBa-XG-N with varying XG concentrations.
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Figure 60: Skeletal- and tapped densities of RFBa-XG-N and CBa-XG-N with varying XG
concentrations.

The skeletal densities of RFBa-XG-N are in the region of 1.4 g/cm3, which are typical
values for RF aerogels.’’l CBa-XG-N has skeletal densities ranging from
2.1-2.5 g/cm? which is again in accordance with values reported in literature.®! The
tapped densities of RFBa-XG-N are ranging between 0.20-0.22 g/cm® and
0.18-0.20 g/cm?3for CBa-XG-N. The tapped density values are slightly lower compared
to all other samples. Table 13 shows the resulting porosities of RFBa-XG-N and
CBa-XG-N.

Table 13: Porosities of RFBa-XG-N and CBa-XG-N with varying XG concentrations.

XG conc. RFBa-XG-N Porosity CBa-XG-N Porosity
[wiv%] [%] [%]
0.2 87 93
0.4 86 92
0.6 85 91
0.8 86 91
1.0 85 92

The porosities of RFBa-XG-N are ranging between 85-87% and 91-93% for
CBa-XG-N. The values are comparable with the values for alle other samples
discussed in this thesis. CBa-XG-N samples have a higher porosity than their
corresponding RFBa-XG-N precursors. Figure 61 shows the BET surface area of

RFBa-XG-N and CBa-XG-N with varying XG concentrations.
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Figure 61: BET surface area of RFBa-XG-N and CBa-XG-N with varying XG concentrations.

The BET surface area of RFBa-XG-N is ranging between 10-19 m?/g,
increasing with XG concentration and lower than for RFB-XG-N. The BET surface area
of CBa-XG-N is ranging between 772-1056 m?/g, not correlating with the XG
concentration and lower than for CB-XG-N. Table 14 shows the external- and
micropore surface area and micropore volumes of CBa-XG-N.

Table 14: Additional BET data for CBa-XG-N with varying XG concentrations.

External Micropore Micropore

Sample Surface Area Area Volume

[m2/g] [m?/g] [cm3/g]
CBa-XG0.2-N 54 828 0.32
CBa-XG0.4-N 75 981 0.37
CBa-XG0.6-N 61 711 0.27
CBa-XG0.8-N 61 747 0.29
CBa-XG1.0-N 53 786 0.30

The ratio of external- and micropore surface area reveals a dominating content
of micropores in CBa-XG-N irrespective of the XG concentration. 711-981 m?/g of the
surface comes from micropores while only 53—75 m?/g come from the external surface
of the beads. The micropore volume is ranging from 0.27-0.37 cm?®/g and is also lower
than for CB-XG-N and not correlating with the XG-concentration. Figure 62 shows the

DFT calculated pore size distribution of CBa-XG-N with varying XG concentrations.
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Figure 62: Micropore size distribution of CBa-XG-N with varying XG concentrations, calculated
by No-DFT Model.

All samples show a high amount of micropores with widths ranging between
0.4-1.0 nm and additional pores with sizes slightly above 1.0 nm. The XG
concentrations doesn’t influence the micropore size distributions of CBa-XG-N and the
size distributions are comparable to all other samples. Figure 63 shows ATR-IR spectra
of RFBa-XG-N and CBa-XG-N with varying XG concentrations.
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Figure 63: ATR-IR spectra of RFBa-XG-N (left) and CBa-XG-N (right) with varying XG
concentrations. XG reference spectrum is added.

All obtained ATR-IR spectra of RFB-XG-N have the same absorption bands
regardless of the XG concentration and are in accordance with literature spectra.l’”- 79l
The CBa-XG-N samples show only a general low reflectance without sharp absorption
bands. It is therefore concluded that CB samples don’t contain any residual functional
groups from RF or XG. Figure 64 shows the WAXS pattern of CBa-0.6XG-N.
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Figure 64: WAXS pattern of CBa-0.6XG-N.

The above shown diffractogram shows peaks at 22.7° (002), 44.0° (10) and
80.5° (11) which are in accordance with literature diffractograms of carbon aerogels.
The wideness of the peaks is typical for nanocrystalline turbostratic carbons.[? 871

To summarize, CBa-XG-N samples have lower densities, surface areas and
micropore volumes than CB-XG-N. The bead sizes, porosities, pore size distributions,
IR spectra and XRD diffractograms are similar to RFB-XG-N and CB-XG-N.

5. Summary

A dropping process for the preparation of RF aerogel microbeads has successfully
been developed. XG containing RF sol was pre-gelled under basic conditions and
dropped into an acidic gelation bath afterwards. The samples were successfully
carbonized to obtain carbon aerogel microbeads. The influence of the XG
concentration, HCI and HNOs as gelation baths and pH adjustment of the sol have
been investigated. The resulting beads were characterized in terms of appearance,
average bead size, microstructure, skeletal- and tapped densities, porosities, BET
surface areas, micropore surface areas and volumes, ATR-IR spectroscopy and
WAXS.

Samples w/o XG addition had an irregular flake shape but otherwise typical
microstructures, skeletal densities (1.42—1.48 g/cm?®), BET surface areas (13-75 m?/g)
and ATR-IR spectra for RF aerogels.

XG containing RFB samples appeared brown/orange while CB samples
appeared black with nearly spherical shapes, irrespective of XG concentration, pH

adjustment and gelation bath. Average bead sizes of all RFB samples were ranging
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between 2.18-2.56 mm and increasing with XG concentration in the case of
RFB-XG-H and RFBa-XG-H. CB samples always had smaller average sizes
(1.75—2.06 mm) than their respective RFB precursors. The volumetric shrinkage upon
carbonization was ranging between 21.1-25.0% for RFB-XG-H, RFBa-XG-H and
RFB-XG-N and between 16.2-16.6% for RFBa-XG-N. The carbonization yields were
ranging between 40-50%.

SEM images revealed tear- and oblate shaped beads with wrinkled surfaces
that had some dents irrespective of XG concentration, pH adjustment and gelation
bath. A typical microstructure for base-acid catalyzed RF aerogels was observed in
each RFB sample. Nearly spherical covered particles with sizes in the region of few
hundred nm and macropore sizes in the region of few microns were observed. CB
samples typically had smaller particles than their respective RFB precursors. With
increasing XG concentration more fibers were visible in the microstructure. RF
particles grow on top of the fibers and are interconnected by the fibers. In some cases,
big micron sized particles and less fibers were observed at the same time even for high
XG concentrations.

The skeletal- and tapped densities of all RFB samples were ranging between
1.39-1.44 g/cm® and 0.17-0.32 g/cm?3 irrespective of the XG concentration, pH
adjustment and gelation bath. The skeletal- and tapped densities of all CB samples
were ranging between 2.1-2.5 g/cm3 and 0.18-0.31 g/cm? irrespective of the XG
concentration, pH adjustment and gelation bath. The porosities were ranging between
78-88% for RF samples and 86-93% for CB samples irrespective of the XG
concentration, pH adjustment and gelation bath.

The BET surface areas of RFB-XG-H were ranging between 15-37 m?/g.
RFBa-XG-H samples had a slightly lower BET surface area ranging between
9-19 m?/g. RFB-XG-N and RFBa-XG-N had BET surface areas of 18-26 m?/g and
10-19 m?/g respectively. CB samples had significantly higher surfaces areas
compared to RF. CB-XG-H exhibited BET surface areas ranging between
785-978 m?/g while CBa-XG-H exhibited BET surface areas ranging between
687-860 m?/g. HNOs; samples exhibited BET surface areas of 856—1206 m?/g
(CB-XG-N) and 772—-1056 m?/g (CBa-XG-N). The XG concentration had no influence
on the BET surface areas, pH adjustment resulted in lower surface areas and using
HNOs as gelation bath resulted in higher surface areas in case of CB samples.

A similar trend was observed for the micropore volume of CB samples. The
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micropore volume of CB-XG-H was ranging between 0.28-0.35cm?%g and
0.25-0.31 cm?®/g for CBa-XG-H. For HNO3; samples the values were ranging between
0.31-0.43 cm®/g (CB-XG-N) and 0.27-0.37 cm3/g (CBa-XG-N). The micropore size
distribution was with peaks between 0.4—1.0 nm similar for each sample irrespective
of XG concentration, pH adjustment and gelation bath.

The ATR-IR spectra exhibited typical absorption bands of RF aerogels and was
similar for each sample irrespective of XG concentration, pH adjustment and gelation
bath. CB samples showed an overall lower reflectance without adsorption bands.

WAXS patterns showed the typical peaks for carbon aerogels and were similar

for each sample irrespective of XG concentration, pH adjustment and gelation bath.

6. Future Direction

In future experiments, the beads can be further analyzed concerning their mechanical
properties, thermal conductivities, and gas permeabilities. Even though the addition of
XG has not significantly altered the properties of the beads discussed in this thesis,
other properties might be influenced. Based on these results an optimal XG
concentration can be chosen to fit the properties for foundry applications.

Furthermore, the interaction between XG and RF can be studied with NMR
spectroscopy. The gelation mechanism of RF catalyzed by HCI has been studied in a
similar way previously.l’”]

Moreover the leached out material should be characterized and prevention of
the leaching should be investigated. Approaches like using surfactants in the gelation
bath or an ethanolic HCI solution as gelation bath could be considered.

The upscaling of the bead production might be realized by application of the
JetCutter technology. Major challenges are safety issues due to formaldehyde usage
and finding the right parameters of the JetCutter and the right viscosity of the sol.
Therefore, the viscosity of RF sols with varying XG concentrations should be
investigated with a rheometer or with a viscosimeter.

The beads can also be used for other applications like catalysis. Coating the
beads with a catalytic active metal or functionalization of the beads might lead to
catalytic active RF aerogel beads. Alternatively, novel functionalized precursors can

be used during the RF synthesis itself.
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