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ABSTRACT

Polyimide aerogels have excellent thermal and mechanical properties that make them
suitable for a wide range of applications, especially in insulation. They can be fabricated
in powder-based, film-based and monolithic forms. However, conventional methods for
producing monolithic aerogel can be time-consuming and expensive, especially given the
lengthy process required for solvent exchange and drying. Polyimide aerogel in the form
of powder particles has therefore attracted significant attention relating to its wide variety
of applicable properties, including its high mass diffusion rate and thermomechanical

properties, especially as compared with monolithic shapes.

Although this project’s industrial partner, Blueshift International Materials, currently
manufactures polyimide aerogel in the form of film and stock shape; but there is a desire

to further reduce the costs for their stock shape products.

Therefore, it is necessary to develop and modify this method to increase its viability. This
PhD project comprises two main work packages to address needs relating to this process.
Firstly, the polyimide aerogel particles are synthesised using three different methods: dry-
milling, wet gel grinding, and emulsion in ambient pressure drying; secondly, the stock
shape form is fabricated by consolidating synthesised particles. Although polyimide
aerogel particles can be used directly as a finished product, it is nevertheless desirable to
develop a cost-effective process in order to convert polyimide aerogel particles into stock
shape. To the best of our knowledge, such an attempt has not been reported within any

existing literature on polyimide aerogel.

This study details the development of an alternative technique (adding epoxy and
dimethyl sulfoxide solvent) to obtain polyimide aerogel stock shape by consolidating
polyimide aerogel particles. Using this technique, the solvent exchange is performed on
the powdered form (in less than 3 h), and this results in a significant reduction in the
solvent exchange step compared to the stock shape form (144 h). This approach also
reduces the cycle time involved in processing polyimide stock shape aerogel by nearly

60%, which has a clear potential for reducing production costs.



In order to produce particles of a variety of sizes, dimethyl sulfoxide was added in
different concentrations to dilute it. Microscopic properties of interest, including skeletal
and porous structure, microparticle size and assembly, were then examined using nitrogen
sorption, mercury intrusion porosimetry and SEM. Macroscopic properties, such as
thermal stabilities (up to 500 °C) and conductivities, were also compared and correlated
with other parameters, such as densities and dilution ratios. These methods involved using
produced particles with diameter sizes between 4 and 20 um and porosities as high as
94%. The stock shape samples obtained from particle consolidation were characterised
by mercury intrusion porosimetry, nitrogen sorption, thermogravimetric analysis and
compression testing. Compared with the stock shape made using the existing method, the
powder-to-stock shape samples with epoxy addition are promising in terms of appearance
and mechanical properties. Compression tests also showed that the addition of epoxy
improves the mechanical properties and compressive strength at 10% strain by 18%. In
the same context, the samples made using dimethyl sulfoxide as the solvent exhibited
higher thermal stability and porosity than stock shapes made using traditional methods.
These results suggest that a range of useful thermal and mechanical properties can be

obtained for PI aerogel stock shape prepared using particles.
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Chapter 1Introduction
1.1 Background

The term “aerogel” describes a solid three-dimensional material with high porosity up to
99% [1]. This material can be in the form of organic, inorganic or hybrid molecular
precursors created using the sol-gel processing method [2]. Aerogels were first developed
in 1931 by Steven Kistler [3] at the College of the Pacific in Stockton, California, and
have since been reported for silica, polymers [4, 5], transition metals and hybrid materials
[6]. These first aerogels were made using silica by replacing the liquid component with
gas so that this did not result in the collapse of the solid gel network [7]. With extremely
low density (0.003 g/cm?®), excellent physical properties, low thermal conductivity (0.005
W/m.K), a low dielectric constant, a high surface area (>1000 m?/g) [8] and other
wonderful properties due to their fine pore structure [9], aerogels remain a highly useful
material in a range of different commercial applications. These applications include the
architectural domain and appliance insulation [10, 11], catalysts [12], filters [13] and

nanoparticle detectors [14].

The first organic aerogel was prepared by Pekala in 1987 using resorcinol and
formaldehyde [15], and the resultant product of the condensation reactions between
resorcinol and formaldehyde yielded a porous network structure. After supercritical
drying, resorcinol formaldehyde aerogels were obtained. Since then, many organic
aerogels have been produced, including polybenzoxazine [16], polyurethane [17] and

polyuria.

Table 1.1 includes the properties of some common organic aerogels, including their

porosity, surface area and average pore diameter.
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Table 1.1 Properties of some common organic aerogels [18]

Average pore

Organic aerogels Porosity (%) Surface area (m?/g) ]
diameter (nm)
Resorcinol
80-94 400-900 <50
formaldehyde
Polyimide 90-98 500-1000 15-30
d-form syndiotactic
85-94 200-300 100-300
polystyrene
Polyurethane 71-80 50-170 30-43
Polyuria 79-86 100-300 9-16
Polybenzoxazine 60-90 40-80 30-40

One of the most well-known organic aerogels detailed in this table is polyimide (PI)
aerogel, which has unique thermal and mechanical properties. After development of tPI
aerogel in 2004 [19], a significant level of attention arose around the process of
fabricating this substance and improving its properties. Synthesising the P1 in recent years
has involved the use of several different diamines and dianhydrides, such as 3,3',4,4'-
benzophenone tetracarboxylic dianhydride (BTDA), 2,2'- dimethyl benzidine (DMBZ),
3,3',4,4'-biphenyl tetracarboxylic dianhydride (BPDA) pyromellitic dianhydride
(PMDA), 2,2'-dimethylbenzidine (DMBZ) and 4,4'-oxydianiline (ODA). Different cross
linkers have also been used to optimise the synthesising reaction and reduce production
costs [20-22]. Following work undertaken to synthesise Pl aerogel, several studies have
characterised the resulting P1 under different conditions [23-26]. There has also been a
focus on developing different applications for Pl aerogel in terms of taking advantage of
its several advantageous properties, including their use in the insulation of aircraft to
facilitate entry, descent and landing (EDL) processes and as acoustic absorbers [14, 23,
27].
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Evidence has emerged in respect of several types of materials that, by reducing their total
size from the scale of centimetres or millimetres to micrometres or nanometres, it is
possible to take advantage of properties useful for a variety of applications in areas such
as energy, medicine, drug delivery and catalysts [28-30]. These unique properties cannot
be observed when these materials are in film or monolithic shape. Blueshift, the industrial
partner to this research project, is one of the worldwide companies producing polyimide
aerogel in film and stock shape forms. However, the high costs incurred during the
production of the stock shape, together with the high level of demand for this particular
product, make it necessary to investigate other possible methods. The findings of this
project suggest that it would be viable for Blueshift to synthesise the Pl aerogel
microparticle first before converting the powder into the stock shape.

1.2 Aims and objectives

As a result of several unique properties, several applications have been identified for Pl
aerogel particles. However, as noted above, the manufacturing process currently used by
Blueshift to produce the PI in stock shape form is very costly. Therefore, there is a need
to investigate how this method might be modified to reduce such production costs. In
collaboration with Blueshift, the findings of this project investigate the viability of
synthesising Pl aerogel powder and developing a manufacturing route to convert the Pl

particles into the stock shape form.
The methodology utilised in this research has four essential features:

1- Two forms of Pl aerogel — powder and stock shape — are in hand for use in

different applications.

2- It was considered that there was a need to reduce the total production cost in terms
of using the pre-existing method for manufacturing the Pl stock shape. At a
general level, the two elements of the aerogel fabrication process that result in the
greatest costs being incurred are solvent exchange and drying. Using these
techniques enables the solvent exchange to be placed in the powder particles to

reduce costs in terms of time, chemicals and energy.
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3- Ambient pressure drying is used with both powder and stock shape samples. It
was considered that using the ambient drying method would reduce the total
manufacturing cost even if the duration of the drying process was longer than that

of supercritical drying.

4- At the end of each stage, the fabricated powders and stock shape samples were
characterised and compared, both with each other and with other types of
produced aerogels.

1.3 Outline of thesis

This thesis is the result of three years of work. This work involved Pl aerogel
microparticles being synthesized using milling, wet gel grinding and emulsion processes.
The characterized particles were converted into a stock shape with a specific size and
shape using two different methods, incorporating both the epoxy and solvent. The stock
shapes produced using different powders were then characterised and compared with each
other and with the properties of the stock shape, produced directly by Blueshift. This work

is detailed in the following seven chapters:

Chapter 2 reviews the existing literature on polyimide chemistry in terms of properties,
different synthesis methods, applications, and background information.

Chapter 3 considers the existing relevant literature on characterisation techniques used

with aerogels.

Chapter 4 discusses different methods for synthesising and characterizing PI aerogel in
powder form. Three different methods, dry milling, wet gel grinding, and emulsion
method applied in order to make the polyimide aerogel particles. The synthesized

particles were then characterized using different methods.

Chapter 5 considers different methods for producing the PI aerogel stock shape using the
powder form. Two different methods, adding solvent and adding epoxy, were applied to
the powders and moulded the particles to make the polyimide aerogel stock shape.
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Chapter 6 discusses and analyses the results of characterising the Pl aerogel stock shape

samples made in this work using the methods introduced in Chapter 3.

Chapter 7 summarises the main findings of this study and highlights potential future

directions for research in this area.
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Chapter 2 Literature review: polyimide aerogel chemistry
and manufacturing processes

2.1 Polyimide aerogel chemistry

Polyimides (PI) are high-performance polymers that have higher levels of thermal
stability and lower dielectric constants [31, 32] and more favourable mechanical
properties compared with silica and polymer—silica hybrid aerogels [21]. The
combination of these properties has resulted in these materials being appropriate in a wide
range of applications, including lightweight substrates for high-performance antennas
[33], flexible insulation for space suits [34], and inflatable structures for aircraft in terms
of entry, descent and landing. Among the different organic aerogels, the porously
structured Pl aerogel is the most sought-after, especially in the areas of thermal insulation

and aerospace materials [33].

Pl is a polymer consisting of imide group linkage in its backbone. Depending on the
different structural units of the molecular change, it can be divided into two main aromatic
and aliphatic groups. The aromatic Pl has more desirable thermal and mechanical
properties due to the presence of benzene and imide rings in the molecular structure [34].
For this reason, much of the existing research focuses on this type of PI [34, 35]. Figure

2.1 shows a typical structure for the P1 backbone in different species.

(b) ﬁ 0
\LR I, 147\
I,

Figure 2.1 Molecular structure of (a) aromatic Pl and (b) aliphatic PI [36]

0

(a) 7
\

By another method of classification, P1 can be divided into two main groups depending
on its behaviour after heating, which can be formed in a thermoset or thermoplastic shape.
As the thermoset types of PI are insoluble, it is typical for the thermoplastic one to be
chosen to optimise the materials. The thermoplastic PI, which is corrosion-resistant, has

high thermal and mechanical properties [36]. These properties are demonstrated in the

32



study of Ke et al. [36]. In this study, the researchers used thermoplastic Pl (TPI) to
toughen thermosetting Pl (TMPI) and prepare reinforced Pl (TPI/TMPI) blends, which
showed a high level of increase in thermal stability and glass transmission temperature
for the TPI/TMPI blend sample with a high level of toughness. They used a thermoplastic
oligomer soluble at high temperatures. A network structure was formed, causing a
crosslinking reaction of the end groups of the imide oligomer. Results of 190 MPa were
obtained for the compression test results for carbon fibre-reinforced Pl composites

prepared using the toughening system.

In accordance with their different chemical structures, Pl aerogels can be divided into
linear and crosslinked varieties. The linear P1 aerogel, first synthesised by Rhine et al.
[37] has a large volume of shrinkage along with physical crosslinking among the
molecules. The cross-linked Pl aerogels, meanwhile, can withstand the shrinkage that

may occur during the drying process while maintaining a porous structure [38].

Synthesis of the cross-linked PI aerogel was first undertaken by Kawagishi et al. [20].
They used Pyromellitic dianhydride (PMDA) and 4,4-oxydiphthalic anhydride (ODPA)
as dianhydride with p-phenylenediamine (PDA) and 4,4-oxydianiline (ODA) as diamine.
1,3,5-tris (4-aminophenyl) benzene was applied as a cross-linker. Thermal imidization
was followed by supercritical drying. The fabricated pores are reported as being in the
range of 50-800 nm.

2.2 Synthesis of polyimide aerogel

The existing literature reports several methods for synthesizing P1 aerogel. Among these
methods, there are two that are used most extensively [5, 39]. The first, taking place over
two steps, is the addition of diamine and dianhydride as raw materials. The second, the
isocyanate method, involves dianhydride and isocyanate being used as raw materials.

Figure 2.2 shows the synthesis route for these two methods.
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Figure 2.2 Synthesis route for Pl aerogel: (a) two-step method, (b) isocyanate method [39]

2.2.1 Synthesis of polyimide aerogel with dianhydrides and diamine

Synthesizing the Pl aerogel is based on two different steps. In the first step, the
nucleophilic substitution reaction of dianhydride and diamine is done in order to form a
polyamic acid (PAA) solution. It is very important that the proper amount of diamines
and dianhydride monomers are added to the system to achieve complete imidization and
to prevent any unreacted monomer in the system [40]. In the second step, the PAA is
subject to the imidization process to be dehydrated and to form an imide ring. There are
two methods for conducting this process of imidization: (i) thermal imidization, which
requires high-temperature treatment; and (ii) chemical imidization, which should be
performed under the action of a catalyst and a dehydrating agent, for example Benzoic
anhydride [41, 42]. Occasionally, both types of imidization can be utilised to remove the
organic volatiles and increase the speed of imidization [43]. The final PI wet gel and
aerogel are obtained from a series of operations, including ageing, solvent exchange and
drying. The first Pl, which is synthesised with dianhydride and diamines (using
pyromellitic dianhydride and 4,4’-oxy aniline), is Kapton [44]. Figure 2.3 shows the

chemical structure of Kapton PI.
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Figure 2.3 Chemical structure of Kapton PI [44]

One of the most crucial considerations in the fabrication of Pl aerogels is the choice of
diamine and dianhydride monomers. Depending on their functional groups, rigidity and
inherent characteristics, the chemistry of the backbone can affect the chain’s interaction,
gelation time, shrinkage and morphology, and thus also the properties of the final aerogels
(physical, mechanical, thermal, electrical and optical) [40]. Synthesizing the PI can be
undertaken using several types of dianhydride, including pyromellitic dianhydride
(PMDA), benzophenone tetracarboxylic dianhydride and naphthalene tetracarboxylic
dianhydride. Examples of diamines include 4, 4'- oxydianiline (ODA), 3,3’-diamino
diphenylmethane, and m-phenylene diamine (MDA). The solvent for this process, which
may affect the aerogel polymerization and the open-cell content, can be a dipolar aprotic
solvent. Most studies have used N-methyl-2-pyrrolidone (NMP) as the solvent material
because the essential aprotic nature of NMP can improve the imidization reaction [40].
Dimethylacetamide (DMACc) and dimethylformamide (DMF) are other types of solvents
that can be used for synthesising PI [43]. Pl aerogels were obtained for the first time via
the DuPont process (using chemical dehydration and high temperature for imidization
operation)[45]. After that, monomeric reactant (PMR) polymerisation was used as a
second method. Leventis et al. [46] synthesized the Pl aerogel using the PMR route from
Bifunctional NAD (bis-NAD). This involved using a second low-temperature process to
produce Pl aerogels via monomeric reactants (PMR) polymerisation. A proper
bisnadimide, bis-NAD, polymerized via ring-opening metathesis polymerization
(ROMP), was used as the second-generation Grubbs’ catalysts GC-II. Their aerogel is
reported as showing a varied range of density from 0.13 to 0.66 g/cm? according to
changes in the concentration of the bis-NAD. They also report the existence of a high
porosity aerogel despite the high level of shrinkage of the wet gel. The robust synthesized
Pl obtained using this technique is also reported as having thermal conductivity and
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mechanical properties comparable to crosslinked aerogels. Figure 2.4 shows the ring-

opening polymerization for synthesizing the Pl aerogel [47].
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Figure 2.4 P1 aerogel manufacturing and drying [47]

The long-chain macromolecule reaction that occurs with these methods results in the Pl
aerogels tending to exhibit a greater degree of shrinkage during the drying process, which
can increase density and affect the material’s thermal and mechanical properties [7, 44].
Such a high degree of shrinkage is disadvantageous. Unlike linear Pl aerogels, crosslinked
ones tend to be more successful and have useful properties. Different types of crosslinkers
have been used in the process of synthesizing PI aerogel. The literature also reports that,
in the PI synthesis process, the type and concentration of the crosslinking agents may also
affect the properties and final structure of the produced gels [40]. For example, in one
study, a research group at the National Aeronautics and Space Administration (NASA)
introduced 1,3,5- triaminophenoxybenzene (TAB) as a crosslinker for synthesizing the PI
(see Figure 2.5) [48]. TAB has been used in several research areas for synthesizing Pl
aerogels [49-52]. Further crosslinkers used for fabricating Pl aerogels include 1,3,5-tris
(aminophenyl)benzene (TAPB) [20, 26, 53, 54], 2,4,6-tris(4-aminophenyl) pyridine
(TAPP) [32], tris(2-aminoethyl)amine (TREN) [55-57], octa (aminophenyl)-
silsesquioxane (OAPS) [54, 58]. As the rate of crosslinking is low for all of these
crosslinkers, reducing the oligomer’s molecular weight is obligatory to reduce the

imidization rate [38].
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Figure 2.5 Synthetic route for Pl aerogels crosslinked with TAB [48]

There is also literature, including a study undertaken by the Nguyen research group, on
the potential for conducting the synthesis process for P1 aerogel using triisocyanate as a
crosslinker [22]. Triisocyanate is cheap and commercially available, as reflected in its

extensive use in constructing and insulating buildings and clothing. However, it has low
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thermal stability levels and is therefore unsuitable for aerospace applications. The
aerogels resulting from triisocyanate have a density of 0.06 to 0.20 g/cm?® and the BET
surface area is 580 m?/g. Triisocyanate as a crosslinker results in a lower onset of
decomposition compared to TAB, octa(aminophenyl) silsesquioxane (OAPS) or 1,3,5-
benzenetricarbonyl trichloride (BTC), which have also been used [21, 59, 60]. The
mechanical properties of these Pl aerogels (with triisocyanate as a crosslinker) are also
reported as being similar to or better than those of previous aerogels [22].

Another study [66] compares the effects of the two crosslinking agents 1,3,5 tri amino
phenoxy benzene (TAB) and OAPS, on 4,4- biphenyltetracarboxylic dianhydride
(BPDA) backbone P1 aerogels. In general, the TAB crosslinked aerogels presented higher
levels of shrinkage and density and lower porosity than those crosslinked with the OAPS.
The TAB crosslinked aerogels demonstrated 26% higher density than the same
formulations crosslinked with OAPS. Generally, the aerogels modulus is expected to
increase with increasing density. Based on this, the TAB crosslinked aerogels presented
a factor of four higher compressive modulus and significantly higher levels of surface
area [24, 26].

In recent years, significant research has been conducted to investigate Pl aerogel's thermal
and mechanical properties. The findings of this research indicate that the chemical
structure of the crosslinker and molecular chain both have a remarkable influence on PI
aerogels’ thermostability and mechanical properties. As part of this literature, Jiang et al.
[61] used tri(3-aminophenyl) phosphine oxide (TAPQO) as a crosslinker for Pl to

investigate its different thermal and mechanical properties.

Several studies on the PI synthesis process have recently examined various dianhydrides
and diamines to gain insight into the physical, chemical and processing characteristics. A
noteworthy aspect of this research has been researchers’ efforts to investigate the
precursors to striking a balance between the PI’s thermal stability, molecular weight, and
mechanical and dielectric properties [62]. For example, by adding a rigid structure, such
as a benzene ring, to the PI, thermal stability can be improved; however, solubility is

reduced due to the high rigidity, which reduces the ease of post-processing [62].
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Another example of work undertaken in this area relates to introducing ether bonds and
aliphatic chains to the PI structure to increase the solubility and processability of the Pl
films [62]. Most of the time, these properties run contrary, making it necessary to strike
a balance between these characteristics for different applications [62]. Molecular
structures and the number of different monomers used in the polymerization process can
determine the properties and, thus, the areas of application of Pls. By choosing a
combination of monomers, such as two or more different dianhydrides with one diamine,
or one dianhydride with two or more different diamines, it is possible to optimise Pl
structures [6, 7]. Important factors affecting Pl products' properties include solvent
exchange, polymer chain orientation, chemical conversion, gel thickness reduction and
changes in chain mobility. However, because all of these factors coincide, it is rarely
straightforward to predict the effect of each factor on the final properties [43]. It is for
this reason that many studies have considered initial conditions, such as the chemical

structure of the molecules and the solvents used in the reaction.

The molar ratio of the diamines and dianhydride is another factor that can affect the
morphology and properties of the final product. The required monomers’ concentrations
can be calculated using the information on the final required molecular weight and
polymeric chain length and by understanding the crosslinking mechanism [40]. For
example, Gue et al. [54] found an increase in gelation time (from 30 min to 1h) by
reducing porosity and modulus by increasing the length and number of repeat units,
highlighting increased shrinkage and density [21]. Providing further support for these
findings, Nguyen et al. [22] also report increasing the density and shrinkage of the PI
aerogels through increasing polymer concentration by increasing the repeat units.
Herrero et al. [62] also synthesized the linear and crosslinked PI aerogel with the thermal
imidization process in their study. This involved conducting imidization freeze-drying

and characterising samples with different techniques.

Meador et al. [49] report on the synthesis of crosslinked PI aerogel with very low density
(0.14 g/cm®), high thermal stability (up to 600 °C) and high surface area (512 m?/g). As
part of their synthesizing method, TAB was added as a crosslinker to react with
anhydride, and acetic anhydride and pyridine were used to conduct the chemical

imidization at room temperature. Finally, the aerogels were supercritical dried with
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COz.Formulations made using 4,4-oxydianiline or 2,2'dimethylbenzidine can be
fabricated into continuous thin films using a roll to roll casting process. The films are
flexible enough to be rolled or folded back on themselves and recover completely without
cracking or flaking, and have tensile strengths of 4-9 MPa. They used chemical
imidization at room temperature with pyridine/acetic anhydride to yield fully imidized

cross-linked gels [49].

Zhang et al. [63], meanwhile, report on a synergistic strategy using ultrahigh-speed
homogenising, freeze-drying and high-temperature imidization methods to fabricate an

ultralight aramid nanofiber/P1 (ANF/PI) composite aerogel.

Feng et al. [64] designed 3D printable inks to fabricate PI/CNC composite aerogels. This
ink was mainly composed of water-soluble poly(amic acid) ammonium salt gained
through the complexation of polyamic acids and TEA. The PI aerogel composite in their
work was made with chemical imidization followed by thermal imidization and freeze-
drying. The degree of imidization in the produced composites was analyzed by FTIR. The
absence of signals at 1540 and 1660 cm™* (amide 11 and C=0 stretching of amide) for
pure Pl aerogel implies that the imidization was successful. The partially imidized aerogel

is reported as having shown high mechanical strength for Pl aerogel.

Feng et al. [50] investigated the thermal conductivities of different Pl aerogels. The Pls
were produced using 4,4'- diaminodiphenyl ether and 3,3,4,4'-biphenyl tetracarboxylic
dianhydride, crosslinked with 1,3,5-triaminophenoxybenzene. They found the PI
aerogels’ thermal conductivity [30.80 mW/m.K] to be lower than other organic foams,
such as polyurethane foam, phenolic foam, and polystyrene foam with similar apparent
densities under ambient pressure at 25 °C. These results indicate that Pl aerogel is an ideal
insulation material in the context of aerospace (for air craft and air suits application) and
other applications. The density of Pl aerogel was changed by changing the concentration
of the crosslinker. The researchers also found that increasing the temperature led to
increases in thermal conductivity [50]. Guo et al.[26] meanwhile, the optimised properties
of Pl aerogels were synthesized using 4,4'-oxydianiline (ODA) in a combination of p-
phenylenediamine (PPDA) or 2,2’- Dimethylbenzidine (DMBZ). In terms of optimizing
the mechanical properties, thermal stability, resistance to moisture and other properties
of the P1 aerogels, DMBZ or PPDA were replaced up to 100% with ODA, showing that
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using OAPS as a crosslinker can reduce the shrinkage and density compared with the

aerogels produced using TAB.

Similar to the aerogel produced using TAB as the crosslinker, aerogel featuring DMBZ
exhibits lower density and higher porosity and surface area [65]. Compared to this kind
of crosslinker at the same density, aerogels that are made by BTC (1,3,5-
benzenetricarbonyl trichloride) have the same or higher modulus and surface area [21].
The thermal stability of the aerogels is affected by the chemistry of the backbone. The
thermal stability of the aerogels with 4,4- oxidianiline (ODA) is higher than 2,2-
dimethylbenzidine (DMBZ) [21].

Kwon et al. [66] synthesized Pl aerogel microparticles using pyromellitic dianhydride
(PMDA) and ODA, fabricating spherical particles to use Pl aerogel as a raw material in
different drug release and insulation applications. The porosity and surface area for the

produced Pl is reported as being 80% and 103 m?/g, respectively.

Chao et al. [67] worked on synthesising semi-crystalline P1 aerogels and reported that the
presence of crystalline in the material had a noticeable influence on the properties of the
materials. Their results indicate that the PIs’ glass transition temperature (Tg) was
affected by the flexibility of the polymer chain and intermolecular interactions. They also
show that thermal stability remains high for different types and amounts of crystallisation,
even when the Tg and melting temperature (Tm) are reduced.

Meador et al. [49] worked on PI aerogel synthesis to improve the reaction mechanism.
This resulted in a product with high performance, produced using common diamines and
dianhydrides such as BPDA, ODA, TAB, DMBZ and BTC. Their micromorphology
investigation (Figure 2.6) found that selections of dianhydride and diamine were critical

to the final performance of the products.
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Figure 2.6 SEM image for produced PI using different diamines and dianhydrides, ODA: 4,4-
Oxydianiline, BPDA: 3,3,4,4-Biphenyltetracarboxylic dianhydride, DMBZ: 2,2-Dimethyle
benzidine, BTDA: 3,4,4,4-Benzophenone tetracarboxylic dianhydride [21]

Other parameters in the PI synthesis process (besides raw material) can also affect the
performance and properties of the produced Pl aerogel. For example, Tao et al. [68]
investigated the effect of solid content and concentration of the crosslinker on the
performance of the produced Pl aerogel. They show that increasing the solid content
increases linear shrinkage, density, pore size distribution and compression modulus. They
also show that increasing the crosslinker concentration increases linear shrinkage and
compression modulus. On this basis, the performance of the produced PI aerogel can be
adjusted in terms of both the solid content and crosslinker content [68]. In another
investigation, Feng et al. [50] investigated the effect of temperature, gas type and air
pressure on the thermal conductivity of the Pl nano-aerogels. They report lower levels of
thermal conductivity for Pl aerogel produced using CO> gas compared to the N>

atmosphere.
2.2.2 Synthesizing polyimide acrogel using dianhydrides and isocyanates

The isocyanate method is a one-step method for synthesising PI nano-aerogels. In the first
stage, isocyanate is allowed to react with an anhydride to form a seven-member ring; in

the next stage, imidization is allowed to occur through the catalysts [33]. The produced
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Pl aerogel has low molecular weight and poor performance. However, if the reaction is
conducted under anhydrous conditions, it is possible to produce a far superior aerogel
through the stepwise form of the reactions [69]. The monolithic PI aerogel is synthesised
with pyromellitic dianhydride (PMDA) with 4,4'- methylenediphenyl diisocyanate
(MDI), followed by drying at room temperature. This reaction goes through a seven-
member ring intermediate that collapses to the imide through the expulsion of CO,[33] .
The produced aerogel is compared with the PI-AMNSs, obtained via the classic PMDA
and 4,4’-methylenedianiline (MDA\) reaction. Results reported in relation to this practice
show that the seven-member ring has more rigidity; however, it is also shown that the PI-
AMNSs shrink during processing. Both types of aerogel convert to porous carbon after
pyrolysis at 800 °C [33].

Paraskevopoulou et al. [70] provide a mini-review focusing on aerogels synthesized using
polymers. For this study, the researchers considered Pl and phenolic resin aerogels in a
broad sense but mainly concentrated on polyurea aerogels. They detail a cheaper process
for synthesising the PI using isocyanate to reduce costs, with CO being the only by-
product of this reaction. Chidambareswarapattar [71] describe the simulation of an
experimental method for synthesizing monolithic micro/meso/macro-porous polymers
with potential use in relation to catalysis, gas separations and gas storage. In their
approach, Pl is synthesized from dianhydrides and triisocyanates and subject to

supercritical drying to produce the aerogel.

2.3 Solvent exchange

The solvent exchange or washing step is one of the most important parts of the organic
aerogels manufacturing process. This step typically takes place before the drying process.
The wet gels are placed in a proper solvent and stirred for a specific time, with the solvent
being refreshed until the solvent exchange process is completed. The pores in the wet gel
are filled with polar solvents with high surface tension. There are two main reasons for
conducting solvent exchange in this way: 1) the need to remove unreacted chemicals; and
2) the need to exchange the synthesizing solvent from the pores with a low surface tension
liquid to reduce the solid—solvent interaction and meniscus force [72-74]. There has been

a recent increase in the level of attention around aerogels in terms of their industrial
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applications. On a large scale, the synthesis method must be engaged for a shorter period
and with less energy. While synthesizing a wet gel is straightforward, solvent exchange
and drying are more complicated and time-consuming. Depending on the size of the wet
gel, the solvent exchange may take several days or perhaps even over a week [75]. It is
also likely that shrinkage will result from removing the polar solvent directly from the

wet gel due to the exertion of capillary force during drying [76].

Yang et al. [75] detail a green approach to fully aromatic Pl aerogel manufacturing
through ambient pressure drying. In this synthesis, the only solvent used is water.
Reinforcing the Pl aerogel with graphene oxide can convert the PI to the 2D nanohybrid
aerogel. The mechanically robust Pl aerogel that results in powder or monolith is
subjected to thermal imidization at 200 °C for 24 h, and dried directly in an oven at 100
°C. Lee et al. [77] investigated the effect of different types of solvents on the solvent
exchange step, focusing on the role of vacuum drying during the Pl aerogel manufacturing
process. They exchanged solvents six times every 2 h, taking 12 h in total. They also
considered how porosity could be controlled with different solvents and showed that
increased porosity could be induced using multiple solvents instead of only one. For this
purpose, they used toluene, acetone, methylethylketone, ethyl alcohol and cyclohexane

with different ratios.

Ghaffari et al. [60] reported on the synthesis of the Pl acrogel using 3,3’ 4,4’-biphenyl
tetracarboxylic dianhydride (BPDA) and pyromellitic dianhydride (PMDA). The method
they used for the solvent exchange was conducted over six days, and a transparent Pl wet
gel was formed from pyromellitic dianhydride (PMDA) and 4,4’-diaminodiphenyl
methane (DDM) in a mixture of methanol and tetrahydrofuran with a mass ratio of 4:1.
The wet gel was firstly washed with acetone and then with cyclohexane, which has a high
freezing temperature (6 °C) and high vapour pressure (13 KPa at 25°C). High-
temperature imidization without any visible collapse followed by freeze drying at vacuum
conditions resulted in a green, scalable and cost-effective process for preparing high-
performance Pl aerogel materials [78]. From the findings of these studies, it can be
concluded that solvent exchange and drying are the most expensive aspects of producing

Pl aerogel in terms of time and energy.
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2.4 Sol-gel process

The importance of sol-gel processing has been known for a long time. Indeed, the first
silica aerogels were synthesised in 1845 using this method at the ‘“Manufacture de
Céramiques de Seévres” in France [3], and significant progress has been made over the
past two decades in relation to this processing technique. For example, in the areas of
ceramics and glass fabrication, sol-gel processing has resulted in fresh insight in terms of
essential chemistry and the fabrication of materials. In a basic sense, oxide networks can
now be created by polymerizing chemical precursors in a liquid solvent [79], with sol-gel
processing typically being used to produce a solid material in a liquid at a low temperature
(T <100 °C) [7]. As part of this process, sol is introduced as a suspension of colloidal
solid particles surrounded by a liquid. These solid particles must be sufficiently small and
denser than the liquid. In this case, the forces responsible for the dispersion are more
significant than gravity. In terms of the role of gel, this is a porous three-dimensional solid
network that can expand to the size of the container. There are two types of gel in terms
of the solid particles used in the gel preparation, named according to whether they are
made of colloidal sol particles (colloidal) or macromolecules in a polymeric solution
(polymeric). Gelation occurs when the colloidal particles or macromolecules are
dispersed in the initial sol, preventing the development of inhomogeneities within the
material [79]. Typically, the gelation point is identified in terms of a sudden rise in
viscosity and an elastic response to stress [18]. The sol conversion into the three
dimensions solid network can be initiated with a change in the ionic strength of the
solution or through a solvent exchange process. This process happens through a
difference in the pH of the reaction, which reduces the electrostatic barrier to
agglomeration and promotes inter-cluster cross-linking, leading to the formation of the
three-dimensional gel network [18]. Overall, the structure of the gel forms after
consecutive reactions and reverses hydrolysis and condensation. In the hydrolysis
process, the nucleophilic attack of water leads to the replacement of alkoxide groups with
hydroxyl groups. At the same time, condensation occurs in terms of the formation of M-
O-M bonds between two species of M-OH (where M is a metal element) or M-OH and
M-OR (where OR is an alkoxide group) [80]. In their study, Maleki et al.[81] show that
the sol-gel process for metal oxide can be described in terms of three reactions of the

formation of the polymeric M-O-M bonds. These are illustrated in Figure 2.7[81].
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Figure 2.7 Sol-gel reaction for alkoxysilane [81]

In the process of producing the gel, if the liquid is mainly composed of water, the
corresponding gel is often called “aqua gel” or “hydrogel,” and this material is soft
enough to be cut manually with a knife. If, on the other hand, the liquid phase is composed
of alcohol, then the gel is termed “alcogel.”. Depending on the drying method used,
“xerogel” or “aerogel” will be produced in the next step. Drying the wet gel by
evaporation of its solvent induces a significant contraction of up to 30% of its initial
volume. “Xerogel”, first discovered in 1923 by Freundlich [82], is reserved for this gel
type. “Aerogel” refers to any type of gel that a gas replaces with its liquid without further
shrinkage. Selecting the precursors is the first step of any sol-gel processing, and it is
typical for such precursors to be complex chemical molecules that can transfer to dense
colloidal particles or polymeric gels with a very open macromolecular network. Figure

2.8 shows the process of producing aerogel through sol-gel processing schematically [82].
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Figure 2.8 Preparation of aerogels using sol-gel chemistry [82]

Sol-gel processing is subjected to influence by a number of different parameters, such as
the pH of the solution, temperature, precursor activity and the water/precursor ratio. As
Brinker shows, adding specific catalysts can also make it possible to control the rate of
the hydrolysis and condensation reactions [83]. Further, Gaurav et al. [84] report on how
different molar ratios and types of catalysts can be used to control hydrolysis and
condensation rates as well as gelation time. And Maleki [81] details how sol-gel
processing can emend the aerogel's molecular structure by incorporating different phase
or chemical groups such as alkoxide organo-functions or additives and nanoparticles in

the porous network.
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2.5 Ageing process

The particles are first linked together during gelation to form a necklace structure.
However, at this stage, the linkage among such particles is not by itself sufficiently strong
[85]. The literature details several ways enhancement might be provided to enhance the
gel’s strength. For example, Haereid et al. [86] detail how heat treatment (hot water) can
be used on the wet gel to enhance the mechanical properties of silica aerogel. It is also
possible to age the gel by storing it for an extended period in a liquid medium to minimise
the potential for shrinkage during the drying process. The type of transformations that
may occur during ageing can be chemical or textural [77], and is carried out by immersing
the gel in a proper solvent. For example, Einarsrud et al. [87, 88] used a mixture of water
and ethanol over several hours and days. During the ageing process, any unfinished
reaction of reactive species and unreactive monomers is allowed to complete over time.
The properties of the gel are subject to influence by the type of solvent used for ageing,

as well as parameters such as temperature, pH and length of time allowed [89].

Pei et al. [90] investigated the level of shrinkage during the ageing, solvent exchange and
drying process as part of the Pl manufacturing process. Pl containing trimethoxysilane
side groups was added to a solution of water and HCI in DMF to obtain the DMF solution.
After the mixture was stirred, it was poured into syringes and left to age for two days.
The wet gel was then washed with tert-butyl alcohol 4 times every 12 h, and then freeze
dried. The researchers report that crosslinking could occur during the ageing process and
that the majority of the shrinkage occurred during this step. They also demonstrate that
increasing the concentration of trimethoxysilane in the PI structure increased the level of

shrinkage in the ageing step.

Viggiano et al. [59] investigated a new method for synthesizing the Pl aerogel in order to
reduce the shrinkage in the ageing step, using 9,9’-bis(4-aminophenyl)-fluorine (BAPF)
to disrupt chain packing. To investigate the level of shrinkage during the ageing step,
samples with different concentrations of the BAPF were modulated in terms of the length
of time allowed for ageing and temperature. They reported that the most significant

shrinkage occurs during the first 24 h of ageing. They also show that temperature
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increases can decrease surface area during ageing. Using SEM characterisation, the

degree of agglomeration is also shown to increase as a result of ageing.

2.6 Drying process

The third and final stage for producing aerogel is drying the wet gel. Conducting this step
makes it possible to maintain the gel's initial pore structure, and it significantly affects its
final structure and properties. Given the goal of improving the mechanical strength of the
gel network and reducing the tensile stress produced by the capillary force, research has
been conducted on how stress and shrinkage are induced during the drying process. As a
result, several different drying methods are now used to minimise the damage of capillary
force exerted on the gel network during the drying process [79]. In general, the process
of drying the surface of a wet gel from an organic solvent comprises two steps. The first
step is conducted at a low temperature, close to room temperature, over one or two days.
The second step is conducted at high temperatures (150-200 °C) and is considerably more

energy-intensive [18].

Drying typical aerogels is now commonly done in one of three different ways, these being
ambient pressure drying (which implies crossing the liquid-gas equilibrium curve),
supercritical drying (which necessitates bypassing the critical point) and freeze-drying
(which requires the system to bypass the triple point). Drying is usually conducted as a
means of removing solvents from the aerogels, and this has the potential to have a
dramatic effect on their final properties [91]. During the removal of the liquid from the
pores, there is a need to preserve these pores’ volume matrix structure and the desired

properties of the aerogel. Therefore, this step is critical in aerogel preparation [92].

Generally, in aerogel synthesis, the preparation of wet gel is a relatively fast and
straightforward process; the drying process, on the other hand, gives rise to several more
challenges in terms of the cost and quality of the final product. For example, removing
the polar solvent directly from the wet gel is likely to cause high shrinkage rates due to
capillary force [76]. On this basis, methods such as supercritical drying are recommended
as a means, although such methods are costly and necessitate a high level of safety-related
procedures [21, 23, 24, 26, 47, 65, 93, 94]. Freeze drying is another extended technique

that can be used, although it tends to produce aerogels with high porosity levels and weak
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structure [90, 95-97]. While most of the studies on Pl aerogels are based on supercritical
drying [21-23, 26, 47, 48, 50, 61], the most convenient and cost-effective alternatives are
ambient pressure drying (APD) [74, 76, 98-100] and vacuum drying (VD) [26, 55, 73,
101]. However, as the evaporation of the solvent from inside the pores causes capillary
force, this method remains challenging to implement. To reduce the meniscus force and
the interaction of solid-liquid in the APD and VD methods, surface modification or
solvent exchange with a low surface tension liquid is often implemented [77]. However,
due to the large capillary force exerted during the evaporation of the solvent from the
pores, there is significant potential for shrinkage, causing a loss of porous structure, and
this reason that only a few studies have been published on PI1 aerogel based on APD and
VD [102, 103].

2.6.1 Ambient pressure drying

Realising a wider variety of commercial aerogel applications necessitates identifying
ways the costs of the preparation process can be reduced. Ambient pressure drying
(atmospheric drying) can be conducted at a lower cost and is preferable to other methods.
Although xerogels, as the gels produced using this method, demonstrate significant
shrinkage and a loss of their porous structure, using this method is typically more efficient
in terms of both time and money compared with supercritical drying and freeze drying.
Many studies for different aerogels have discussed the ambient drying method [104-106],
beginning with Fischer et al.’s [48] preparation of resorcinol-formaldehyde (RF) aerogel.
Although the RF obtained showed significant shrinkage, this method of drying remains
more straightforward, quicker and cheaper to use than others. Pisani [107] shows that,
given the goal of reducing the capillary force in the preparation of carbon aerogel with
ambient pressure drying, low surface tension can effectively prevent the distraction of
aerogel during the drying process. The operation process is more straightforward, and the
cost is lower than other methods.

During ambient pressure drying, the solvent evaporates from the pores at ambient
pressure, ranging from room temperature to 200 °C. As this happens, the radius of
curvature of the vapour-liquid interface decreases, exerting pressure on the gel surface.

Nano-sized pores in aerogels are the most crucial feature as they are the main reason for
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shrinkage [108]. The pressure caused by the meniscus in the pore with diameter d is
calculated using the following equation:
4yLV
Pcap = ——"—- (@
cap 7-26 B

As represented in Figure 2.9, d is the pore's diameter, yLv is the vapour-liquid interface's
surface tension, and & is the thickness of the liquid layer adsorbed on the solid surface
[108].

—
(=)

Figure 2.9 A meniscus in a pure wet gel [108]

In wet gel with a fragile porous structure filled with water, the capillary pressure for a
pore with almost 5 nm diameter is around 1000 bar. As shown in Table 2.1, the pores
cannot withstand such levels of capillary pressure, with the thickness of the adsorbed
layer depending on the temperature and vapour pressure of the solvent as well as the

strength of hydrogen bonding between the liquid and the solid [109].

Joao et al. [110] report the straightforward preparation of ambient pressure-dried aerogel
and show that the presence of the vinyl groups prevents network shrinkage during the
drying stage, with the maximum linear shrinkage for the obtained aerogel being 11%. The
produced aerogel from their work is reported to have been light (bulk density <183 kg

/ m®) with a high level of porosity (> 91%).
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Table 2.1 Values of capillary tension for different solvents and pore sizes calculated for T = 20
°C and 6 = 1 nm using equation (1) [109]

Pc (bar) Pc (bar) Pc (bar)
Solvent w
1073 (Nm™) d=5nm d=50 nm d=500 nm

Water 73.1 947 60.9 59
Ethanol 22.8 303 19 1.8
Methanol 22.6 301 18.8 1.8
Acetone 23.7 316 19.8 1.9
Hexane 18.4 246 154 1.5
Isopropanol 21.7 289 18.1 1.7

v wv is the vapour-liquid interface's surface tension. Pc is the pressure caused by the meniscus in
the pore.

Fidalgo [111] presents details of a novel sol-gel monolithic silica aerogel that is suitable
for machining and can be obtained under atmospheric conditions. In her work, the
produced xerogel was characterised by scanning electron microscopy (SEM), nitrogen
adsorption—desorption and a pycnometer, with the porosity, surface area and average
mesopores diameter for the sample with the lowest density, 357 kg/m?, being reported as
83%, 766 m?/g and 11.5 nm, respectively. This aerogel is the one with optimal mechanical

properties.

Kim et al. [112] report on a method for synthesizing the PI aerogel in different shapes,
derived from pyromellitic dianhydride (PMDA) and 4,4, oxydianiline (ODA) in one step
and without the addition of a catalyst for making connections among spherical Pl
aerogels. The produced samples were dried in an oven for different lengths of time and at
different temperatures. Their results show that Pl aerogel could be produced with 45%
porosity and good thermal stability and be oil absorbent. They also detail a stepwise
drying process for producing the monolithic form and provide a breakdown of how drying

can be conducted at temperatures higher than 150 °C.
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2.6.2 Freeze drying

Another technique for drying wet gels is freeze drying. In this method, the excess solvent
is removed through a sublimation process. First, the solvent inside the pores is frozen by
lowering the temperature to a point below freezing, following which the pressure is
reduced below the sublimation pressure at this temperature by exerting a vacuum on the
system. The solvent thus sublimes and is removed from the pores without forming a
liquid-vapour interface. Once the solvent is removed from the pores, the sample is
returned to room temperature [113]. Aerogels that are obtained in this way are sometimes
termed “cryogels” [18]. Gurave et al. [114] and Hering et al. [115] describe freeze drying
processes that result in an opaque aerogel powder. Hering et al. [116] show how the ice
microcrystals that form during the freeze drying process result in more macro-porous
aerogels than those dried using supercritical extraction. During freeze drying, the
nanostructured gels are vulnerable to damage, potentially due to the process of growing
the crystals and the development of stress inside the pores. This highlights certain
disadvantages of this freezing method depending on the solvent used. For example, if the
solvent is water, then the expansion induced through freezing is particularly likely to
result in the pores’ structure being destroyed; if the solvent is an alcohol, on the other
hand, it is likely to be very difficult to reach the requisite freezing temperature (Tt for
ethanol is -113 °C). Typically, freeze drying is used for preparing carbon aerogel [117],
but this method is unsuitable for aerogels with small pore sizes. When the pores are so
small, the overall shape of the gel is difficult to maintain, so it shrinks during the drying

process due to tension exerted by thermal shock.

Nowadays, the freeze drying method is used to prepare graphene aerogel with a large pore
size (macro-size)[118]. Carbon aerogels are obtained in this way and are mainly used in

applications for which there is no need for a macroporous structure[119].

Hu et al. [120] report a novel process for making carbon aerogels using the stepwise
freeze drying method, drawing comparisons between the stepwise freeze drying method
and the traditional freeze drying method by measuring density, linear shrinkage, specific
surface area, pore size distribution, microstructure and compressive strength. Their results

show that, compared with traditional freeze drying, stepwise freeze drying results in
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reductions in carbon aerogel’s density, linear shrinkage and pore size. In this way,
stepwise freeze drying is an efficient method for obtaining carbon aerogels with a fine
microstructure and desirable mechanical properties.

Herrero et al. [121] report on the use of freeze drying for producing carbon nanofiber-
reinforced aerogel, highlighting the influence of the different operational conditions and
physical properties of the carbon aerogel in terms of its morphology, porosity and
conductivity. They demonstrate that density and porosity increased when freezing time
was decreased and that the porosity of the carbon nanofiber-reinforced polymer aerogel
increased when both the vacuum pressure and the freeze drying temperature increased,
respectively. The thermal conductivity of the produced carbon aerogel was in the range
of 0.037 to 0.069 W/m.K. They also show that the operation condition did not affect the

thermal conductivity of the produced carbon aerogels.

Liu et al. [122] present a facile method for Pl synthesis, not featuring chemical
imidization but featuring solvent exchange and subsequent freeze drying. The PAA was
synthesized by mixing ODA and  2,2-bis(3,4-anhydrodicarboxyphenyl)
hexafluoropropane (6FDA) before being poured into cylindrical moulds, frozen at -20 °C
and then freeze-dried for 12 h. The Pl aerogel was obtained by heating the produced PAA
gradually at 80 °C, 150 °C and 250 °C. In order to regulate the microstructure of aerogels,
the co-solvent t-butanol (TBA) was added to change the solvent composition and thus
change the morphology of the solvent crystal. As the researchers note, TBA that is added

in this way can be removed using freeze drying.

Zhang et al. [96] report that Pl aerogels composites obtained using the freeze drying
method have more desirable mechanical properties compared to those prepared with the
CO- supercritical drying method. They also highlight the benefits of freeze drying to
frame it as an inexpensive, green and straightforward method for preparing aerogels and
report a novel double-crosslinking strategy to obtain a freeze dried and robust Pl/reduced
graphene oxide/cobalt (PI/rGO/Co) aerogel.

Xu et al. [123] report details of the production of a series of compressible and elastic Pl
aerogels with three-dimensional architectures using the freeze drying method, including
systematic consideration of the effects of processing conditions (the slope angle of freeze
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drying and solid concentration) on the micromorphology of resultant aerogels. They
compare the mechanical properties of the Pl aerogel produced with supercritical and
freeze drying. They also use the SEM to highlight an isotropic nanofibrous network for
supercritical dried Pls, showing that applying compression to this structure made it weak
and unable to revert to its previous state when the stress is stopped; as a result of this,
permanent deformation and damage occurred to the supercritical dried aerogel with an
isotropic nanofibrous network. However, in the case of freeze dried aerogel with a typical
lamellar structure, when compression was applied along the y-direction, the wave-shaped
and wrinkled layers flattened, and the displacement energy was stored in the deformed
microstructure. After removing the compressive force, the aerogel was observed to

recover its original shape through reversible movement [123].
2.6.3 Supercritical drying

Supercritical drying is another technique for drying the wet gel, involving the use of
supercritical fluids to extract solvent from the pores. As shown in Figure 2.10, to ensure
that it can reach a supercritical condition, the fluid is compressed and heated above its
critical pressure and temperature (for CO2: Tc = 31°C, Pc = 7.4 MPa), giving it liquid-
like densities and gas-like viscosities. The high diffusion coefficient of such supercritical
fluids allows their functions as solvents and their mass transfer characteristics to be
enhanced [124].

The aerogels produced through supercritical drying have higher pore volume and porosity
than those produced through freeze drying and ambient drying [125-127]. Figure 2.11
shows the aerogels dried with supercritical and ambient drying methods. It makes clear
that the shrinkage in the supercritical dried sample is lower than that of the ambient dried

sample, giving rise to greater porosity [124].
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Figure 2.10 Phase diagram of the liquid phase removed from the gel [124]

Figure 2.11: Silica aerogel obtained by supercritical drying (left) and ambient drying (right) [124]

Figure 2.12 shows a flow diagram depicting the typical steps in the supercritical drying
process. The gel with excess solvent is placed inside the high-pressure sealed vessel. Then
the vessel is heated above the critical temperate of CO> (~31°C). Sometimes, the vessel
is preheated before the gel is placed inside to reduce the time to reach thermal equilibrium
and prevent excessive evaporation. In the next step, the vessel is pressurised to a point
higher than the critical pressure of the solvent and CO2 mixture, enabling the CO; to
extract the liquid inside the pores by passing it through the aerogel. At the vessel’s exit,
the combination of the CO2 with the solvent is converted into two phases through the
expansion of the mixture such that it is at a lower pressure. This makes it possible to
collect and remove the solvent from the gel while the CO: is recycled with a pump or
compressor. The system is gradually depressurised down to 1 atm, and the aerogel is

removed [92].
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Figure 2.12 Flowsheet of supercritical drying with CO,[92]

Supercritical drying is conducted in two ways (1): in the supercritical state of the organic
solvents (generally the solvent is alcohol as a pure liquid, above 260 °C if the solvent is
ethanol), which is called the hot process; (2) in supercritical CO2, in which the
temperature is slightly above the critical temperature of the CO2 (~31°C), which is called
the cold process. Tewari reports on efforts using the cold process to produce silica
aerogel, noting that the liquid penetrating the wet gel must exchange CO; either in the
typical liquid state or in the supercritical state [128]. Although both cold and hot
supercritical drying routes can be used on an industrial scale to prepare monolithic silica
aerogels, producing samples in these ways is time-consuming. To speed up CO. washing,
simple molecular diffusion must be assisted by forced convection, for example, by

integrating compression-decompression cycles into the process [129].

After the solvent exchange, aerogels are typically dried using the supercritical drying
method. Neither shrinkage nor collapse of the pore’s structures occurs during the
supercritical drying method because the liquid surface tension at the gas-liquid interface
is eliminated. This technique thus involves no interface between gas and liquid; rather, a
uniform fluid forms between these two forms (Figure 2.10) [124]. The gas-filled aerogels
are obtained when all the fluid is discharged from the gel. In Btaszczynski et al.’s [130]
work, silica aerogel was prepared using sol-gel and a supercritical drying process. They
report that supercritical drying was the most effective process in terms of its ability to
yield a product with optimal properties, with the obtained silica aerogel having a high
specific surface area, good transparency and comparable density. A supercritical carbon

dioxide of alcogels (in ethanol) was used for the drying profile using extraction equipment

57


https://www.sciencedirect.com/science/article/pii/S1877705813007583#!

[130]. The researchers also investigated the drying process for different precursors
(inorganic-silica, organic-starch) with different densities and morphologies (cylindrical
monoliths, microspheres). Depending on the nature of the gel precursor, the extent of

drying yielded significant differences, in the end, textural properties of the dried gel [131].

In their study, Meador et al. [65] investigated the dielectric and other properties of the
monolithic PI aerogel, that were synthesized with two different forms of anhydride end
cap Pl wusing the following combination: 2,2-bis (3,4- dicarboxyphenyl)
hexafluoropropane dianhydride (6FDA) and 4,4'-oxidianiline (ODA); and biphenyl-
3,3',4,4'- tetracarboxylic dianhydride and ODA. The oligomers combined with 1,3,5-
triaminophenoxybenzene to form a block copolymer networked structure in which
gelation occurred in less than 1 h. The resultant wet gel was then dried using supercritical
drying. The Pl is reported as having a low dielectric constant and density and is suitable
for use in antennas due to its high bandwidth [65]. The same research group also reports
on the process of synthesizing the Pl aerogel using 1,3,5- benzenetricarbonyl trichloride
(BTC) as a cost-effective crosslinker instead of other, more expensive types [21]. In this
study, the produced polyamic acid was aged for 24 h and then washed with different ratios
of acetone and NMP, following which supercritical CO drying was performed. The
resultant Pl aerogel with BTC is reported to demonstrate useful mechanical and thermal
properties compared to other less commercial and more expensive crosslinkers. As a
result of their high modulus and surface area combined with onset decomposition in the
manner of other crosslinkers, these types of Pl aerogel are a viable option for aerospace
applications, insulation for refrigeration, clothing, industrial pipelines and building and

construction. However, there are also potential issues with moisture resistance [21].

Zhang et al. [94] present details of the creation of a Pl aerogel with excellent thermal and
dielectric properties synthesized through the polycondensation of 3,3',4,4'-
biphenyltetracarboxylic dianhydride (BPDA), 5-amino-2-(4-aminophenyl) benzoxazole
(APBO) and octa (amino-phenyl) silsesquioxane (OAPS) crosslinker, followed by the
application of a supercritical carbon dioxide (SCCO>) drying treatment. In this study, the
SEM reveals a three-dimensional network microstructure resulting from a highly
crosslinked structure. The linear elastic regions under the 10% strain were observed in

the stress-strain curve, and the researchers show that, due to the absence of a liquid-
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vapour interface, the supercritical drying above the critical point was able to dry the wet
gel without inducing capillary stress. On this basis, they present supercritical drying as a
clean, environmentally friendly and economical method for drying the wet gel [94].

Zhang et al. [132] also report a nanocomposite aerogel produced using Pl and Ag
nanowire (AgNW). The initial AQNW were surface-modified by p- aminothiophenol
(PATP), after which the aerogel was prepared through supercritical drying. A high
increase is reported in respect of the mechanical properties of the PI aerogel. The sample
with 2 wt% of AgNWs is reported as having a 148% increase in compression strength
and a 223% increase in Young’s modulus compared to the pure PI acrogel, as well as an

increase in density from 0.192 to 0.205 g/cm?.

2.7 Properties of polyimide aerogel

As previously discussed, PI aerogel has properties such as flexibility, low density, low
dielectric constant and low thermal conductivity. However, seeking to optimise these
properties, researchers have undertaken work in a number of different areas. Figure 2.13
presents a diagram of the various properties of the Pl aerogel and potential ways of
enhancing each property [39].
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Figure 2.13 Methods for improving the properties of the Pl aerogel [39]
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2.7.1 The flexibility of polyimide aerogel

Given the goal of improving the flexibility of Pl aerogel, research has considered the
potential of modifying the main chain by adding an aliphatic monomer. Pantoja et al.
[133] report an increase in the flexibility of Pl aerogel through the addition of methylene
units (BAPX) functioning as a flexible spacer. As a result of this modification, they report
greater flexibility and lower modulus in the Pl aerogel. They also reported low density
and increased thermal resistance, flexibility and moisture resistance for the PI aerogel
formulated with 25 mol% aliphatic diamines. Cashman et al. [134] also report using
different concentrations of 3-bis (4-amino phenoxy)-2,2- dimethylpro-pane (BAPN) as a
flexible spencer for synthesizing the PI aerogel. The best flexible condition in this study
was achieved at 7 wt% polymer concentrations and 50 mol% BAPN. In another study to
improve the flexibility of the Pl aerogel, Guo et al. [135] used a mixture of 1,12-
dodecyldiamine (DADD) with 12 methylene groups and DMBZ. They elected to use
these resources instead of BAPX, which is not readily available commercially, and BPAN,
which is expensive. The produced film is reported as having the ability to be bent 2 mm
and as having a higher modulus than BAP10. Furthermore, the shrinkage is less than for
BAPX, but with greater moisture resistance. Li et al. [38] meanwhile, show that an
appropriate degree of flexibility can be achieved when the molar ratio of ODA and
aliphatic monomers, used as diamines, is 3:1. They also report the lowest thermal

conductivity (0.031 W/m.K) for the produced Pl aerogel at this ratio.

Surveying the literature broadly, the Pl aerogel produced with the highest degree of
flexibility is film with a 0.5-3 mm thickness. Such film can be used in a range of different
aerospace and thermal insulation applications. However, it should be highlighted at this

point that the flexibility of the PI aerogel stock shape remains understudied [136].
2.7.2 Moisture resistance and dielectric properties of PI aerogel

Several studies have been conducted on the moisture resistance of Pl aerogel [53, 137].
For example, Qiao et al. [137] added a flexible monomer (2,2-bis(3,4-
dicarboxyphenyl)hexafluoropropane dianhydride(6FAPB)) to the PI aerogel structure in

order to increase the water contact angle from 87.7° to 112.1°.
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Seeking to improve the dielectric properties of Pl aerogel, Zhang et al. [94] added 5-
amino-2-(4-aminopheyl)benzoxazole (APBO) as diamine. This resulted in a very low
dielectric content equal to 1.15, making the material suitable for use as an interlayer
medium in advanced semiconductor chip interconnections. Wu et al. [138] further report
that adding the 2, 2'- bis-(trifluoromethyl)- 4,4’- diaminobiphenyl (TMFB) to the PI

aerogel main chain can reduce its dielectric content and improve its moisture resistance.
2.7.3 Thermal stability of PI aerogel

Pl aerogel is typically thermally stable up to 500 °C [139]. However, the degree of
shrinkage below the glass transition and decomposition temperature means that there are
limitations constraining the set of potential applications. Consequently, some studies have
been conducted with the goal of investigating the different effective parameters that can

be manipulated to improve thermal shrinkage [77, 140].
2.7.4 Transparency of PI aerogel

Another parameter that requires consideration is the transparency of Pl aerogel. Although
this is primarily an opaque material with a yellow colour, Vivod et al. [141] report that
it is possible to enhance the transparency of this substance without changing its thermal
conductivity. They report that this is possible using pyromellitic dianhydride and fluorine-
containing monomer 4,4’-hexafluoroisopropylidene di (phthalic anhydride) (6FDA) as
dianhydride. They also highlight the possibility of producing a transparent Pl aerogel with
high surface area and low thermal conductivity due to its small and uniform porous
structure using 25 mol% 6FDA[141].

Synthesizing a Pl aerogel with high flexibility, low shrinkage and moisture resistance is
essential for most practical applications. However, it remains difficult to strike a balance
between these properties simultaneously, and this process necessitates optimisation using
different diamines, dianhydrides and crosslinkers [39]. For example, in relation to
crosslinkers, TAB can promote thermal insulation performance, OAPS can improve

moisture resistance and flexibility, and BTC can increase dielectric properties [142].
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A selection of diamines and dianhydrides affect Pl aerogel products' final performance
and applications. For example, Hou et al. [143] highlight the potential of creating
superplastic Pl nanofiber aerogels (PNFAs) with properties relating to high levels of
flexibility, hydrophobicity, moisture-resistance, oil absorption and thermal insulation.
Furthermore, unlike other types of Pl aerogel, which are reusable only to a very limited
extent due to fatigue failure, weak mechanical stability, and low-temperature resistance,
this type of Pl aerogel can also be reused, broadening its field of application.

As previously discussed, high levels of shrinkage during the ageing, solvent exchange
and drying processes limit the different applications of Pl aerogel. On this basis, Viggiano
et al. [59] introduce a method that can reduce the level of shrinkage by 50% in the ageing
step. For this matter, the polyimide was synthesized using ODA, BPDA and BTC and
then BAPF used as a way of distrupting chain packing on the polyimde aerogel with the
idea of reducing the shrinkage occurring on te aging at elevated temperature. they
reported that the gel time of the polyimide solutions containing 9,9'-bis(4-
aminophenyl)fluorene (BAPF) increased due to the increased solubility of the polyimides
or lower reactivity of the diamine. The produced aerogel structure at this work showed
very little visible physical differences, meaning the addition of BAPF does not impact the
development of the fibrillar architecture of the aerogel. In addition, they repoted that,
isothermal aging results reveal dramatic reduction in shrinkage for samples made using
more amount of BAPF [59].

This kind of Pl aerogel can be used in any application with temperatures as high as 200
°C for extended periods. As previously noted, although various practical applications
demand a combination of flexibility, low shrinkage, moisture resistance, high mechanical
properties and thermal stability, striking an appropriate balance informed by the
application's precise requirements remains difficult. Producing PI aerogel with most of
these properties has given rise to research in manufacturing composites. In addition, Pl
aerogels have the property of a high rate of adsorption in extreme environments in respect
of organic pollutants and grease, having the ability to reach 30-195 times its mass, a rate

much higher than those observed for other organic adsorbents [144].

As previously noted, producing PI aerogel with all the simultaneous requisite properties,

such as flexibility, low shrinkage levels, thermal conductivity and density, remains
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challenging. This highlights the need to consider how such Pl aerogel might be
synthesized in this way. As part of this research tradition, Zihao et al. [145], provide
details relating to manufacturing a composite of glass fibre with P1 with glass fibre being
used in place of an expensive crosslinker to reduce costs. The resulting composite is
reported to have high compressive strength, low thermal conductivity and excellent

thermal stability.

2.8 Different applications for aerogel

Overall, aerogels demonstrate their suitability in respect of a wide variety of applications,
as depicted in Figure 2.14 [146]. As previously discussed, the modern industrial
applications for aerogels include thermal insulation for aerospace, construction or any
context in which there is a need for high surface area and porosity. These requirements
are reflected in the ongoing scientific research into aerogels, and Figure 2.15 illustrates
the growth in the number of publications examining such topics in recent years [2, 147].
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Figure 2.14 Different applications for aerogels [146]
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Figure 2.15 Total number of publications examining aerogel over the past 30 years (1988-2019)
[2]

The range of aerogel applications has grown recently as industries have become more
familiar with this substance’s unusual and exceptional physical properties. Hrubesh
discusses various specialised applications of aerogels and presents various technical

applications in terms of aerogels’ differing sizes and shapes [148].

In the case of PI aerogels, their exceptional thermal stability and insulation properties
combined with high mechanical properties make this group of aerogels highly useful as
thermal insulation materials and dielectric and moisture-resistant materials [39]. Figure

2.16 portrays general applications for Pl aerogels across various areas [39].
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Figure 2.16 Typical applications of Pl nano-aerogels. HIAD: Hypersonic inflatable aerodynamic
declaration; EDL: Entry, descent, and landing; FTPS: flexible, thermal and protection Thermal

insulation materials [39]

Several studies on the nanoporous structure of P1 aerogels have provided evidence of their
ability to reduce heat transfer at room temperature. For example, 14 mW/m.K rates for Pl
aerogel thermal conductivity have been estimated [93]. NASA also provide details of the
use of Pl aerogel in different thermal protection systems, with such an application of PI
aerogel demonstrating that it can successfully prevent heat transmission. Based on this
property, Pl aerogel sees use in several other aerospace systems, including propellant
tanks, spacesuits, probe vehicles and aircraft [54]. In addition, it can be used as a polymer

in adiabatic applications [142].
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2.8.1 Dielectric, communication devices and moisture-proof materials

Pl aerogel with a low dielectric constant can be synthesized with different raw materials.
There is also a need to consider the aerogel's hydrophobicity to promote its dielectric
constant. For example, the P1 nano-aerogel can be used in antennas as a substrate material
with more desirable properties than traditional substrate materials. The use of Pl aerogel
in antennae can also expand the communication range by 80% [39]. The low dielectric
constant of Pl aerogel also means that it can be used in electronic communications and
global positioning systems (GPS), although it should also be noted that, in general, Pl
aerogels can be replaced by all traditional materials in different fields [145].

2.9 Different forms of polyimide aerogel
2.9.1 Polyimide aerogel stock shape

The research that has been conducted has tended to pay attention to Pl aerogel on the
basis of the fast and facile synthesis method, characterized by its safe and short operation
and environmentally friendly process [149]. The polyamic acid can be synthesized in
different ways. After the imidization process, it can be moulded in any size and shape and
left to age, following which the PI aerogel stock shape will be produced after solvent

exchange and drying [150].

2.9.1.1 Moulding process

Moulding is a process for manufacturing shaped liquid, plastic or unformed material
using a fixed frame. Different moulding processes are called according to the plastic to
be used, and each process involves multi-step handling of molten plastic and leaving this
to set. The product can be thermoplastic or thermoset. In terms of the differences between
these, thermoplastics can be melted down and reformed if necessary; however, thermoset
plastics cannot be reheated in this way. Generally, the mould is made from metal, enabling
the plastic material to be poured in and shaped. It can be removed after the material cools
and hardens inside the mould. There are different types of moulding processes, and the

ensuing sections consider different such processes in turn.
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2.9.1.1.1 Casting moulding

Casting is the primary method for moulding plastic material and is typically used for
making film and sheets. The solid formed is produced using chemical curing or cooling
the liquid inside the mould. Casting moulding is generally simple in terms of this method's

technology demands [151].

2.9.1.1.2 Injection moulding

Injection moulding is a technique for reproducing high-quality objects. When this
technique is used, the molten plastic is injected into the cold and closed mould, and,
following the completion of the shaping of the plastic, it can be released simply by
opening the mould. Different types of components are produced using this
technique[152].

2.9.1.1.3 Blow moulding

Blow moulding is a process used for making products such as piping and milk bottles.
When this technique is used, the plastic is heated until molten and injected into a cold
mould. The mould has a tube set within it, which has a particular shape when inflated.
When the plastic is molten, the air is blown into the tube, and the plastic is formed around
the tubing. It is then left to cool and removed from the mould[153].

2.9.1.1.4 Compression moulding

Compression moulding is a forming process that is generally used for making large-scale
products involving the application of pressure and the press technique. To use this
technique, pressure is applied, and the molten plastic is pressed between two mould plates
of the desired shape. The plastic is left to cool and then removed from the mould. This
method is typically used when the target components are flat or only moderately curved.
The advantage of this method relates to its low costs and the minimisation of waste, which
is an essential consideration when working with expensive materials, especially in large
quantities [154].

Pekala et al. [155] used compression moulding for making rod, block and monolithic
silica aerogel composite. As part of this approach, the micro spherical particles were

moulded under pressure and heated to a point between 50 and 70 °C. This approach to
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compression moulding produced a monolithic silica aerogel composite with densities

ranging from 0.05-0.80 g/cm?.

Joshi et al. [156] investigated the effect of mould design on manufacturing silica
composite sheets. This was done by applying different moulding techniques and
investigating their influence on aspects of the composite, such as shape, shrinkage and
other properties. They show that optimising the mould design and condition can help
achieve perfectly uniform, thin, geometrically flat aerogel composites with no curvature

or warpage.

Kim et al. [112] report the results of an investigation into a one-step method for
synthesizing Pl monolithic aerogel. Pyromellitic dianhydride (PMDA) and 4,4-
oxydianiline (ODA) polymerization was used to produce a homogenous structure with
high thermal and mechanical properties using the thermal curing and swelling method
(the process of penetration of solvent molecules into a polymer matrix causing a change
in the volume). Instead of using supercritical drying, a multi-step process typically
incurring significant costs, the researchers used ambient pressure drying. Thus, the
synthesized polyamic acid was stirred and slowly added to acetone for 1 h. The space in
the baker was filled with acetone making the porous structure swell. The mixture was
then put in an autoclave and a vacuum oven for 6 h at 150 °C. The produced PI aerogel is
reported as being thermal stable up to 577 °C with a Tg (glass transmission temperature)
of 432 °C, bulk density and porosity of 490.7 kg/m® and 45%, respectively. Compared
with supercritical dried aerogels, a relatively lower compression modulus of 0.122 MPa
at a higher density of 0.49 g/cm? and significantly lower porosity of 45% are reported for
this method. Based on the thermal properties of supercritical dried aerogels, the produced
Pl aerogel monolithic is reported as having a high onset of decomposition of Td10s(10%
decomposition temperature) = 577 °C. Moreover, samples are reported as having an
ability of about 100 wt.% oil uptakes and reusability after 24 h of 100 °C atmosphere
pressure drying for water filtering applications [112].

Chidambareswarapattar et al. [157] detail a method involving monolithic multiscale
micro/meso/macro-porous polymers with potential use in catalysis, gas separations and
gas storage. The system is based on hyperbranched Pls synthesized via an unconventional
route from dianhydrides and triisocyanates. For their synthesizing reaction, pyromellitic
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dianhydride (PMDA) or benzophenone tetracarboxylic dianhydride (BTDA) were put to
react in a 3:2 mole ratio with a rigid aromatic (TIPM) or aliphatic triisocyanate. The
gelation process was conducted at 90 °C and left at room temperature before supercritical
drying. They also report using different techniques in order to control micro, meso and
macroporosity. Macroporosity is reported as being controlled mainly in terms of the
reactants’ concentration, while mesoporsoity and how the particles fill space were
controlled in terms of the monomers’ chemical identity[157]. This study also details how
a continuous fabrication method was applied to manufacture the PI aerogel’s pill shape
during the oil emulsion process. The deformable spherical sol is processed through a
contraction flow downstream of the microfluidic droplet generator. Using this technique,
the sol droplets transformed into sol microparticles. The pill-shaped Pl aerogel
microparticles are reported as having a diameter of approximately 200 um and a length
of roughly 1000 pum, and so heating of the pill-shaped microparticles at 80 °C was
conducted to accelerate the sol—gel transition and fix the pill-shaped geometry. The
researchers also detail how microparticle length could be controlled by varying the ratio

of the flow rates of PI sol and silicone oil [158].

Meador et al. [23, 49] produced a flexible and mechanically robust Pl aerogel using a
version of the sol-gel process. Three different diamines (ODA, DMBZ, or PPDA) and
two dianhydrides (BPDA or BTDA) in different stoichiometric ratios were used to
synthesize the polyamic acid. Immediately after mixing various diamines with
dianhydrides, the mixture was poured into a mould and aged for 24 h. The PI aerogel was
made and ready for characterising after a solvent exchange with N-methyle-2-pyrrolidone
(NMP) and acetone in different ratios and steps, followed by supercritical and vacuum
drying.

Zhai et al. [52] synthesized PI aerogel in monolithic form. The solid mass was calculated
according to the final solutions' weight concentrations of Pl products. Manipulation of
different solid content (2.5%, 5%, 7.5%, and 10%) and changing the types of solvent
(NMP and DMF) were undertaken to produce the samples. The caste moulding was
applied such that the monolithic sample was 32 mm in diameter and 2.5-5 mm in

thickness. Different gelation techniques were also used depending on the solid weight in
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the mixture, from 10 min to 3 h. After ageing for 24 h, solvent exchange was applied six

times. After supercritical drying, the samples were prepared with liquid COo.
2.9.2 Polyimide aerogel film

Pl aerogel can be fabricated in film form with different thicknesses and different
properties. The main aerogel products currently offered on the market are film and
blankets manufactured by sol-gel casting and processing in fibre matrices, followed by

drying under supercritical or ambient conditions [159, 160].

Mi et al. [26, 161] introduced a new high-performance triboelectric nanogenerator
(TENGS) using the PI aerogel film and mat on triboelectric nanogenerators (TENGS).
This involved the application of the electrospinning method for preparing the Pl mat.
Polyamic acid was synthesized using NMP in a molar ratio of dianhydride to total
diamines of 26:25. Different types of diamines and dianhydride, such as ODA, OAPS,
TAB, DMBZ and PPDA, were used in different ratios. The synthesized polyamic acid
was then cast onto a PET carrier using a 12’ wide blade at 80 cm/min speed. The gel film
was peeled away from the carrier film, and these films were then washed in 24-h intervals
in 75% NMP in acetone, followed by washing in 25% NMP in acetone and then three

more times with acetone. The washed film was finally subject to supercritical drying.

Meanwhile, Hou et al., [153] fabricated super flexible P1 aerogel by crosslinking the Pl
membrane with P1 nanofiber. For this reason, firstly, PI nanofiber was prepared by mixing
pyromellitic dianhydride (PMDA) and 4,4'-oxidianiline (ODA) in dimethylacetamide
(DMAC). The produced polyamic acid was then poured into the syringe, following which
electrospinning was applied at a voltage of 100 kV/m and speed of 1.5 mL/h to produce
the PI nanofibers. The produced nanofibers were added to the separate polyamic acid and
mixed to achieve uniform dispersion after 12 h. Propionic anhydride and pyridine were
then added into the PI nanofiber/PAA solution as gelation agents and poured them into
the mould. The washed wet gel with ethanol was finally subject to supercritical drying.

Qian et al. [53] introduce a new method of creating thermally crosslinked aerogels from
electrospun PI nanofibers as building blocks to avoid the neck and the crosslink stress

concentrations proposed from the gels and the chemical crosslinkers, respectively. In this
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method, the prepared PAA from ODA and PMDA monomers was processed by means of
electrospinning, followed by thermal imidization. The nanofibers were then homogenized
in dioxane, followed by freeze drying to maintain the integrity of the solid network.
Finally, thermal treatment at 500 °C for 15 min was used to crosslink the nanofibers by
means of intermolecular condensation. The thermal crosslinking resulted in relatively low
shrinkage of less than 4% and a weight loss of about 18%, and the main functional groups
of Pl remained intact after the thermal treatment. Highly flexible aerogels with a very
low-density range of 4.6 —13.1 mg/cm?, a 99.0-99.6% porosity, and various shapes were
formed [162].

2.9.3 Polyimide aerogel powder

Gelation and processing of sol on a large scale, as in the production of a blanket or stock
shape, are tasks of high complexity that are made even more complex and that take longer
to complete by the longer diffusion lengths for solvent exchange and the inserts of
hydrophobisation agents and catalysts into the gel body [163]. Such processing is both
costly and time-consuming. However, particle-based aerogel is a promising alternative in
sol-gel processing that can accelerate manufacturing and reduce costs, especially those

associated with solvent exchange and drying processes.

Recently, evidence has emerged that reducing the dimension of such materials from a few
millimetres to a micrometre or even a few nanometres induces many unique properties
[164]. Typically, aerogel microparticles with 50-200 um diameter have advantages that
make them particularly appropriate for use in ion transport or ion adsorption, the removal
of toxic liquids and the delivery of drugs, in which tasks large surface areas and short

diffusion paths are likely to be beneficial [165].

Aerogel microparticles from thermally stable polymers such as Pl have a variety of
applications, many of which can be said to be due to the advantages they have as
compared with large-size monoliths. For example, Pl aerogel microparticles of a few
nanometres or micrometres have a triple mass diffusion rate compared to monolithic ones
with similar porosities and surface areas. For this reason, monoliths cannot be used in

applications requiring powders or microparticles, such as catalysts, energy storage
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devices, drug delivery systems, scaffolds or the absorption of small organic molecules
[164].

Powder particles can be produced using a variety of techniques, such as spray drying
[166-168], emulsion [169-173], jet-cutting [174-176] and dry milling, in which the
powder is obtained using mechanical crushing of previously formed monolithic aerogel
structures [177, 178]. However, regardless of how they are made, such dry-milled powder
exhibits weak mechanical properties [164]. In their study of Pl microparticles, Lee et al.
used swelling methods in order to control pore size and porosity. Using this simple
technique, which did not require a solvent exchange or supercritical drying, the
researchers were able to increase pore size and pore volume from 4 nm to 20 nm and 1.29
to 2.06 cm®/g simultaneously [179]. The polyamic acid was synthesized to prepare the
particles by adding the ODA and PMDA into the NMP pore in the glass vial. The free
volume was filled with acetone, and the vial was placed into the autoclave at 4 MPa at
250 °C. While the outer solvent evaporated to create a critical atmosphere, the liquid
phase NMP is reported as having played an essential role in the system, retaining the gel

structure against shrinkage with the vapour pressure of 0.4 MPa at 250 °C.

In their study, Yamaguchi et al. [180] used spray drying at 120 °C to produce PI powder
and the uniform solution produced using BPDA, DMZ and methanol was mixed and
sprayed at 120 °C and then dried over multiple steps.

Cano et al. [181] investigated different effective parameters for making P1 foam from
powder precursors, including the evaluation of parameters such as particle morphology,
volatile concentration and sorption-desorption. The Pl particles were synthesized from
poly(amic acid) of 3,3',4,4"-benzophenonetetracarboxilic dianhydride, (BTDA) and 4,4'-
oxydianiline (ODA) with sizes in the range of 75 to 300 um being used in the foam
processing. The particles were heated to glass transmission temperatures and converted

into foam.

Yun et al. [182] improved a modelling method for synthesizing Pl powder using the 1,3-
bis [4-(3-aminophenoxy)benzoyl] benzene (BABB) and pyromellitic dianhydride
(PMDA). They considered the morphological structure, melt viscosity, powder’s thermal

stability, and mechanical properties of the moulded powders and report that, compared to

72



Pl made in the traditional manner, the glass transmission temperature and melt viscosity
of the moulded powder were lower. They also report that the reason for this relates to the
introduction of the flexible monomer into the polymer chain. At the same time, the
moulded PI powder is also reported as showing desirable mechanical properties, low

water absorption and high thermal stability.

Instead of using supercritical drying, Kwon et al. [66] synthesized Pl aerogel
microparticles using a newer, simpler method. A soluble P1 was replaced with Kapton
chemical structure Pl polymer (developed by DuPont), with superior mechanical
properties and chemical stability. The polyamic acid prepared through the reaction of
PMDA-ODA was placed in an autoclave and the space between the autoclave and the
glass of polyamic acid was filled with acetone. Pl aerogel microparticles were then
formed by placing the autoclave in an oven and applying step-wise heating from 150 °C
to 250 °C with a 2 °C/min ramp. At 250 °C, the acetone was in the supercritical stage but
NMP, as the main solvent, was still in the liquid phase. Therefore, the polyamic acid was
able to cure into Pl without solvent evaporation. After 400 min of processing in the oven,
the autoclave was removed, and the Pl aerogel microparticles were extracted from the
solvent in the form of colloid and dried at 130 °C in a vacuum environment in order to
complete the curing reaction and produce the Pl aerogel microparticles. Using the
dynamic light, it was observed that the size of the spherical particles was in the range of
3.6 and 4.9 pm, with 0.306 g/cm? density and 80% porosity. The TGA characterization
results also confirm that the Pl aerogel microparticles had been subject to the imidization

reaction to the required standard [66].

Lee et al. [179] used swelling methods to investigate P1 aerogel’s spherulitic formation.
Using this simple technique, which did not require solvent exchange or supercritical
drying, it was found that pore size and pore volume increased from 4 nm to 20 nm and

1.29 to 2.06 cm®/g simultaneously.

Vaganov et al. [183] used selective laser sintering to manufacture a thermoplastic semi-
crystalline polyamide powder. Narrow particle size distribution was achieved using SEM
characterization. The DSC results for the PI particles showed endothermic melting peaks
at a temperature of ~318 °C, indicating that they were crystalline. At the same time, the

specific thermal transitions corresponding to Tg could be observed only by reheating the
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powders. In order to produce the PI powder [183], polyamic acid was synthesized using
polycondensation of anhydride with a diamine. After the amines were mixed with
anhydride in a specific ratio, phthalic anhydride was added for 4 h to control the molecular
weight. In the following step, a mixture of acetic anhydride, triethylamine and benzene
was added and vigorously stirred for 1.5 h to induce the chemical imidization and produce
the powder particles. The filtered particles were then washed with ether and methyl
alcohol and dried at 220 °C for 2 h. In order to measure and study the shape and size of
the particles, image-J was utilised as a means of gaining SEM images. SEM
characterisation was then possible to achive a narrow particle size distribution. The
fabricated particles were mostly irregular and in the 2-30 um range. The data from the
distribution plot showed that the primary particle size fraction lay at 6-15 pum. The DSC
results for the PI particles also demonstrated endothermic melting peaks at a temperature

of ~ 318 °C, indicating that they were crystalline.

2.10 Consolidation of powder particles

Recently, a new PI aerogel has been developed at NASA’s Glenn Research Centre [21].
This Pl aerogel represents a revolutionary advance over the fragile silica aerogels
currently available on the market. The industrial sponsor of this project, Blueshift
International Materials, has an exclusive licence for this technology. Although, as
previously discussed, Pl can be synthesized using various methods, the most versatile
may be the crosslinking of amine-terminated or anhydride-terminated oligomers [43],
which makes it possible to produce highly porous aerogels in either flexible thin films or
rigid thicker substrates. Pl aerogel can be prepared in different forms such as monolithic,
film and microparticles. The more straightforward fabrication methods that can be used
to produce P1 monolithic mean that this aerogel is likely to be the focus of increasing
levels of attention [172]. As part of the research considering this aerogel, Meador et al.
[184] reviewed the properties of Pl aerogels and formulated oligomer chain lengths using
different diamines and dianhydrides. They state that the resultant wet gel must be subject
to solvent exchange and drying processes. Such processes are costly in terms of time and

money when conducted to produce Pl monolithic and stock shape.
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In order to use all the unique properties of the metastable material, consolidation and
densification of the particles are necessary to produce a specific shape and size of stock
shape material. There are several applications for which it is necessary to produce a
particular type of material in terms of its geometry, size and properties. Given this, the
consolidation process is typically conducted to densify the powder with minimum

coarsening. If this goal is to be achieved, some restrictions must apply [185].

The consolidation method can be selected as informed by the initial particle size, the
acceptable degree of (in)stability and the available equipment. Rapid consolidation is
usually used with powder in the micron range, which necessitates using a high
temperature over a lengthy period. Using consolidation for particles with a size below the
micron range causes agglomeration due to friction and contamination, and so the

recommended method of dealing with these particles is typically pressure [185].

In general, densification and consolidation processes are used to convert initial powders
into bulk materials to produce no pores or only a minimum number of pores between the
particles. This is also done to consolidate the powder particles by reducing the free surface
energy as a driving force, which depends on the type and condition of the initial powder
and the level of stability that is required by the end of the process. The main step in
consolidating powder is collapsing the pores and filling the void spaces between the
particles using a binding agent. Generally, the powder particles are thermodynamically
unstable, with their morphological metastability depending on the size and shape of the
particle. As the following equation demonstrates, the surface area of the particles will be

increased by reducing the size of the particle:
6/(c x ps)=d )
Where psis skeletal density, ¢ is specific surface area, and d is the diameter of the particle.

When selecting the optimal consolidation method from the specific particles, several
parameters can be considered: the initial particle size, its application and the level of
metastability required of the usage particles. There are also different methods of
densifying the material. Sintering, compression and adding binder material such as epoxy

are all methods that can be used to solidify such material.
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Joshi et al. [156] report on the moulding of silica aerogel granules in a rectangular mould
using Porcine gelatine as a binder and sodium dodecy| sulphate as a foaming agent. Freeze
drying under a vacuum was employed for 18-24h with the samples. The mechanical
properties of the produced samples were also measured using different moulding

conditions.

Woignier et al. [186] meanwhile, made use of sintering by means of heat treatment in
order to densify the silica. In their study, finding that the type of thermal treatment, the
final density and other properties of the produced silica aerogel vary accordingly. They
detail an increase in the bulk density of the produced silica aerogel induced by increasing
the temperature. They also report a significant relationship between the pore volume of
the samples and their mechanical properties and the strengthening of the material. They
also note that heat treatment would increase the material’s connectivity and mechanical
properties [186, 187].

Kim et al. [112] fabricated PI aerogel monolithic using pyromellitic dianhydride (PMDA)
and 4,40 -oxydianiline (ODA) without adding any other component for the purpose of
connecting the microspherical particles. For this process, the PAA was poured into a glass
bottle and then placed in an autoclave. The space between the glass and the autoclave was
then filled with acetone. The Pl monolithic was fabricated from the microspherical
particles using stepwise drying throughout a gradual heating-up process. The researchers
report TGA showing similar thermal properties for both the particle and monolithic

samples.

2.11 Epoxy resin introduction

Pre-polymers with low molecular weight contain one or more reactive functional groups
called epoxy, which, in IUPAC, is known as the oxirane group[188]. The other parts of
the molecule (non-epoxy part) can be aliphatic, aromatic or cycloaliphatic, all of which
relate to the epoxy group. Epoxy resin was discovered for the first time in 1909 [188].
The general structure of the epoxy group is detailed in Figure 2.17 [188].
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Figure 2.17 (a) epoxy group (oxirane), (b) aliphatic, (c)cycloaliphatic [188]

Different types of curing agents can react with epoxy rings as part of treatment to cause
the insoluble and infusible state of thermoset polymers to take a soluble, fusible form.
Different types of solvents, plasticizers and accelerators can all be used to improve and
modify the properties of cured resin in this way. This process can be analyzed as
comprehending two distinct stages: conversion and crosslinking. During conversion, the
chemical reaction occurs so that the reactive group (the epoxy group) disappears. In the
next step, the three-dimensional network known as crosslinking is shaped. The degree of
crosslinking is affected by the chemical reaction, the conversion, and the compounds’
functionality within the reaction [236]. Due to the electronegativities of carbon and
oxygen atoms in the epoxy group, compared with other ethers[189], epoxy resin is highly

reactive.

The first and the most common epoxy resin is the reaction product of bisphenol-A (BPA)
and epichlorohydrin (ECH) in the presence of sodium hydroxide, which produces
diglycidyl ether of bisphenol A (DGEBA) (see Figure 2.18)[188]. This epoxy group can
be cured using various chemicals, such as alcohols, amines, anhydrides, carboxylic acids
and phenols. The curing agent is the determining factor in the kinetic of the curing
reaction and dramatically affects the performance of an epoxy system. Amines are the
most common hardener, having more than three reactive sites that can be used in order to
produce a three-dimensional network. Three main reactions (primary amine-epoxy
addition, secondary amin-epoxy, Hydroxyle-epoxy addition)[190] define the curing in the
epoxy/amine systems, and these reactions may happen simultaneously or sequentially

based on temperature and component reactivity [188].
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Figure 2.18 Chemical structure of diglycidyl ether of bisphenol A (DGEBA) [188]

In the late 1950s, several new epoxies were developed to have excellent properties, setting
them apart from diglycidyl ethers. This epoxy was produced to be able to duplicate the
performance of the thermosetting plastics. Due to their wide range of applications and
properties, epoxy resins can be used in a wide range of applications relating to coatings,
electrical goods, electronics, casting resins, dipping compounds, and moulding powders
[189]. It is also possible to use epoxy to bond different materials to each other, including
metal, glass, wood and many plastics. On this basis, epoxy is considered so versatile

across many industries.
2.11.1Properties of epoxy

The properties of epoxy can be categorised into the following groups [191]:

Versatility: Epoxy resins are the most common among different types of plastics. Other
types of their properties can be improved by selecting the proper curing agent and
blending different types of resins.

Easy cure: Epoxy resin can cure quickly, depending on the selected curing agent, at

temperatures between 5 and 150 °C.

Low shrinkage: One of epoxy’s most advantageous properties is the low degree of
shrinkage exhibited during the curing process.

Adhesive properties: The presence of polar hydroxyl and ether in epoxy means that it
has excellent adhesive properties. In plastic technology, adhesive strength without

extensive costs being incurred in terms of time or pressure is highly sought after.

Useful mechanical properties: The low degree of shrinkage compared to other casting

resins means that epoxy has beneficial mechanical properties.
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In the epoxy system, the networking process is divided into three stages. The first stage
relates to the point before gelation, at which point there are unreacted monomers and low
molecular weight oligomers. In the second stage, gelation and the initial appearance of an
infinite molecular weight network occur. In the third stage, network growth ceases as the
crosslinked structure prevents the diffusion of unreacted species to active reaction sites
[192]. In addition, depending on the application and required properties of the epoxy,
other types of bisphenols can be used to modify the properties of the resin. For example,
bisphenol F is used for synthesizing the diglycidyl ether of bisphenol-F resin (DGEBF),
giving rise to a resin of lower viscosity. Bisphenol-H (hydrogenated bisphenol-A),
meanwhile, is used to synthesize diglycidyl ether of bisphenol-H (DGEBH), which
demonstrates a high degree of weather resistance [191]. Bisphenol-S (4,4, -dihydroxy
diphenyl sulfone) is used to obtain thermally stable epoxy resin known as diglycidyl ether
of bisphenol-S (DGEBS) [192]. In this way, it can be seen that the properties of resin
depending on the combination of the epoxy resin and curing agent. A significant volume
of literature considers the properties of the different types of varieties of epoxy resin and
curing agents [193-199].

Determining the presence of epoxy is done using infrared spectroscopy. This technique
uses the adsorption band at 10.92 microns to show the epoxy group. When the epoxy is
cured, this band will disappear as a result of the opening of the epoxy ring [200]. It is also
observed that the chemical and mechanical properties of the cured epoxy depend on the

types of curing agent, time and temperature of the curing.
2.11.2 Epoxy resin application

Research on epoxy resin technology began in the United States and Europe just before
World War 1l [201]. As a result of this long research tradition, it has emerged that epoxy
resins can match the performance of most other thermosetting plastics and that their
performance can be improved to make them suitable for a high number of specialized
applications. Due to their excellent mechanical properties, high degree of adhesion in
respect of many substrates, and a high degree of resistance to heat and chemicals, epoxy
resins are used across many fields. They are used as fibre-reinforced materials, general-

purpose adhesives, high-performance coatings and encapsulating materials [202-205].
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Recently, epoxy resins with high strength, versatility and the ability to adhere well to a
variety of surfaces have gained attention due to their wide range of applications in many
fields, such as coatings, electrical, electronics, casting resins, dipping compounds,
moulding powders and reinforced plastic industries [30]. As noted previously, the
properties of the epoxy depend on the types of epoxy resin, the curing agents and the

specifics of the curing process.

2.11.2.1 Paints and coatings

Due to its toughness, chemical resistance, generally safe mode of operation, outstanding
adhesive properties and mechanical and corrosion resistance, one particularly important
application of epoxy is as heavy-duty anticorrosion coating. For example, metal
containers can be coated with epoxy to prevent rust. Epoxy resins can also be used in
flooring and chips. Figure 2.19 shows different applications for epoxy [206].

Figure 2.19 Different applications of epoxy; a)flooring; b) adhesive properties; c)chip; d)

corrosion resistance [206]

2.11.2.2 Adhesives
Epoxy resins can be used to achieve high-strength bonds, such as those required in the
construction of aircraft, automobiles, bicycles, boats and skis. Typically, such epoxy

adhesives are cured at a specific temperature in order to increase their strength and

activate chemical bonding [207, 208].
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2.11.2.3 Aerospace industry

Epoxy resins have seen recent use in the aerospace industry due to their desirable adhesive
properties and low cost of production. In this context, it is common for the epoxy to be

reinforced with high-strength glass, carbon, Kevlar or boron fibres [209, 210].
2.11.3 Curing process for epoxy

The process of curing epoxy is controlled and modified using a curing agent. The choice
of curing agent has consequences for the kinetics of the curing and some of the thermal
properties of the produced epoxy, such as Tg [211]. Different types of curing agents can
be used for curing epoxies, such as amine-type, alkali, anhydrides and catalytic curing
agents. In the curing process, the epoxy group reacts with the curing agent in a way that
produces the crosslinked three-dimensional network [212]. The curing process can take
place at room temperature or through curing with heat. Curing at room temperature can
be performed using curing agents such as aliphatic polyamines, alicyclic polyamines, low
molecular weight polyamide and modified aromatic amines. Products that are
manufactured using this method tend to have lower Tg and higher thermal and electrical
resistance as well as greater flexibility. However, when curing is to be performed using
heat, aromatic polyamines, acid anhydrides, resol resins, amino resins, dicyandiamide and
hydrazides are typically used as curing agents. Using a high temperature for curing in this
way tends to result in cured epoxy with high Tg and greater thermal and chemical
resistance [213]. In order to improve the toughness of the epoxy resin, thermoplastic
components such as poly(acrylonitrile-co-butadiene-co-styrene) (ABS), poly(ether
sulfones) (PES), poly(ether imides) (PEI), polysulfones (PSF), poly(ether ketone) (PEK),
and PI, can also be added to the epoxy resin [214, 215]. If the goal is to produce a modified
thermoplastic epoxy, then polymerization-induced phase separation of the thermoplastic
modifier is performed in a way that this process is initially miscible in the epoxy resin

before separation into phases during polymerization [216, 217].

One of the techniques investigated in this project involved epoxy resin, so a brief review
of existing research on aerogel modification with epoxy is given below. As noted above,
epoxy resins have several advantages in terms of chemical and corrosion resistance,

thermal and dimensional stability, and several other desirable mechanical and electrical
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properties; as a result, they have use in a broad range of applications in laminating
adhesives, surface coating and semiconductor encapsulation [218, 219]. Many surface
treatments have also been developed to increase the adhesion between PI and epoxy. For
example, Huntrakool et al. [220] investigated the surface reactivity of four different Pls
with epoxy, making use of contact angle, flow microcalorimetry, Fourier transform

infrared spectroscopy and x-ray photoelectron spectroscopy.

Akhter et al.[221] meanwhile, studied the composite of Pl with epoxy by producing two
types of PI, namely one synthesized using DTM and BTDA and another through a
reaction of DHTM and BTDA. The Pl was blended with epoxy in different compositions
to produce an epoxy-amine network and this was characterized using thermogravimetric
analysis (TGA), differential scanning calorimetry (DSC) and x-ray diffraction (XRD).For
synthesising the composte of polyimide-epoxy, the synthesised polyimides were ground
to fine powder. Average particle size of ground polyimide is 15 p . Polyimide in different
weight ratios was blended with epoxy and diamine as curing agent in DMF solvent. The
mixture was stirred at room temperature for 24 hours until a homogeneous solution was
obtained. The solution was then transferred into Teflon coated petri dishes which were
placed in vacuum oven at 100 °C for three hours and at 120 °C for next three hours. These
films were peeled off from Petri dishes and were subjected to further analysis [221]. But
the main difference between these methods and this work, is that epoxy is the matrix part

in these composite compare to tis work which polyimide is the matrix part.

In their study, Kim et al. [222] used various techniques to prevent the aerogel pores from
being affected by resin infiltration. The researchers also report the method for producing
the composite of silica aerogel with epoxy in different concentrations of the aerogel. This
method involved immersing the silica aerogel powder in ethanol in order to fill the pores
with ethanol before mixing it with epoxy, thereby ensuring that the pores could be kept
in a state such that they could be filled with epoxy. Therefore, ethanol can be consider as
a way to prevent the pores from filling. Then aerogel/ethanol, epoxy and hardener were
mixed and put through the press at 80 °C and 1 MPa for 5 h. This process removed the
ethanol from the pores before making the composite hard. The results reported by the
researchers show that ethanol was able to preserve the pores, but also that some
infiltration inside the pores caused higher thermal conductivity in the composite material,
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and to a greater degree than expected. The results also show that the thermal conductivity

decreased as the aerogel volume fraction was increased in the composites [222].

Ge et al. [223] present details of a dry mixing method for making silica composite with
epoxy powder in order to decrease epoxy immersion inside the silica pores. Following
this concept, they mixed silica powder with epoxy powder in dry form and then used a
hot press at 180 °C and 1 MPa for 30 min.

Zuo et al. [11] manufactured Pl nanofibrous membranes using electrospinning and
reinforced them with epoxy resin. Using different characterization methods, they showed
that strength and elongation at the breaking point were four times stronger at the contact

points, where there was a fusion of fibres.

Piljae et al. [224] produced Pl/acrylic/epoxy bricks using 3D printing techniques,
choosing to use this method to manufacture a complex shape sample that would have
been difficult to produce using a supercritical process. Ambient drying was therefore
applied to these samples. To produce this sample, the monolithic P1 aerogel was first
produced, following which it was crushed into 1Imm particles. The mixture of aerogel
particles with epoxy was then injected into the bricks and cured at 80 °C overnight. The
samples were characterized using a variety of techniques. However, the mechanical

properties of these samples are not detailed.

Microwave sintering (MWS) is a rapid technique used for consolidating nanoparticles,
relating to the ability of the material to adsorb microwave energy in a way that results in
self-heating. Agrawal investigated the effects of the size of the particles and porosity on
heat conductivity during MWS [225]. There is also independent evidence from another
study that smaller particles with higher porosity transfer heat faster [226].

2.12 Polyimide-epoxy composite

It is believed that the severe shrinkage problems during imidizatoin can result from the
removal of condensation water and residual solvent. This shrinkage limits the
processability of most Pls in terms of the shapes they can take, such as thin films, with
large surface areas and small volumes. Thus, except for a few new moulding compound

formulations, they can generally be considered thermosetting polymers. Additionally, the
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high cost of many precursor monomers has restricted the more widespread use of PlIs,
resulting in the market retaining only those that can sustain higher cost/property ratios,
such as the electronics and aerospace industries. Epoxy, on the other hand, is inexpensive
and is highly regarded for its ease of fabrication with minimal shrinkage and its ability to

use a diversity of additives to obtain the desired properties.

Making a composite from different aerogels can also improve aerogels' thermal and
mechanical properties. Seeking to prove this idea, Kim et al. [227] investigated the
synthesis process for making the silica aerogel/Pl composite with a multi-step drying
process for preserving the pores of the aerogel in the final product. They also worked on
a composite of silica aerogels with epoxy, showing that the pores could be filled by adding
the epoxy, thus increasing thermal conductivity. They also used a new multi-step drying
process to make the silica aerogel/P1 composite to preserve the pores and reduce thermal
conductivity. Wu et al. [177] also worked on Pl composition with silica. They showed in
their study that combining silica aerogel with Pl aerogel can improve a number of
mechanical properties of silica and reduce the degree of shrinkage. The researchers report
that, although the most significant shrinkage occurred during gelation, adding the silica
to the PI aerogel treated as a cross linker made it possible to reduce this shrinkage by up
to 50%. They also confirm that adding more silica to the Pl increases the surface area and

decreases thermal conductivity.

2.13 Different methods for synthesizing the Pl aerogel powder

To the best of our knowledge, there are two main methods for synthesizing aerogel
microparticles in the literature. The first method, or the splitting method, is applied to
transform aqueous polymer solutions into microparticles. The micrometre particles that
are produced are then freeze dried. This method is an option in the production of, for
example, cellulose aerogel microparticles [228]. The second method, involving water in
oil emulsion, is performed by dispersing the micrometre droplets produced from the
aqueous sol in an oil. Through the sol-gel process, the micrometre particles convert to the
gel. Typically, aerogel microparticles are produced via emulsion polymerization of
precursor sol droplets stabilized by surfactants in an immiscible continuous liquid

medium [228]. The size of the produced particles in this method depends on the mixing
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speed, surfactant type and concentration and the dispersed phase content [229]. In the
final stage, the aerogel microparticles are obtained via supercritical drying [230, 231].
This method can be used to produce silica aerogel microparticles. Unfortunately,
however, these methods do not apply to the polymeric families of precursors that are

insoluble in water, such as Pl aerogels.

The three different methods that can be used for synthesizing Pl aerogel particles in this

work are as follows:

1) Milling process

2) Wet gel grinding method (WGG)
3) Emulsion process (EM)

2.13.1 Milling process

This technique can be used as a means of grinding the dry stock shape to produce a
powder. This is typically done using a machine with a cutter on one or two axes. When
this method is used, the sharp teeth on the milling equipment cut the material to produce
the desired shape. This process is usually used to make particles with holes and slots of
non-uniform shapes and sizes. Milling is particularly recommended for use with three-
dimensional shapes or when seeking to refine features on parts that have already been
made using different techniques. A wide variety of finished surfaces are produced using

this milling technique.

By moving the cutting edge of the milling tool, which is a shear strain action on the
surface of the workplace, the surface and edges are scraped, and tiny clumps are repelled.
The milling process can be controlled in terms of different parameters, such as by using
a multi-tooth cutter, low and high rotating speeds, and changing the milling direction and
feeding rate. Nalluri et al. [232] show that, in the milling process used for their study,
feeder speed did not affect particle size but did result in a statistically significant influence
on flow response. Dry milling can be considered a critical pharmaceutical unit in
manufacturing solid dosages [233]. Given the importance of particle size on product

attributes, this has tended to be the focus of greatest attention in this area of study [234].
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Kang et al. [235] introduce a new method for producing aerogel powder with a long shelf
life from drugs to use in the bloodstream of mammals, reporting dry milling as an
appropriate second method for shaping the produced aerogel particle in the desired shape
and size. Randolph et al. [236] also report using a new type of dry machining called turn-

milling to machine aerogel foams.
2.13.2 Wet grinding

Wet grinding describes a grinding process performed with the addition of water or another

solvent. There are a number of reasons why this approach might be taken:

the need to cool or lubricate the processed surface

the need to protect the tool against corrosion

the need to increase the processing speed

the need to improve the surface finish

the need to protect the product against the abrasive

Compared with milling a dried sample, performing grinding in a wet shape (before
drying) can increase the rate of the grinding process. Bauer et al. [237] detail a patent
regarding the production of aerogel particles by wet milling, showing that wet grinding
reduces accumulation and makes it possible to reduce particles with an average size of
less than 1 micron. They also show that aerogel particles can be ground in the presence
of liquid or slurry as a means of performing wet grinding. In this fashion, different types
of milling devices such as attritors or ball mills, can also be used for milling aerogel.
Depending on the type of aerogel in terms of hydrophobicity or hydrophilicity, the added
fluid can be an organic or aqueous liquid. As a result of the use of this fluid, the
environment is made wet in a way that results in more optimal mixing, although this may
also reduce or prevent agglomeration of the produced particles [237]. In the case of
hydrophobic aerogels, there is a restriction that operates in that water cannot be used as
the fluid for the grinding process as, even if vigorous agitation is used, the particles float
on the water’s surface. In the case of these types of materials, at least one wetting agent
or surfactant must be added to the water in order to ensure a uniform dispersion between
the particles and the liquid [238].
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2.13.3 Emulsion polymerisation

2.13.3.1 What is a micelle?

Micelles are groups of 20 to several hundreds of molecules with two main parts, with
nonpolar (hydrophobic) hydrocarbon tails trailing toward the centre and the polar
(hydrophilic) head facing toward the centre such that it can come into contact with water.

Figure 2.20 shows soap molecules in the formation of a micelle [239].

Figure 2.20 Soap molecule array in micelles [239]

2.13.3.2 What is a colloid?

Colloids consist of particles with a size of 1 nm to 1mm that are suspended in a second
substance. The small size of colloidal particles means that a high percentage of the
molecules will be on the surface, meaning that surface chemistry is a vital aspect of their
properties. The dispersion medium forms a continuous phase. Table 2.2 details eight

different types of colloids, gases not existing as discrete phases [239].
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Table 2.2 Two-phase colloidal systems [239]

Dispersed Dispersion

Phase Medium Name Examples

Liquid Gas Liquid Fog, mist,
aerosol hair spray

Solid Gas Solid Smoke, dust,
aerosol allergens

Gas Liquid Foam Head on beer,

foaming
Liquid Liquid Emulsion Italian salad

dressing, milk

Solid Liquid Sol, paste Ink, mud, clay
slurries
Gas Solid Solid foam Foam rubber,
styrofoam
Liquid Solid Solid Pearl, ice cream
emulsion
Solid Solid Solid Acrylonitrile
dispersion butadiene styrene
(ABS), paper,

pigmented plastics

Aerosols are solutions in which a gas is used as a dispersion medium, and there is a solid
in the form of a dispersed phase. Fog is an example of an aerosol, containing water
droplets; smoke is another example of aerosol, containing solid particles. Emulsion,
meanwhile, can be defined as a sol in which the suspended particles are liquid droplets,
and the continuous phase is also a liquid. In the emulsion system, the two phases are
immiscible. The work (W) or surface excess free energy (G) is required to produce a new

surface area (A) with surface tension y [239]:
AG =AW =2yA  (3)

Given that surface energy is a bulk property, it is not meaningful to consider this concept
in relation to small particles. This value corresponds with the required heat for vaporising

water at the boiling point.

A colloid system is considered “lyophilic” (literally “solvent-loving”) if the dispersion
phase is dissolved in the continuous phase. On the other hand, if the dispersed phase
involves a giant molecule or a cross linked polymer, a gel will be formed. In gel

formation, the dispersed phase is also considered a continuous phase. When this happens,
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it is sometimes possible for the conditions to result in colloidal particles clumping with
each other, forming large particle that is no longer stable in the suspension. This process
is called coagulation. The stability of the resulting suspension depends on different
parameters such as: relation between the repulsive and attractive forces in the particle,
which governs whether the repulsive force is more significant or attractive [232],

concentration of particles, dispersant, the viscosity of the base liquid and pH value [240].

Attractive force can be defined as any secondary chemical force against the covalent bond
that holds the given material together. The force between the particles is any dipole-dipole
interaction, such as a weak van der Waals force. Hydrogen bonding is another attractive
force that can hold between particles. When this operates, the repulsive force means that
the particles are prevented from being integrated with one other. Although pure materials
convert from solid to liquid and gas as a result of increases in temperature and, therefore,
reductions in size, in the case of colloid systems, there is a transition from solution to
solid as a result of similar increases in temperature, entailing conversion of smaller
particles to larger ones. This indicates that increasing the heat in the colloid system
increases the repulsive force, whereas increasing the temperature in the vaporization of

pure materials overcomes the attractive force [239].

Depending on the distance between particles, the electrostatic repulsive force and van der
Waals attraction force may be operated. At a great distance, no interaction occurs between
them [241]. However, suppose the particles come closer to each other. In that case, the
electrostatic repulsive force acts in such a way that pushes them out, but on the other
hand, as a result of increases in the van der Waals forces and the consequent pushing
together of the particles, the particles will combine. This shows that the coagulation
depends on the ratio between decreases in the electrostatic repulsive force and the force
operating on the particles in such a way that they are moved closer together. The
electrostatic force, which determines the degree of aggregation, depends on different
parameters such as the concentration of polymer in the solution, pH, temperature and the
degree of agitation [239].
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2.14 Emulsion process

An emulsion is an opaque system of two immiscible liquid phases. The first phase,
consisting of colloid particles, is dispersed during the second (continuous) phase. To
produce an emulsion, a sufficient level of energy and mechanical agitation must be
applied to spread one phase to another. Emulsion systems that are thermodynamically
unstable must therefore be kinetically stabilized [242], which typically results in changes
towards reduction in the interfacial force between the particles. This can be achieved by
reducing the surface area of the produced particles relative to their volume, which is
possible if the particles take on a spherical shape. Another route by which the surface
tension might be reduced involves adding a surfactant or surface-active particles, which
can adsorb strongly at the liquid-liquid interface of immiscible fluid [241]. A surfactant
with two different sides, one amphiphilic molecule formed by a hydrophilic behaviour
dissolved in a polar solvent and one hydrophobic tail dissolved in a polar solvent, can
reduce the interfacial energy between the two immiscible liquids. Figure 2.21 shows the
mechanism of the emulsion process that operates in the achieving of thermodynamic
stability[241].
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Figure 2.21 Kinetic versus thermodynamic stability [241]
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2.14.1 Pickering emulsion

The particles in emulsion systems can kinetically stabilise such systems, in which case
the system is considered to be a Pickering system [243], so named after the British
chemist who discovered this process in 1907. In this kind of emulsion system, as can be
observed in Figure 2.21, the particles, by making a layer around the droplets, can prevent
coalescence phenomena without the use of a surfactant. The stability of the particles in
these systems is affected by the particles’ size, shape and hydrophobicity [30]. Pickering
emulsions have several advantages compared to traditional emulsion procedures
performed using a surfactant, including greater eco-friendliness and lower toxicity and
costs [244].

As an example of a study investigating issues in this area, Binks discusses the preparation
process and properties of oil-in-water emulsions stabilised by colloidal silica particles,

focusing on the effect of particles” wettability and proportion [245].

Overall, emulsion can be performed in two ways, namely oil in water (O/W) and water
in oil (W/O). The Bancroft rule can be considered as a means of predicting the different
types of emulsion [246]. According to this rule, the phase in which a surfactant is more
soluble is the continuous phase, and a stable emulsion processes necessitates that the
surfactant be soluble in the continuous phase [247]. It is also possible to consider this
process in terms of the particles instead of the surfactant. This is reflected in the Finkle
rule, which states that hydrophilic colloids tend to result in water becoming the dispersing
phase while hydrophobic colloids tend to result in water becoming the dispersed phase
[238]. These two rules govern whether an emulsion is oil in water (O/W) or water in oil
(W/O). These rules do not indicate the ratio of the concentration of the oil in water;
however, they do predict which phase is the one in which the surfactant is more soluble
or dispersed in the case of the particles. For example, if there is an emulsion system with
40% water and 60% oil, then, if the surfactant is more soluble in the water, it follows that,

even if the volume of water is less, it will be an instance of an oil in water system.
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2.14.2 Stability of emulsion

There are different types of instability in emulsion systems [248]:

Flocculation: This is due to the aggregation of different droplets and the formation of
clusters due to the presence of weak net attraction combined with Brownian motion or

sedimentation.

Creaming: This is not an actual breaking of the emulsion but is rather defined as a
separation of emulsion into two phases, one of which is richer in the dispersed phase. In
this phenomenon, the dispersed phase floats over the continuous phase. This phenomenon
can be defined using the stock equation [248]:

2r% (p2 - pl)g
”[_):
m

(4)

Where v is the creaming (or settling) velocity, r is the droplet radius, p2 is the density of
the droplet, p1 is the density of the continuous phase, 1 is the viscosity of the continuous
phase, and g is the gravitational acceleration. Creaming can be measured using the

“creaming index, Cy,” which is calculated using the following equation [248]:

Ci=100xH_ (5)
He

Where He is the height of the initial emulsion and Hy is the height of the lower phase after
separation. Figure 2.22 provides a schematic of a creaming emulsion. All these
parameters are measured using visual observation, and the creaming index provides
information about the stability of the emulsion. Sometimes the creaming converts to
coalescence, causing a complete break in the emulsion such that two separate bulky oil
and water phases form [248].
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Figure 2.22 Measuring creaming stability via visual observation with a long-term storage test
[248]

Coalescence: This is another type of instability of the emulsion systems, defined as an
irreversible process in which two or more colloid droplets merge. The following equation

sheds light on the kinetics of coalescence [250]:

feoal = feollisionsPcoal (6)

Where feoal is the coalescence frequency, feorision IS the collision frequency, and Pcoar is the
coalescence probability [249]. Despite flocculation and creaming, which can be reversed
using much less energy compared to what is required to perform the original emulsion,
coalescence is an irreversible process that results in a breakdown in the emulsion.
Flocculation and creaming can be considered precursors to coalescence and de-

emulsification [250].
2.14.3 Emulsifier (surfactant) role in the emulsification system

The properties of the emulsion system can be adjusted by means of a surfactant; a
chemical substantiated by adsorption in the boundary of the two immiscible parts. In
general, the chemical structure of the surfactant consists of two main parts, namely the
hydrophilic and lipophilic parts. In the event of an appropriate surfactant concentration,
they can self-assemble in water and produce micelles. A specific concentration of the
surfactant can be dissolved in the form of the monomer in the micelle solution, giving

rise to kinetic change in the equilibrium between the monomer and the polymer. The
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emulsion polymerization begins when one of the critical micelle concentrations (CMC)
has been reached. Usually, this condition happens when the concentration of the
surfactant is high [251]. In the emulsion system, a micelle occurs when the surfactant is
aggregating. The CMC occurs when the particles become spherical. At the CMC point,

the repulsive forces between the particles decrease, which causes the emulsion to break.

The concentration of the surfactant can affect the repulsive force. For example, the
presence of excess surfactant in the emulsion system causes instability. Another
remarkable property of such surfactants relates to reductions in interfacial tension.
Surfactants, by absorbing in the interface, can reduce the excess surface energy, which is
called “interfacial energy” (Gintef) between two phases in the emulsion system [252]. On
the other hand, the intermolecular interaction stemming from a gap at the immiscible
liquid-liquid interface increases the interfacial energy. Reduction of the polarity of the oil
in the emulsion system decreases the Ginter. If smaller particles in the emulsion system are
to form, a higher concentration of the surfactant must be used. Because smaller particles
have larger oil/water interfacial areas, in the case of an insufficient concentration of
surfactant to cover the large interfacial area, the system, by leading to phase separation,

will optimise the conditions in such a way that the interfacial area is minimised.

As previously explained, the presence of a surfactant results in stability in the emulsion
system. Depending on their polar nature, different surfactants are categorised into three
main groups: anionic, cationic and non-ionic. Determining the type of emulsion can be
done using the Bancroft rule, according to which the continuous phase is the liquid in
which the surfactant is more soluble [251, 253]. Different materials, such as amphiphilic
polymers, proteins and particles, can stabilize the oil and water interface. One of the
critical parameters in selecting the proper surfactant for an emulsion system is the rapid
absorption of the surfactant in the newly created interface. If this is to occur, selecting a

surfactant with low molecular weight is necessary.

Generally, for the characteristic of a surfactant (alternatively known as emulsifiers in
industry), the Hydrophile-Lipophile Balance (HLB) number is defined. This parameter
shows the affinity of a surfactant toward a solvent. For example, a higher HLB value

indicates a greater degree of compatibility with water. Table 2.3 shows the HLB for a
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number of different surfactants; using this parameter, the proper emulsifier can be

selected to emulsify oil in water solutions [248].

Table 2.3 HLB number and corresponding applications [248]

HLB Number Range Corresponding Application
1.5-3 Antifoaming agent

1—4 Emulsifier for W/O emulsions
6—8 Wetting agent

10-13 Emulsifier for O/W emulsions
13-15 Detergent

15—18 Solubilizer

Several methods have been introduced over the past 50 years as means of calculating the
HLB. Most recently, this is typically done using the Griffin equation to characterize
polyoxyethylene (POE) surfactants. This equation expresses the structural balance
between hydrophilic and lipophilic groups in a surfactant molecule as a numeric index

from 0 to 20 based on empirical emulsification with POE emulsifiers [248]:
HLB=20x"" ©)

Where Mw is the hydrophilic group’s molecular weight, and M is the surfactant’s
molecular weight. Choosing a suitable surfactant is crucial in order to produce a stable
emulsion system. However, having a suitable HLB is not in itself sufficient to produce a
stable emulsion system, as sometimes systems with a suitable HLB can be influenced by
coexisting components such as electrolytes and their concentrations in water, oil polarity,

water-to-oil ratio and temperature [248].

In general, selecting a suitable emulsifier for an emulsion system depends primarily on
the type of the oil and sometimes its HLB rating. For example, in the case of the presence
of oil with high polarity, a more hydrophilic emulsifier should be used [254].
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It has been found that using a combination of a low-HLB emulsifier and a high-HLB
emulsifier (i.e., one that is hydrophilic and one that is hydrophobic) results in better
stability in the emulsion process as compared with using one surfactant with the
intermediate HLB. Two parameters have been highlighted as being relevant for

explaining this pattern [255]:

e The combination of two different surfactants with different critical packing
parameters results in more complete packing of the interface. (The packing
parameter relates the molecular structure of the surfactant to the morphology of

the self-organised structure.)

e The combination of emulsifiers causes the rapid supplementation of emulsifiers

in the reaction.

In the condition in which the combination of emulsifiers is applied, the average of HLB
can be calculated using the following equation [255] (xi is the molar ratio of each

surfactant):

n
Average HLB = ) (HLB; x;) )
i=1

Generally, given the goal of achieving a stable emulsion system, a fine and complete
process of dispersion should be conducted. However, emulsion particles that are not
typically thermodynamically in equilibrium do not have uniform size, and emulsions are
typically thermodynamically no equilibrium. Such particles’ sizes, shapes and size
distribution can all be affected by the emulsification process, type and duration of the
storage [242]. The role of surfactants is a critical aspect of the emulsion process, with
most failed emulsions systems being due to a lack of suitable emulsifiers. Usually, the
low molecular weight of surfactant will not carry sufficient polarity to cause stabilization
among the organic solvents [256]. Compared to the low molecular weight of surfactants,
block copolymers with high molecular weight can produce stable micelles, which can be
observed in both phases of the emulsion process [257, 258]. In addition, a lower
copolymer concentration is also likely to be more appropriate for use as a surfactant

compared to a low molecular one [259]. In their research in this area, Klapper et al. [256]
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utilised an oil in oil emulsion technique in order to synthesize a nanoparticle polymer,
using a wide variety of hydrolysable monomers and sensitive catalysts to yield polyester,
polyurethane, polyamide and conducting polymers under ambient conditions. The
Hansen parameters were used to calculate the suitable concentration and combination of
block copolymer and solvent. Nanoparticles with a size range of between 20 and 100 nm
were synthesized using oil in oil emulsion and characterized by dynamic light scattering.
Particle size was controlled by changing the concentration of the emulsifier.

The size of the hydrocarbon chain determines the degree of hydrophobicity and
lipophilicity of a surfactant, reflecting the degree of solubility of the surfactant on both

immiscible liquids. Figure 2.23 shows the schematic of surfactant structure [253].

Hydrophilic head
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Figure 2.23 Schematic of the structure of a surfactant molecule [253]

2.14.4 Size distribution in the emulsion process

A narrow particle size distribution shows an emulsion with more stability. In order to
achieve this condition, a suitable method of mechanical mixing should be used. However,
stability begins to return once the emulsion is formed. For the spherical particles, which
can be produced using techniques like emulsification [164], more must be done to prevent
particles’ collapse. It is for this reason that producing microparticles with a uniform
particle size distribution is challenging. Numerous studies have been conducted on the
topic of how this challenge can be met. For example, Teo et al. provide details of a tight
particle size distribution that can be achieved for core-shell aerogel microparticles [260].
In another study, Teo and Jana detail the manufacturing of aerogel microparticles with

uniform size and shape without using a surfactant [172]. As previously discussed, most
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emulsion systems, such as the synthesis method for producing the silica microparticles,
are in the form of W/O or O/W and stabilized with suitable emulsifier [261, 262]. Lee et
al. [263] synthesized silica microparticles using emulsion polymerisation methods, with
the span 80 being applied as a surfactant with a low HLB value of around 4.3 and the size
of the droplets and particles being controlled through modulation of the size and types of

the homogeniser.(Section 4.1.1.1 explain more about span materials and their verity)
2.14.5 PI aerogel synthesis using the emulsion method

The methods discussed above are unsuitable for use with aerogels that are moisture
sensitive [169]. It is notable for present purposes that this includes PIl. However, it is
possible to use O/O emulsion systems with this kind of material, which enables
microparticle droplets to be shaped faster and with greater ease. If this method is adopted,
then PI microparticles with diameters in the range of 200-1000 um are produced [169].
In order to accelerate the sol-gel processing and imidization, the droplets can be guided
into a heated silicon oil bath [169].

Due to the high coalescence speed in the O/O emulsion system, even with a high
surfactant concentration, the amount of produced gel microparticles was found to be
impeded. This evidence demonstrates that the sol-gel manufacturing process can be
limited by the use of certain O/O emulsion systems, as in the case of PI. To perform O/W
emulsion, the produced salt was dissolved in water thoroughly and Op10 and span-80
were added as an emulsifier and mixed for 30 min using a magnetic stirrer. To produce
the second emulsion (O/W/0O), the first emulsion was mixed for 10 min with a mixture of
Op10 and span-80, following which a chemical imidization reagent (consisting of acetic
anhydride and pyridine) was added. The produced powder was washed and centrifuged
with acetone three times, dried and further imidized at 80 °C and 300 °C, respectively, in

a vacuum oven [169].

In their study, Teo and Jana [172] constructed a microfluidic setup to fabricate aerogel
microparticles. One advantage to using this method is the absence of surfactants that can
affect the washing process, making it possible to remove and clean all the particles from

the undesired surfactant molecules.
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An emulsion method involving oil in oil is introduced by Teo et al. [169] as a means of
producing Pl aerogel foam with meso and microporosity. F127 was used as a surfactant,
and cyclohexane and n-heptane were used as the dispersed phases. The particles with an
average size in the range of 30-80 um were produced using different concentrations of
the surfactant. They observed an increase in the bulk density of produced Pl aerogel as a

result of increasing the concentration of the surfactant.

Wu et al. [78] synthesized PI aerogel particles using phase separation. The polyamic acid
gel, which was obtained by mixing pyromellitic dianhydride and 4,4’- methylenedianiline
in THF/MeOH solvent, was subjected to mechanical agitation with acetone. The clear
glass-like viscous PAA solution was then produced upon the addition of acetone.
Following this, it was phase-separated and converted into an opaque white wet gel. The
acetone was then removed with solvent exchange with cyclohexane. Thermal imidization
occurred as a result of successive heating at 100 °C, 200 °C and finally at 300 °C. Addition
of acetone into the gel-like PAA and vigorous mechanical stirring resulted in the aerogel
taking the form of particles rather than a monolith.

Liu et al. [264] used water-in-oil emulsion polymerization for synthesizing titania-silica
aerogel microparticles. The microparticles were washed with acetone and subject to
ambient pressure drying at 70 °C for two days to prepare the titania—silica aerogel
microspheres. This involved using SEM images, and it was observed that the spherical
particles had 100 pm average sizes with 0.3 g/cm® density. N2 sorption is reported as

showing the pores as having a 17 nm diameter.

In Gu et al.’s study [164] , polybenzoxazine and Pl aerogel microparticles were
synthesized using an oil-in-oil emulsion mechanism in the presence of Hypermer and
span-80 as low-cost and commercially available emulsifier. The Pl aerogel was then
synthesized with pyromellitic dianhydride (PMDA), 2,2-dimethylbenzidine (DMB2Z),
and 1,3,5-tris(4-aminophenoxy) benzene (TAB). The sol was made in DMF and dispersed
in cyclohexane using the introduced stabilizer and magnetically mixed for 3 h. In order
to induce chemical imidization, pyridine and acetic anhydride were added into the
cyclohexane solvent. The exchanging solvent was performed in a Thinky mixer at 1000
rpm and washed for 5 min with acetone. The produced microparticles were finally dried
using the supercritical method. PI monolithic aerogel was also synthesized, and its
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properties were compared with the microparticles. The results of this study also confirm
that the shape and morphology of the pores of the microparticles were different from
those of the monolithic form. Using gas adsorption, the researchers found that the pores
were mostly mesopores and macropores in the case of both the particles and the
monolithic samples, with a higher surface area emerging for the Pl monolithic aerogel as
compared with the microparticles. The micro spherical Pl particles are reported has
having had a broad particle size distribution of 10-90 um and an average particle size of
25 um. The researchers also report that, by reducing the solvent exchange time, it would
be possible to reduce the degree of shrinkage as compared with that observed for

monolithic samples.

Teoetal. [172] introduce a novel method for synthesizing P1 aerogel microparticles using
emulsion. This method is novel in that a microfluidic flow setup was used for the
fabrication of aerogel microparticles in order to control the size of these fabricated
particles and their size distribution using the oil-in-oil emulsion method. In addition, they
also introduce an emulsion method for fabricating Pl aerogel microparticles that do not
require a surfactant but make it possible for all the undesired molecules of surfactants to

be removed.

The researchers detail the use of jetting to disperse the dispersion phase (Pl sol in DMF)
into the continuous phase (silicone oil). The PI sol produced from PMDA, DMBZ and
TREN in DMF was rapidly transferred into the syringe pump to inject it into the droplet
generator. Using this setup, the PI sol particles were injected into the silicon oil bath and
heated to 80 °C, thereby helping the gelation process to accelerate to the point where it
could occur in less than 10 s. The fabricated gel microparticles were aged for 24 h in
silicon oil. The solvent exchange was conducted in different steps using different solvents
of various concentrations. The researchers also provide a comparison between the
properties of Pl microparticles and those of monolithic ones in relation to fabrication of
the micro-spherical particles, which are reported as having had a less porous structure on
their surface as compared with the monolithic ones. Furthermore, due to the longer
gelation time associated with the monolithic sample (26 min) compared to the
microparticles (10 s), the former developed skin layers with thicker strands. The TGA
and FTIR results also showed that, for both types of samples (microparticles and
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monolithic), there was a high degree of thermal stability plus complete imidization. The
size of 100 particles was measured using optical images and image-J software. The 200-
1000 pm micro spherical particles were fabricated using different flow rates for the
continuous and dispersed phases. The silicon oil bath temperature on the size of the
produced particles also was investigated., and the researchers report that, by increasing
the temperature from 60 to 100 °C, the size of the particles was decreased from 546 + 129
to 376 £ 52 um. In addition, microscopic images for these samples showed that increasing
the temperature resulted in a higher degree of shrinkage, giving rise to samples of higher
density [172].

Jietal. [173] report the results of using an oil-in-water-in-oil (O/W/O) multiple emulsion
for preparing Pl microsphere particles using Op10 and span-80 as emulsifiers. In this
emulsion system, polyamic acid salt (PAAS), which is soluble in water, was used for W
phase. Lp was used as an emulsifier to construct the multiple emulsion systems” internal
and external O phases to produce a hollow microsphere porous structure. The PI
microspherical particles were then synthesized with a heat resistance as high as PI films
using two different emulsifiers with different HLB numbers. The first emulsion was
performed using PSSA and LP. Then, using mechanical agitation, the produced emulsion
was added to the Lp (O2) containing Span-80 to perform the second emulsion. The PI
particles were formed after 15 min during the imidization process when acetic anhydride
and pyridine were added as imidization reagents. After the exchange of the solvent with
acetone, which was used to perform three washes, further imidization and drying was
performed at 80 °C and 300 °C, respectively. The SEM results showed that the particles’
size reduced after mixing the two emulsions to a lower point than was observed for each
individual type of emulsion. To explain this, the researchers draw attention to the
shrinkage of the molecular chain during imidization, occurring after the two emulsion
systems were integrated [173]. The degree of imidization for the produced microspherical
PI particles was measured using infrared curves. The ratio of C-N-C peak intensity and
the C=C peak intensity of the sample after chemical imidization and at the end of the 300
°C drying process was considered the imidization ratio. 85.31% imidisation showed that
the samples were not fully imidized after chemical imidization, and so heating needed to
be applied to the particles to ensure complete imidization. Investigation of the emulsifier

content on the morphology of the particles showed that increasing the concentration of
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span-80 had not changed the viscosity, meaning that the morphology of the particles had
also not changed. However, the number of micelles had increased, and so the particles’
size decreased to the same extent as with OP-10. Using the TGA, the researchers showed
that the maximum thermal degradation for PI microspherical particles occurred at 600 °C
[173].

In order to make formulate an emulsion system, two polar/nonpolar aprotic organic
solvents can consider forming the immiscible oil phases for the emulsion in reflection of
the point that there are carious organic liquid pairs that can be used to construct emulsion
systems. However, selecting the proper stabilizer remains challenging when handling

such systems.

Following synthesizing different types of aerogels, they need to be characterized and
assessed in terms of their properties. In the next chapter different common

characterization methods and literature review for aerogel materials are introduced.
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Chapter 3 Literature review on material characterization
3.1 Physical and structural parameters

It is generally the case that, in a porous material, the key structural parameters to consider
are the fraction of the pores as compared with the solid material, the connectivity of these
two phases, the molecular structure of the solid component and the morphology of the
interface between the two phases. Figure 3.1 exhibits these parameters in terms of the

molecular structure of a porous material [18].

fraction of backbone and pore

phase structure of backbone phase

Properties of

interface

pore and

backbone

Figure 3.1 The critical structural parameters of a porous material [56]

In the following, the discussion is presented of the most common methods used to

characterise and describe this type of material, including their limitations.
3.1.1 Microscopy

Microscopic techniques can be used to gain a visual impression of aerogels by means of
investigating their length in terms of the Angstroms scale. The two applicable microscopy
methods used to analyse aerogel are scanning electron microscopy (SEM) and
transmission electron microscopy (TEM). SEM at high resolutions in the range of around

1 nm is generally applied to observe the backbone of the aerogel. With a higher degree of
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resolution, TEM is utilised for analyzing particles forming this backbone. In different
studies, SEM and optical microscopes have been used to investigate the microstructure
of P1 aerogel.

3.1.1.1 Scanning Electron Microscopy (SEM)

In scanning electron microscopy (SEM), an electron beam is focused into a small probe
and restored across a specimen's surface. Several interactions will happen that result in
the emission of electrons or photons occurring as the electrons penetrate the surface.
These emitted particles can be collected with the appropriate detector to yield valuable
information about the material [265]. There are some disadvantages such as inability to
analyse live specimen, images in black and white and costly technique which may mean
that other types of microscopy such as light and super-resolution microscopy can be used.
But in this work, due to high and enough magnification, and high quality images with lots
of information, this technique and optical microscopy were used to characterise the

samples [266].

As an example of work conducted in this area, Kwon et al. investigated the surface
morphology, structure and shape of fabricated Pl microparticles using SEM [21, 47, 50,
66]. Similarly, Kim et al. also report on the morphology and size of Pl microspherical
particles by using SEM [66], noting that the enlarged scanning electron microscopy image
of the PI films sheds light on PI’s spatial distribution [267]. He et al. [268] meanwhile,
report a classical three-dimensional Pl network consisting of interconnected polymer
particles formed via a precipitation—polymerization mechanism. The SEM images
considered suggest a decrease in pore size and the number of macropores for the aerogels
prepared at 75 °C, corresponding to N2 adsorption/desorption experiments. Pei et al. [90]
investigated Pl aerogel’s morphological characteristics as a density function and report
that the three-dimensional network of P1 fibres could be observed to tangle together. Their
observation is similar to what is said about the morphology of some other Pl aerogels
considered in the literature [24, 26, 33, 54]. Finally, Wang et al. used TEM to investigate
the morphology of PI aerogel composite with carbon nanotubes. The TEM-obtained

results are reported as demonstrating that amino-functionalised CNTSs act as crosslinking
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centres to react with the terminal anhydride groups of PAA, eventually forming the
crosslinked three-dimensional network structure with enhanced mechanical properties
[269].

3.1.2 Particle size measurement

3.1.2.1 What s a particle?

There is no exact definition of what a particle is. Depending on the materials and methods
used for synthesizing, drying and storing, they can form in myriad different shapes and
sizes. In general, however, after drying, particles can be observed to fall into any of the

following three categories of shape (Figure 3.2)[270]:
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Figure 3.2 Nature of particles, b) relations between particle size and nature [270]
3.1.2.1.1 Primary particles

The primary particles are the smallest organic or inorganic parts of particles more
generally, that engage in atomic or molecular bonding. In aerogels, these particles are the
smallest components with no porous surface. SEM makes it possible to observe these
particles and their structures. By connecting the primary particles using intermolecular
bonding, the secondary particles with porous structures (inside and between the particles)
are shaped [270].
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3.1.2.1.2 Aggregate particles

Bonding two or more primary particles by chemical means results in aggregate particles.
They can be shaped by heating and pressure onto surfaces during manufacturing process.
Each particle has a large interfacial area that enables it to contact other particles, and so

a large force is required if these forms of bonding are to be broken [270].
3.1.2.1.3 Agglomeration

Agglomerate particles are shaped when aggregate particles as a result of electromagnetic
force, van der Waals’ forces or mechanical friction. Most of the time, agglomeration
occurs when the particles are shaped, rolled or stored in the same place without any
dispersion; as a result, it is easy for agglomerate particles to separate by means of proper
dispersion. Through appropriate dispersion, particle size distribution narrows, and

agglomeration tends to aggregate [270].

3.1.2.2 Particle size measurement

There is no method of presenting an exact and accurate value for the size of particles;
instead, particle size distribution (PSD) is typically specified in respect of a given time
and condition. There are three different parameters that can be measured using a

distribution plot to gain the data necessary to calculate PSD [271]:
e Mean is the arithmetic average of the area under the PSD curve.
e The modal value is the value indicating the location of the majority of particles.

e The median is the value such that, at this point, 50% of the particles are larger and

50% are smaller.

Ideally, these three values fit each other to a normal distribution, as would be the case for
perfectly spherical particles. However, particles are usually irregular, giving rise to a
skewed distribution is achieved. Given this, there is a keen need to establish which of

these three values represents the closest value in terms of the planned application.
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3.1.3 Helium pycnometer

A helium pycnometer assists with identifying the volume of a given sample that is
unreachable to helium atoms. The chamber of known volume containing the sample is
filled with helium until this chamber and the second well-defined volume chamber can
both expected to contain helium only. The second chamber is filled with helium at a
pressure higher than in the sample chamber (Figure 3.3). The gas pressure in the reference
chamber is then measured after thermal equilibrium and recorded, following which the
valve is opened to allow helium to pass from the reference chamber into the sample

chamber until gas pressure equilibration is happened between the chambers [18].

p=0, Vs Prc:VRe

:::
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| =

sample thermostated

Figure 3.3 Schematic setup for helium pycnometer with an initial pressure in the sample [18]

The specific volume Vg of the sample that the helium cannot reach can be calculated
using the ideal gas equation, the volumes of the two chambers, and the equilibrium gas
pressures before and after the valve has been opened. Vsc and Vrc are variables standing

in for the sample and reference chamber volumes, respectively[18].

Ve — 1 Vsc + Vre Vrc X prc + Vsc X psc
sk =— [T — — — _—
m |1 — psc/presc PRC,SC — PSC

The helium pycnometer is typically used to measure the skeletal density of materials [90,
272, 273]. For example, Ghaffari et al. used a helium pycnometer (Quantachrome
Instrument Ultra-Foam 1000) to measure porosity and skeletal density by the ASTM
D6226 standard at 15 psi [274]. In another study, Ghaffari et al. used the same
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pycnometer equipment and technique to calculate skeletal density and porosity in respect

of the open-cell content of Pl aerogel foam at around100 kPa [60].

Section 4.2.3 shows the equipment which is used in this work.

3.1.4 Gas sorption porosimetry

Generally, surface energy of the porous materials can be considered relatively high when
measured in respect of a clean, solid surface [275]. When this is the case, the solid can
release surface energy by adsorbing gases such as oxygen, nitrogen and carbon monoxide.
Depending on the interaction between the solid and gas, adsorption can be classified in
terms of whether this is a physical or chemical adsorption. Physical adsorption is
reversible only when nonspecific van der Waals forces are involved. Generally, physical
adsorption is a multilayer process in which the solid surface area does not restrict the
number of adsorbed molecules (see Figure 3.4). Despite chemical adsorption, chemical
bonding is an irreversible process and is limited to forming a monomolecular adsorbed
layer [275].

Multiple adsorbed layers

Second adsorbed layer - physical
4_| adsorption only
<_I First adsorbed layer- physically
adsorbed or chemisorbed

Figure 3.4 Chemical and physical adsorption on a solid surface [275]

It is essential to define the pore sizes that feature in the physisorption process. This is the
basis of BET (Brunauer, Emmet and Teller) theory. Depending on the size of the pores,

these can be classified into three types [276]:
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i) Macropores: the pore width exceeds 50 nm.
i) Mesopores: the width of the pores is between 2 nm and 50 nm.
1ii) Micropores: the width of the pores does not exceed 2 nm.

3.1.4.1 Brunauer, Emmet and Teller (BET) Theory

The BET theory was developed by Stephen Brunauer, Paul Emmett and Edward Teller in
1938. The first letter of each publisher’s surname was taken to name this theory. This
theory aims to describe the physical adsorption of gas molecules such as N2, Argon or
CO2 on the surface of a solid to determine the true or specific surface area, including
surface irregularities and pore walls, of the solid material [277]. Because most gases and
solids interact weakly, the solid material must be cooled, typically using a cryogenic
liquid [278].

BET theory applies to systems of multilayer adsorption and usually utilizes probing gases
that do not chemically react with material surfaces as adsorbates to quantify specific
surface area. Nitrogen is the most commonly employed gaseous adsorbate used for
surface probing by BET methods. For this reason, standard BET analysis is most often
conducted at the boiling temperature of N2 [277]. As the relative pressure increases, more
molecules absorb on the surface. A thin layer will eventually cover the entire surface.
And this is the point that surface area can be determined.

3.1.4.2 Barrett, Joyner, and Halenda (BJH) methods

BJH method is a procedure for calculating pore volumes and pore size distributions from
experimental isotherms using the Kelvin equation. It applies only to the mesopore and
small macropore size range. The Kelvin equation provides a correlation between pore

diameter and pore condensation pressure [279].

To determine the BJH pore volume and pore size distribution, the Nitrogen pressure is
increased incrementally, followed by measurement of adsorbed volume in the multilayer

adsorption region. At higher relative pressures, capillary condensation occurs, filling the
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pores with liquid Nitrogen. The process is then reversed by reducing the relative pressure
and measuring desorption equilibrium. Hysteresis can often be observed due to the
difference between the nature of the adsorption and desorption process [279].

3.1.4.3 Classification of adsorption isotherms

As a result of an intensive study, Brunauer, Deming and Teller proposed a classification
of adsorption isotherm curves, dividing isotherms into five main types and stipulating that
all adsorption isotherms must fit into one [280]. Subsequently, De Boer developed the
sixth isotherm, which was then supplemented by work by Gregg and Sing [281]. Figure
3.5 presents the IUPAC classification for different isotherms in terms of the requirements

of certain unique conditions [278].

Type | isotherm belongs to a few molecular layers and can be characterized as either a

chemical or physical isotherm or a microporous solid.

Type I(a) isotherms are typically found in microporous materials having mainly narrow
micropores (of width < ~ 1 nm); Type I(b) isotherms are found in materials having pore
size distributions over a broader range, including wider micropores and possibly narrow

mesopores (< ~ 2.5 nm).

The physisorption of most gases on nonporous or macroporous adsorbents yields type 11
isotherms. The shape is the result of unrestricted monolayer-multilayer adsorption up to
high P/Po.

In respect of Type Il isotherms, it can be seen that there is no Point B and, therefore no
identifiable monolayer formation; the adsorbent-adsorbate interactions are relatively
weak, and the adsorbed molecules are clustered around the most favourable sites on the
surface of the given nonporous or macroporous solid. In contrast to a Type Il isotherm,

the quantity that is adsorbed remains finite at the saturation pressure (at P/Po = 1).

Type IV isotherms are yielded by mesoporous adsorbents. The adsorption behaviour in
mesopores is determined by the adsorbent-adsorptive interactions and also by the

interactions between the molecules in the condensed state. In this case, pore condensation
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is followed by the initial monolayer-multilayer adsorption on the mesopore walls, which
follows the same path as the corresponding part of a Type Il isotherm. This type can be
divided into two main groups IV(a) and IV(b) [282].

IV (a): Mesoporous materials such as Silica and Alumina
IV(b) : Mesoporous materials with pore diameters smaller than 4 nm.

The Type V isotherm shape is very similar to that of Type Ill, and this can be attributed
to relatively weak adsorbent—adsorbate interactions. At higher P/Po, molecular clustering
is followed by pore filling. For instance, Type V isotherms can be observed in respect of

water adsorption on hydrophobic microporous and mesoporous adsorbents.

Type VI isotherms are representative of layer-by-layer adsorption on a highly uniform
nonporous surface. The step-height represents the capacity for each adsorbed layer, while
the sharpness of the step is dependent on the system and the temperature. Amongst the
best examples of Type VI isotherms are those obtained with argon or krypton at low
temperatures on graphitised carbon blacks [280, 283].
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In the system consisting of the adsorbent, the isotherm results confirm that the gas phase
(adsorptive) and the adsorbed phase (adsorbate) are in equilibrium at each point. Given
these results, it can be seen that the equilibrate is insufficient in the case of aerogels with

high specific pore volume. Figure 3.6 shows the isotherm for the same sample with
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Figure 3.5 Different types of physical adsorption isotherms [278]




different equilibration times. Given this figure, it is advisable that different equilibration

times be tested for each sample [160].
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Figure 3.6 Three isotherms for silica aerogels with a different equilibration time [160]

In their study, Guo et al. [54] measured the surface area and pore size distribution of
monolithic PI by nitrogen adsorption using the Brunauer-Emmet-Teller (BET) method.
IUPAC conventions have been developed to classify gas sorption isotherms and their
relationship to the porosity of materials, and so, in terms of these, the results of this study
yielded type IV curves that identify the porosity in the mesoporous range between 2 and
50 nm. They showed that pore size distribution peaks are in the range of 25-40 nm but
trail out to 100 nm. These values show the meso and microporosity for their samples using

the IUPAC convention definition.

Pei et al. [90] detail type IV curves for Pl aerogels containing the trimethoxysilane side
group. They are shown to demonstrate an increase in the volume of the adsorbed gas in
terms of an accompanying increase in relative pressure due to capillary condensation in
mesopores. They also report a lower relative pressure value relating to a rapid increase in
the volume of the N sorption by increasing the density of the produced aerogel, with
capillary condensation pressure decreasing as pore size decreases. The researchers
calculate an average pore size using the 4Vota/c method. The Viota, Which is the total
volume per gram of sample, is determined from the maximum amount of the adsorbed N>
among the adsorption isotherm; alternatively, it can be calculated from Viotai = (1/pbuik) —
(1/pskeletar) [90].
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Meanwhile, Li et al. [135] m The presence of mesoporous material is confirmed in terms
of the identified IV type isotherm and hysteresis loops. A sharp increase in the volume of
the gas adsorption at P/Po=0.9, followed by narrow desorption, is also reported,

indicating the structure of the mesopores and macropores.

Ghaffari et al. [284] report a bimodal micro and nanoporous structure for Pl aerogels that
can be used for filtering applications. The researchers used Density-Functional-Theory
(DFT) and Barrett, Joyner and Halenda (BJH) methods to investigate pore size
distribution and show the presence of a Hz type hysteresis loop and typed I1I isotherm
shape for the neat PI aerogel prepared with ODA and BPDA and samples with 10 and
20% thermoplastic polyurethane (TPU), added into the main chain. The average pore size
for the neat PI aerogel is reported as 40 nm, reduced to 36 nm through addition of TPU.
They also show that adding TPU has the potential to control the orientation of chains in
a way that affects pore size distribution. However, they note that adding TPU in this way

increases surface area from 481 to 490 m?/g.

The detail about the technique and instrument which was used in this work for pore

structure analysis is presented in section4.2.1.
3.1.5 Mechanical characterisation

Given different applications of use, different mechanical characterizations are needed to
determine aerogels’ mechanical behaviour. Several loading conditions must be used to
investigate such aerogels’ mechanical response. The typical methods used, including
methods making use of tension, compression, torsion, bending and multiaxial stress
states. ASTM D1621 (Standard Test Method for Compressive Properties of Rigid
Cellular Plastics) for mechanical characterization shows that the surface of the sample
has to be smooth and free of defects [285]. There is also a requirement that the end
surfaces be parallel to each other. As the compression test is used to measure Young’s
modulus at small deformation, even a tiny misalignment will give rise to a significant
error in the result. Aerogels are also usually brittle, so preparing the sample using
machining and griping for further testing, including tension, torsion and other multiaxial
stresses, is difficult. Flexural and compression tests are the only tests that are feasible for
use with for aerogels. Flexural strength makes it possible for the tensile strength of the
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aerogel to be estimated [18]. In Figure 3.7, both experimental and simulation methods
show the stress-strain curve for silica aerogel with a relative density of 0.098 g/cm3.
Three deformation stages are observed that depend on the compression strain. The first
stage belongs to the linear elastic region in which the compression strain (g) is less than
0.1 (lower than yield strength); during this step[286]. The deformation occurs elastically,
and the volume exchange corresponds to the applied stress. The sample will recover its
initial volume when the pressure is released [287]. A slight increase in the stress above
the elastic limit will result in permanent deformation at the yielding point. In the next
region (0.1 < ¢ < 0.5, the applied pressure is higher than yield strength), an irreversible
strain is observed, the open structures collapse, and then a prominent plateau feature can
be observed. In the final stage (¢ > 0.5), the stress is suddenly increased in a manner
suggestive of impingement of structural elements against each other, leading to foam
densification [286]. During the compression test, as a function of the pressure, p increases

and porosity decreases.

€=0.05 €=0.35 €=0.65

) . " . ) : ’ )
Plastic yielding 1

4 ]

\ Experiment

Simulation, E;=0.042GPa, 0,=0.023GPa

Densification

True stress [KPa]
o«
Linear elastic region

] e

0 0.1 0.2 0.3 0.4 0.
True strain [no units]

Figure 3.7 The stress-strain curve of a silica aerogel under compression [286]

Figure 3.8 shows a stress-strain diagram for the tensile test. Using this plot, it can be seen
that, beyond the yielding point, an additional load can be applied to the specimen,
resulting in a cure that rises continuously and becomes flat until it reaches the ultimate

strength point. At the fracture point, the specimen will break completely [286].
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Figure 3.8 Schematic diagram of the stress-strain curve in a tensile test [286]

The compression test is usually used to measure Young’s modulus in respect of small
deformations. The appearance of the sample has a significant effect on the measurement,
and so, once again, even a slight misalignment will yield a significant error in the results.
In the tensile test, a failure on one side of the sample will quickly result in the entire
specimen fracturing. Using the stress-strain curve makes it possible to obtain the
compressive stress at ultimate failure, the strain at failure and Young’s modulus.
Compressive stress is determined by dividing the force by the initial cross-sectional area.
The compressive strain is determined by dividing the displacement by the initial length
of the specimen [287]. Figure 3.9 shows the typical compression stress-strain curve.
Ductile materials show similar results in the compression and tensile tests. However,
brittle materials show higher strength and a more significant strain before a fracture
induced by the compression test as compared with the tensile test. Generally, the
difference between compression stress-strain curves and tensile curves is the absence of

necking phenomena [286].
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Figure 3.9 The typical stress-strain curve in a compression test [286]

A transparent Pl aerogel synthesized by Vivo et al. [141] was characterized with
compression testing using ASTM D695-10. The researchers used 4,4'-
hexafluoroisopropylidene phthalic anhydride (6FDA) to synthesise the Pl aerogel,
impacting the optical and thermal properties of the Pls that were produced. The
measurement was applied to a different molar ratio of the 6FDA. Young’s modulus was
calculated from the slope of the linear part in the stress-strain curve and an increase in the
modulus was shown by an increase in the concentration of the polymers due to the density

increase.

In another study, Wang et al. [269] introduced a method for preparing the composite of
Pl aerogel with carbon nanotubes to improve the Pl aerogel’s macro-structural integrity
and mechanical properties. The compressive performance of the PI aerogels was tested at
a strain rate of 10 mm/min by an Instron Corporation 5507 universal test machine. The
reported results show an improvement in the mechanical properties of the P1 aerogel after
the addition of the carbon nanotubes. This improvement can be attributed to the amino-
functionalized CNTs being fully embedded and well dispersed in the PI matrix .The Pl
aerogel nanofibers were obtained using an electrospinning device. ODA and PMDA were
mixed in DMACc in a 1:1 molar ratio. After 12 h of stirring, nanofiber was prepared by
means of electrospinning of the synthesized PAA. Methods involving a teflon mould and
freeze drying were then used on the samples. The results of the compression test confirm
that adding amino-functionalised CNTSs increased the compressive modulus of the Pl

aerogel.
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Zhang et al. [288] report the thermal and mechanical properties of aramid nanofiber
(ANF)/P1 aerogel. In their study, the PAA was synthesized with ODA, PMDA in DMACc.
The synthesis process was carried out in an ice-water bath filled with nitrogen. The
composite of PI/ANF was prepared in a different mass ratio of these aerogels. A series of
compression tests were then applied to investigate their mechanical properties.
Compressive stress under 80% strain showed that the aerogel had the ability to almost
recover its initial height after the external force was removed, demonstrating a high
degree of elasticity. The researchers also report three characteristic stages similar to other
ultralight aerogel materials [289, 290], a linear elastic region for ¢ < 18% showing
Young’s modulus of 4.08 kPa, a plateau region for 18% < & < 60%, and a densification

region with a sharply increasing slope for € > 60% [63].

Jiang et al. [61] used tri(3-aminophenyl) phosphine oxide as a crosslinker to synthesize
and characterize the Pl aerogel produced for their study. They used different diamines
and investigated their effect on the thermal and mechanical properties of the resultant
products. For example, for the same solid content level, the compressive modulus of PlI
aerogels produced by adding PMDA is reported as having shown a significant increase
compared with one made by BPDA, with an increase of almost double, from 6.8 to
12.2 MPa. This is because PMDA results in polymer backbones becoming more rigid,
which leads to the PMDA-BPDA copolymerisation of the Pl aerogels demonstrating a

high degree of compressive strength.

To explore the effect of Pl aerogel microstructure on compressibility, Yuan et al. [291]
produced four typical Pl aerogels with different solid contents that were compressed
cyclically at a 50% strain. They investigated the rules of bridge formation to connect a
layered Pl aerogel, and layered PI aerogel with bridges was formed through precise
control of the PAAC aqueous concentration and imidization condition. Generally, a high
degree of aerogel porosity is advantageous for ensuring deformation and recovery . Four
Pl aerogel with different porosities (96.8%, 95.0%, 93.2%, and 90.9%) were
characterized with a compression test, with a relatively thin layer thickness and no bridge
structure being observed for the Pl aerogel with the greatest degree of porosity.
The compressive strength was lowest at 10 KPa, and the plastic deformation after
compression was greater, reaching 17.2%. As the layer and bridge thickened, the
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aerogel’s compressive strength increased, the plastic deformation decreased, and the

stress-strain curve became smooth [292].

Section 6.2.4 shows detail and method on how mechanical properties are monitored and

determined in this work.
3.1.6 Heat transfer

Following his discovery of aerogel, Kistler sought to develop methods to learn more about
its structural properties. This included the discovery of a linear relationship between the
mean free path of gas molecules and the thermal conductivity of aerogel in terms of the
kinetic theory of gases [293, 294]. Through a study focusing on the heat transfer
properties of aerogels, evidence emerged that this ultra-light substance is a highly
efficient material for thermal insulation [295], making such aerogels highly attractive in
relation to potential uses in the areas of energy-consuming buildings and industrial work.
Figure 3.10 shows the mechanism of heat transfer in aerogels. The equation for

determining heat transfer in aerogels is as follows [18]:

oT
Vg+®=p - c —

Figure 3.10 Schematic diagram for an aerogel structure and heat transfer mechanism. The heat
can be transferred by means of a solid backbone (indicated by the red particle chain), by molecular
gas inside the porous structure of the aerogel (blue dots) and by thermal radiation (wavy yellow

arrows) [18]

In this equation, q: heat flux density, p: density, c: specific heat, ®@: heat source and T:

local temperature. This equation reflects the heat fluxes across the boundaries of a finite
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volume. Fourier’s equation indicates that the heat flux density is reflected by the
temperature gradient. On the other hand Fourier's law (q = -k dT/dx) states that heat flux
is proportional to thermal gradient, where k is thermal conductivity.

3.1.6.1 Effective thermal conductivity of optically thick aerogels

In most aerogels, heat transfer is based on three mechanisms: conduction through the
backbone, convection with a gaseous phase inside the open pores, and radiation. In the
case of thick aerogels (in which case optical thickness >> 1), heat transfer occurs by
means of diffusion [18].

3.1.6.2 Heat transfer via a solid backbone

Heat transfer in respect of a specific temperature gradient in the case of an aerogel occurs
through the diffusion of phonons through the chains of the aerogel’s backbone. Thermal
conductivity can therefore be analyzed as a property of the aerogel’s backbone material
in the manner (Ao) modelled by Debye, who, in his study, draws attention to the
specimen’s morphology [296]. In the following equation, p is the density of the backbone
material, Cy is the heat capacity in the constant volume, the frequency-averaged mean
free path of phonons Iph, and vo is the average velocity of the elastic waves within the
backbone material.

() = 300 6T) (D) () (4D

The thermal conductivity of solid material ( 4(7)) can be determined using the
temperature-independent geometrical factor G above -173 °C [297, 298]:

5(T) = G(p) - Ao (T) (12)
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3.1.6.3 Heat transfer via the gaseous phase

Regarding heat transfer via the gaseous phase, the pores under micron range size in
aerogels lead to reductions in such heat transfer compared with heat transfer within free
gas. For this reason, aerogels’ thermal conductivity is below that of free air, which is
0.026 W/m.K at ambient temperature. This is why aerogels have attracted such a level of
interest in terms of their potential as a material for insulation applications. The heat
transfer in the gaseous phase is obtained by the Knudsen number “Kn.” This parameter
sheds light on the ratio between the gas molecules' mean free path and the pores'
dimension [18]. The heat transfer in the gaseous phase is characterized by the Knudsen
number, which is obtained by the ratio of the mean free path lg of the gas molecules and

the effective pore dimension D [18].
Kn =1lg/D (13)
Three different behaviours correspond to this ratio:

Kn>> 1: If this is the case, then the mean free path of the gas molecules is larger than the
average pore size. The gas molecules collide with the aerogels’ solid backbone, so the
thermal conductivity is calculated regarding the number of gas molecules and the gas

pressure.

Kn << 1: If this is the case, then the average pore size is greater than the mean free path
of the gas molecules. Heat transfer is based on diffusion due to the gas molecules colliding
[299]. In this condition, the total thermal conductivity is equal to the thermal conductivity

of free gas, which is independent of the gas pressure for the ambient condition.

Kn ~ 1: If this is the case, then the gas molecules collide with both the solid backbone

wall and each other.

Generally, the most common techniques used to measure the thermal conductivity of bulk
materials can be classified into two major categories. The first category includes steady-
state methods, including comparative, radial heat flow and parallel conductance methods.
Determination of the thermal conductivity in steady-state methods is performed by

measuring the difference in temperature through a known distance of a sample under a
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steady-state heat flow. The second category includes transient techniques, which involve
measurements being performed with a time-dependent heat energy transfer through a
sample. The main transient techniques are the pulsed power technique, the hot-wire
method, the laser flash method and the transient plane source (TPS) method (also called
the hot-disk method) [300]. In this work hot wire which is a transient technique was used
(Section 4.2.6).

In their study, Ghaffari et al. [301] synthesized double dianhydride backbone (double
backbone) PI aerogels for the first time. This type of fabrication and using the same
monomers provided a different range of morphology from particles to fibrous and
monolithic aerogel. The thermal conductivity of the produced double backbone PI
aerogels was measured using the hot-disk method (ThermTest Inc., TPS2500 S) at
ambient temperature and room temperature. When the double backbone aerogel method
was used, the Pl aerogel emerged as having a thermal conductivity of 19.7 mW/m.K, 40%
lower than one produced using other methods, followed by low density (0.068 g/cm?).
Among the various aerogels, the PI form is reported as being the one thermally stable up
to 400 °C. This property makes the Pl a promising candidate for several thermal insulation

applications, including clothing worn by firefighters.

In another study, the Pl aerogel was synthesised using the crosslinking PI membrane with
the PI aerogel nanofibers to achieve high flexibility, strong mechanical properties and
highly efficient heat-insulated performance. For measuring thermal conductivity, the flat-
plate method (DREIII, Xiangtan Xiangyi Instrument Co, China) was used at room
temperature [302]. It is reported that the pure Pl nanofiber had small and dense pores at
the nanoscale, resulting in ultralow gas thermal conductivity because the mean free
path of gas molecules was in the same order of magnitude as the pore size [303]. On the
other hand, the pure PI aerogel membrane is also reported as being brittle, resulting in
limitations in its potential applications, although producing composites of the PI
nanofiber with a membrane might improve the properties of the final product. Hou et
al.[302] meanwhile, report ultra-low thermal conductivity and high flexibility for these
composites, noting that these can be increased by increasing the concentration of the Pl
nanofiber from 0 to 30% to 0.0251 and 0.0335 W/m.K. This is possible because the

addition of PI nanofibers increases the path of heat transfer in the system.
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Finally, Guo et al. [26] investigated the effect of temperatures in the range of -130 to 50
°C, gas types (nitrogen and carbon dioxide) and gas pressures (5 Pa to 100 kPa) on the
thermal conductivity of the aerogels. They also provide a comparison of the results with
those of other polymer foams, such as polyurethane foam, phenolic foam and polystyrene
foam. Their results show that the thermal conductivity measured in the carbon dioxide
atmosphere condition was lower than those measured in the nitrogen atmosphere

condition.

3.2 Conclusion

Due to its low density, low thermal conductivity, desirable mechanical properties and
porosity, Pl aerogel has a variety of applications across different areas. This type of
aerogel also has the advantage of functioning to fill gaps left by other properties, including
certain mechanical properties associated with the aerogel family. In work conducted for
this research project, given the benefits and challenges associated with the different
methods discussed in this chapter, the aim was to synthesize Pl powder using the wet gel
grinding method and the emulsion method, following which the resultant powder would
be characterized. The properties such as density, porosity, particle size and thermal
conductivity of the Aero-Zero powder, which is the powder made by Blueshift using a
dry milling process, were also to be compared with the powders synthesized in this work.
In the next step, the particles resulting from the manufacturing process are solidified and
converted into stock shape samples using two methods to convert the powders into the
stock shape: solvent (DMSO) and epoxy. The subsequent chapters also provide a
discussion of how the stock shapes were characterized and compared with the Aero-Zero

stock shape made by Blueshift.

Following different explanations about various types of polyimide aerogel,
manufacturing process and characterising methods in chapter 2 and 3, in the next chapter
three methods will be introduced for synthesizing the polyimide aerogel powders on this
work. All powders will be characterized and assessed at this chapter and stored for

consolidation.
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Chapter 4 Preparation and characterization of polyimide
aerogel powder

Compared with larger monolithic, aerogel microparticles from Pl and other forms of
thermally stable polymers are suitable for use in a larger variety of applications. As an
example of the properties that cause this, PI1 aerogel microparticles of a few nanometres
or micrometres have a triple mass diffusion rate compared to monolithic ones with similar
porosities and surface areas. Among the applications of such aerogel microparticles are,
for example, the manufacturing of double-layer capacitors in energy storage [304] and
packed bed reactors in chromatography [305] and use as drug reservoirs in drug delivery
[306]. The fabrication of microparticles also presents certain advantages in terms of ease
of handling and surface smoothness, which can prevent inflammatory responses from the
body [307].

The present study was conducted to detail the production of Pl aerogel powders with
controlled particle sizes using dry milling, wet gel grinding (WGG) and oil-in-oil
emulsion (EM) methods with a short processing time and the performance of solvent
exchange. Using WGG and EM techniques, the solvent exchange can be completed in
acetone in less than 3 h. For both WGG and EM, polyamic acid (PAA) was first
synthesized by mixing 4,4’-oxydianiline (ODA) and 4,4’-diamino-2,2’-dimethylbiphenyl
(DMB) as diamine and 3,3’,4,4’-biphenyltetracarboxylic dianhydride (BPDA) as an
anhydride in two additions. 1,3,5-Tris(4-aminophenoxy) benzene (TAPOB) was also
added as a branching agent in this step [33]. As the catalyst, 2-methyl imidazole (2-Ml),
and benzoic anhydride (BA), as the dehydrating agent, were used to complete the
imidization process. Finally, low-density, highly porous aerogel powders were obtained
after solvent exchange and drying under ambient pressure. More detail about the drying

and solvent exchange process are presented in section 4.5.3.
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4.1 Experimental work
4.1.1 Material

This work was undertaken using TAPOB purchased from Wakayama Seika Kogyo and
DMB purchased from TCI. Dimethyl sulfoxide (DMSO, > 99% Reagent Plus), ODA,
BPDA, phthalic anhydride (PA), benzoic anhydride (BA), 2-methyl imidazole (2-MI,
99%), acetone (technical grade) and cyclohexane (> 99% ACS reagent) were purchased
from Sigma-Aldrich. Hypermer™ 1599A and Span 85 were purchased from Croda. All

reagents and solvents were used without further purification.
4.1.1.1 What is Sorbitan (span)

Sorbitan is a mixture of isomeric organic compounds derived from
the dehydration of sorbitol and is an intermediate in converting sorbitol to isosorbide

[308].

Sorbitan is primarily used in the production of surfactants such as polysorbates; which
are important emulsifying agents, with a total annual demand of more than 10000 tons in
2012 [309]. There is a different grade of span with a variety of properties. For example,
Span60 is a non-ionic surfactant which can be used in drugs. Span 80 is more hydrophobic
(HLB=4.3) and can be used in the oil in oil emulsion system compared to span 20 with

HLB=8.6, which is more hydrophobic [310].
4.1.2 Synthesis of polyamic acid (PAA)

PAA was first synthesized as follows: 225.81 g of DMSO was added to a precleaned
baffled reactor, following which 4.98 g DMB, 4.69 g ODA and 0.30 g TAPOB were
added simultaneously and stirred with the solvent at room temperature until all
components were fully dissolved. There was then sequential addition of BPDA in two
equal portions every 20 min of 6.71 g each to the mixture, with this being allowed to
dissolve completely after each addition. The resulting homogenous mixture was left to
stir overnight. The next day, 0.82 g PA was added to the mixture and stirred for an
additional 2 h. The formulation for synthesizing PAA in this way is listed in Table 4.1.

The resulting pale orange solution PAA was drained from the reactor (see Figure 4.1),
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weighed, and ready for use in the synthesis of PI powder aerogels. The methods adopted

for this task are detailed in the subsequent sections [311].

Figure 4.1 (a) Baffled reactor and temperature controller; (b) PAA
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Table 4.1 A formulation for the synthesis of PAA

Resin (PAA) chemical content
Chemical Weight (g) Weight
(%)
DMSO 225.81 90.32
TAPOB 0.30 0.12
DMB 4.98 1.99
ODA 4.69 1.88
BPDA 13.41 5.37
PA 0.82 0.33
Total 250.01 100.00
Total solid 24.20
% solid content 9.68

The molecular weight of the PAA was analyzed in terms of the inherent viscosity, with
higher viscosity indicating a greater molecular weight. In the present work, the viscosity
of the PAA resin was measured using CGOLDENWALL Digital Rotary Viscosity Meter.
This viscometer has different sizes and types of spindles that are selected depending on
the range of viscosity; the measured viscosity using this viscometer can be in the range
of 0.1- 2000000 cp/mpa.s. The viscosity can be measured at different speeds of rotation
for the spindle. The effective parameters on the measured viscosity are temperature and
velocity of the rotation. For measuring the viscosity of the synthesized PAA, settings of
30 rpm and spindle S1 were selected. The viscosity for the PAA is 197.8 £ 13.2 mpa.s.

Figure 4.2 shows the digital viscometer that was used for this work.
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Figure 4.2 CGOLDENWALL Digital Rotary Viscosity Meter used in this work

4.1.3 Synthesis of polyimide aerogel stock shape

Given that Pls are insoluble and infusible, it is typical to use a two-step process for
manufacturing Pls [312, 313]. In the first step, soluble polyamic acid (PAA) is prepared
to produce thin films or coatings or to be impregnated with carbon fibres. In the second
step, Pls are prepared either thermally or chemically from PAA [314].

This study induced chemical imidization by using 2-methyl imidazole (2-MI) as a catalyst
after preparing the PAA. During the imidization process, the polyamic acid was converted
into PI, with benzoic anhydride (BA) being added as a dehumidify agent in order to
remove the water molecules arising as a by-product of the process. Suppose the water had
been allowed to remain in the reaction. In that case, the unreacted PI participates would
have reacted with this water, giving rise to a reverse reaction through the production of
polyamic acid. The ratio between the mass of 2-MI and BA against the mass of the resin
was 0.05 and 0.19 in respect of each of these. The chemical reaction used for synthesizing
the Pl aerogel is presented in Figure 4.3 [315]. After adding 2-Ml into the PAA and a 3-
min mixing these using a magnetic stirrer, the BA was added and mixed for another 3
min. At the end of this mixing, by which point a clear yellow solution had appeared, the
sol was poured into a specific mould and left in the ambient condition (at 20-25 °C) for
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18-24 h to produce the wet gel through the process of ageing. After 24 h, the wet gel was
demoulded and sent for solvent exchange. The acetone was added 4 times greater than
the volume of the stock shape to the container, then placed in the shaker. The acetone was
replaced 6 times every 24 hours. After the completion of the solvent exchange, the blocks
were placed in an ambient condition so that the acetone could evaporate to the point where
the samples would stop losing weight. Then, to achieve curing and to complete the drying
process, the blocks were first heated to 200 °C for 90 min under a vacuum and then heated

to 300 °C for 12 h under a flow of argon.
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BPDA DMB
(n) (n+1) (n)

DMsO,
Room temperature

Figure 4.3 Synthesis of PAA and Pl aerogel from amines (DMB, ODA, TAPOB) and
anhydrides (BPDA, PA), catalysed with 2-MI [315]
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4.1.4 Dry milling of PI aerogel stock shape

To produce Pl-powder aerogel, Blueshift uses a CAMaster-Stinger | dry miller
machine, working with a feed rate of 50 in/min, a plunge rate of 15 in/min and a
rotational speed of 12000 rpm. Figure 4.4 shows the PI stock shape being converted

into powder in this way. The produced particles are stored in a fully sealed bag for

further investigation.

Figure 4.4 (a) PI stock shape, (b) stinger for milling the PI stock shape, and (c) Pl powder
aerogel produced through dry milling of PI stock shape

4.1.5 Synthesizing PI aerogel powder using wet gel grinding (PI-
WGG)

For this research, wet gel grinding was used as the method of synthesizing the Pl
aerogel powder, necessitating the use a blender and blending the PI wet gel into a
small particle. In the first step, the wet gel needs to be synthesized, following which
it can be converted into particles. To produce different particles in terms of shape,
size and properties, solid content can be changed through dilution. Thus, DMSO,
the main solvent used in this process, was added in different volumes to optimise

the manufacturing conditions and properties of the resultant particles.
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The chemical formulation for synthesizing the PI-WGG s listed in Table 4.2. In a

DMSO(g)

1-litre glass beaker, 10 g of PAA was diluted by adding DMSO in
PAA(g)

ratios

of 0, 0.5, 1 and 1.5. The sol was stirred for 3 min using a magnetic stirrer. 0.69 g 2-
MI (as the catalyst) was added, and the PAA was stirred for 3 min. 2.09 g BA was
then added to the sol, and the mixture was stirred for an additional 3 min. Benzoic
anhydride (BA) was then used to remove the H>O molecules arising as a by-product
during the imidization process. The sol was then transferred to a polyethene
container for gelation, which took around 30 min. After 24 h of resting under
ambient conditions, the resulting PI wet gel was ground using a blender for 3 min.
For grinding, water was used in a volume of four times that of the wet gel to prevent
explosion during the blending process. The wet powder was exchanged with
acetone three times every 30 min. Finally, PI-WGG aerogel powders were obtained
by filtering under a vacuum and drying at room temperature for 24 h and 30 min at
200 °C. Figure 4.5 shows the different steps involved in the fabrication of PI-WGG.
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Figure 4.5 (a) reactor used for mixing the solution in the closed area, (b) mixing the
polyamic acid resin in the reactor overnight, (c) draining the PAA from the reactor, (d)
chemical imidization induced by adding 2-Ml, (e) leaving for 24 h at 23 °C, (f) wet gel PI
after 24h, (g) grinding the wet gel to produce the powder with kitchen blender, (h) solvent
exchange and filtration process, (i) dried powder (24h RT, 30min at 200°C)
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Table 4.2 Formulations for the preparation of PI-WGG aerogel powders

DMSO/PAA =15
monomer Weight Weight
© )
DMSO 375.00 54.00
PAA 250.00 36.00
BA 52.25 7.52
2-Ml 17.25 2.48
total 694.50 100.00
% solid content - 13.49
% Yield - 86

4.1.6 Synthesis of polyimide aerogel powders using emulsion (PI-

EM)
The chemical formulation for synthesising the PI-EM is listed in Table 4.3.

In a 1-litre glass beaker, emulsifiers (0.38 g of Span 85 and 0.13 g of Hypemer
1599) were mixed with 20 ml cyclohexane, and the solution was stirred
mechanically until the emulsifiers were fully dissolved (~20 min). These emulsifier
agents reduced the surface tension operating between the two dissimilar liquids

[36]. In a separate sealed round bottom flask, 10 g of PAA was diluted by adding

DMSO in 2M50(®)

——== ratios of 0, 0.5, 1.0, and 1.5 and the sol was stirred for 3 min.
PAA(g)
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Then a catalyst, comprising 0.69 g of 2-MlI, and 2.09 g of BA, was added stepwise

by mixing for 3 min between each addition. (See Figure 4.6.)

Figure 4.6 a) mixing the cyclohexane with emulsifiers, b) performing the dilution and

adding the catalysts into the PAA as a dispersed phase during the emulsion process

Subsequently, the mixture of PAA, DMSO and catalyst was added to the solution
of emulsifiers in cyclohexane. This was done slowly using a pipette. The mixture
was stirred for 1 h at a rate of 500 rpm (Figure 4.7-a). The cyclohexane was then
decanted, and the DMSO layer was poured into a beaker containing 500 ml of
acetone (Figure 4.7-b). After 15 min, the PI-EM wet powders were collected in a
vacuum filtration funnel. TGA was used to identify the optimal method for
exchanging the solvent and drying, and the residual solvent was measured for
different washing methods (see section 4.5.3). As discussed below, the most
optimal condition in terms of the quantity of residual solvent is reflected in
“wash[ing] with acetone three times every 20 min and two times every 45 min”
(Figure 4.7-c). Finally, PI-EM aerogel powders were spread on a tray and air-dried
for 45 min at room temperature, followed by further drying for 2 h at 50 °C and for
30 min at 200 °C under air (Figure 4.7-d). The drying condition was optimized in
terms of timing and the residual solvent in the powder. The results of the

optimisation process are presented in section 4.5.3.

135



Figure 4.7 (a) cyclohexane with emulsifiers at 500 RPM, (b) the addition of PI to the
cyclohexane, followed by mixing for 1 h at 500RPM, (c) sedimentation, (d) solvent
exchange and suction filtration, (e) dried powder (45minRT, 2h 50°C,30min 200°C in air)

Table 4.3 Formulations for the preparation of PI-EM aerogel powders

DMSO (g)/PAA(g) =15
monomer W(zg‘;ht weight (%)
DMSO 375.00 34.19
Span 85 9.50 0.87
Hypermer 1599-A 3.25 0.30
Cyclohexane 389.50 35.51
PAA 250.00 22.79
BA 52.25 4.76
2-MI 17.25 1.57
total 1096.75 100.00
% solid content - 9.68
% Yield 77
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4.1.7 Results relating to the properties of polyimide aerogel powder

The Pl powder aerogel, which, as detailed above, was synthesized using three
different techniques (dry milling, wet gel grinding and emulsion), had to be
characterized using a range of different techniques. The dried milling powder called
“Aero-zero” powder was prepared by Blueshift for this research and was considered
the reference for all measurements taken. Different batches of powders were made
using the wet gel ground method and emulsion process in different ratios of DMSO:
PAA, 0.0, 0.5, 1.0, 1.5. All the batches were mixed and stored in a plastic bag until
it came time to characterize them. Properties of interest at the microscopic level,
including skeletal and porous structure, microparticle size and assembly, were
investigated using nitrogen sorption, mercury intrusion porosimetry and SEM.
Macroscopic properties such as thermal stability (up to 500 °C) and conductivity
(0.039 W/m.K) were compared and correlated with other properties such as density
and dilution ratio. Samples obtained using WGG are referred to as PI-WGG-xx, and
samples prepared using EM as PI-EM-xx, with the suffix “-xx” denoting the ratio
of DMSO (g) to PAA (g) in the preparation of the powders.

4.2 Characterization techniques
4.2.1 N sorption

Gas adsorption measurements were conducted on a Micromeritics ASAP2420
Surface Area and Porosity Analyser (Figure 4.8). Surface area, pore volume and
average pore size were determined by means of analysis of the cryogenic nitrogen
adsorption/desorption isotherm.
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Figure 4.8 Micromeritics ASAP 2420 Surface Area and Porosity Analyser

Approximately 0.2 g of sample was subject to a degas cycle of 30 min at 50 °C,
followed by 120 min at 120 °C, at a pressure of 10 mmHg. This process removed
any residual solvent or surface contaminants from the samples. Degassed samples
underwent a 40-point adsorption cycle between the relative pressures of 0.01 and
1, followed by a 30-point desorption cycle between the relative pressures of 1 and
0.1. The sample temperature was maintained at a constant value of -196 °C
throughout the experiment using a liquid nitrogen bath. Two samples were tested

using gas adsorption.

Brunauer—-Emmett-Teller (BET) specific surface areas were obtained by means of
nitrogen sorption at -196 °C [276, 316]. The desorption branch of the isotherms was
used to calculate the Barrett-Joyner-Halenda (BJH) pore size distribution [316]. The
total pore volume was calculated from the volume of adsorbed gas at relative

pressure equal to 0.99.
4.2.2 Mercury Intrusion Porosimetry (MIP)

Complete pore size distributions and bulk densities were measured with low and
high-pressure sweep mercury intrusion porosimetry using an Autopore V model

9605 [317]. Approximately 0.1 g of the sample was subjected to a penetrometer for
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low and high-pressure analysis. A sweep of 0-30 psi, followed by a sweep of 30-
33000 psi, was used for low and high pressures, respectively. MIP was used to
measure the bulk volume of the sample using a subtraction operation between the
volume of the penetrometer, defined for the software, and the volume of the

adsorbed mercury.

The % porosities were calculated using the bulk density from MIP and skeletal

density. Figure 4.9 shows the MIP equipment used for this purpose.

Figure 4.9. Autopore V model 9605, surface area and porosity analyser

The following equation was used for measuring the porosity in terms of bulk density
and skeletal density [318]:

% Porosity =1- Z—ls) pb = bulk density (g/cmq), ps = skeletal density (g/cm?®)

4.2.3 Pycnometer

Skeletal densities were measured on a Micromeritics Accupyc Il 1340 helium

pycnometer. Figure 4.10 shows the pycnometer equipment used in this work.
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Figure 4.10 Helium Pycnometr used in this work
4.2.4 Particle size measurement

Only for exactly spherical particles can a number be determined as a diameter for
the given particle’s size. In the case of other regular shapes, as in cubic particles,
more than one dimension from the length, width and thickness must be measured.
In the case of the samples in powder form, it is typical for the particles to be mostly
irregular, and the size of the particles that is yielded depends on the method used to
measure this [319]. The typical method for measuring particles’ size in this way
references equivalent spherical diameter, referring to the diameter of the spherical
shape that has a volume equal to that of the current particle. The critical factor that
must be considered during particle size measurement is the value of certain size-
dependent properties of such particles. It is worth mentioning that determining the
particle size distribution and analysing this figure to detect any change is generally

more important than measuring the absolute value for particle size.

In powder samples, the particles' size and shape are the most critical parameters for
gaining insight into their properties. In the present research, the size of the particles
was measured using Image-Pro software, which was used to view microscopic
images of these particles. Using the manual split, any overlapping particles could
be split and viewed as individual cases. Obtaining the required microscopic images

involves powder being poured onto a small glass plate, and the particles can be
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dispersed evenly and separately by shaking the plate smoothly. Figure 4.11 shows
the different steps involved in using the Image-Pro software when measuring the

diameter of such particles.
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Figure 4.11 Different steps for using Image-Pro for particle size measurement, a) opening
a optical microscopic image in Image-Pro, b) counting the number of the particles, c)
applying manual split to separate any particles that are overlapping, d) counting the number

of particles after separation, €) extracting the measurement data from the software
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For the purposes of this study, particles of the sort illustrated in the microscopic
images are taken to be the smallest objects remaining on the glass plate after the
plate has been shaken. Figure 4.12 shows different diameters for a nonuniform
particle. This study proceeded on the basis that the size of each particle could be
defined as the average of different diameters in different directions. For each
condition, at least 500 particles were measured using different optical images, with
the average of all of these being presented as the average diameter for the sample.

Figure 4.12 Different diameters for a non-uniform particle

There are accounts in the literature providing evidence that particles’ geometry
changes in terms of mechanical and transport properties such as adsorption-
desorption. For example, Decuzzi et al. [320] report that increasing the adhesion of
a spherical particle on a biological substrate can expand its surface area. Jin et al.
[158] meanwhile, fabricated a pill-shaped PI aerogel particles using microfluidic
flows. The spherical Pl sol droplets produced in their experiment using a
microfluidic droplet generator were guided into a contraction flow channel to
deform them into pill-shaped droplets, synthesizing a pill of roughly 200 pum in
diameter and 1000 um in length. The researchers also found that microparticle
length could be controlled by varying the ratio of the flow rates of Pl sol and silicone

oil.
4.2.5 Thermogravimetric analysis (TGA)

The thermal stability of the powders and the quantity of residual solvent in the
produced particles were measured by thermogravimetric analysis using a TA

Instruments Q50 thermogravimetric analyser (TGA) (Figure 4.13). The surface of
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the pan was covered with a 13-20 mg sample. The temperature was increased from
20 to 700 °C under air at a heating rate of 10 °C/min. At the end of the test, the
temperatures corresponding to 10% weight loss and onset were recorded.

Figure 4.13 TA Instruments Q50 thermogravimetric analyser (TGA)
4.2.6 Thermal conductivity

In this work, a XIATECH TC3000E thermal conductivity meter was used to
measure the thermal conductivity of the samples. This equipment generally works
on the basis that the heat is transferred across a hot wire sensor that is placed
between two samples. Before analysing the samples, a polymethyl methacrylate
(PMMA) standard sample was tested to calibrate the equipment. For all
measurements, a 500g deadweight was placed on the sample to apply pressure and
ensure contact between the sample and the sensor’s surface. Figure 4.14 provides a

schematic image detailing the placement of the sample on this instrument.
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The 500 g deadweight

SENSOI  r— > Sample

Figure 4.14 Schematic image detailing the technique for measuring thermal conductivity

The minimum edge length for the sample and minimum thickness had to be at least
3 cmand 0.3 mm, respectively. There is no limitation in terms of the sample shape
when using this instrument, meaning that the solid sample can be round, square or
irregular and in the form of powder. Figure 4.15 shows the sample set-up for powder
and stock shape in terms of using the hot-wire technique for measuring thermal

conductivity.

Figure 4.15 Thermal conductivity measurement set-up: a) TC3000E thermal conductivity

meter sensor, b) powder measurement, ¢) stock shape measurement
4.2.7 Scanning Electron microscopy (SEM)

In this work, two different SEM were used for powder and stock shape samples.
For the powder samples Phenom Prox/Pro/ Pure instrument was used. And for the
stock shape samples, Leica EM ACE 200 sputter coater and a Hitachi TM4000plus

scanning electron microscope were used. The samples were attached to aluminium
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stubs using double-sided adhesive carbon tabs and then coated in 20 nm of gold
using the sputter coater. The SEM was operated with an accelerating voltage of 10

kV in observation mode 2 and standard vacuum.

4.3 Results of characterizing milled polyimide aerogel
powder

4.3.1 Nj; sorption for dry-milled powder

When investigating adsorption for various gaseous separations, the sorbent’s
surface area, pore volume and diameter are three of the most important properties
to consider. This is because these parameters determine the quantity of gas that can
be stored and the material’s ability to selectively capture one species. The Aero-
Zero powder was analyzed for basic textural and the results are shown in Figure

4.16.
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Figure 4.16 N sorption for milling powder, (a) pore size distribution, (b) N2 sorption
isotherms (at -196 °C)

The plots show meso- and microporosity for the Aero-zero particles, with 5 to 70
nm pores. The average pore size with the adsorbed gas at its maximum volume is

34 nm. In addition, the hysteresis loop was found to be apparent in the BET
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isotherm curve, demonstrating that mesopores existed in the Aero-Zero powder.
This loop also suggested that low pressure ranges would lead to condensing the gas
inside the pores and that higher pressure would form mono- and multilayers. The
nitrogen adsorption isotherms for this powder rose above P/Po = 0.9 but without
reaching the saturation plateau, indicating their status as type Il isotherms. Overall,
only a very low quantity of gas adsorbed during the early stages of the adsorption,
indicating that the pores were mostly meso- and macroporous. On the other hand,
there was significant adsorbing of N. at relatively low pressures, implying a
microporous status. N, sorption indicated the pore volume to be 19.3 cm¥/g,

associated with pores up to 100 nm in size.
4.3.2 Mercury Intrusion Porosimetry (MIP) for dry-milled powder

MIP was used to measure the particles' total porosity, bulk density and pore size
distribution. The milled particles were found to have a bulk density equal to 0.17
g/cm?. Furthermore, their low density and high porosity of 89% made the Aero-
Zero a useful choice for several different applications. The MIP profile in Figure
4.17 provides important information regarding the characterisation of Aero-Zero.
The distribution indicates that most of the pores of this substance are macropores,
between 5 nm and 340 um. MIP was also used to measure the degree of porosity
inside the particles (intra pores) and between them (inter pores), which was found
to equal 89%. The bimodal distribution showed meso- and macroporosity for the
particles, with a median pore diameter indicated by the MIP of 7881.20 nm,
confirming a macroporous structure. The intensity of both peaks, start at 0.1 and 10

pum, is almost the same, confirming the status of most of the pores as macropores.
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Figure 4.17 MIP pore size distribution for Aero-Zero powder
4.3.3 Particle size measurement

Image Pro was used to measure the size of the particles. This was done on the basis
that this would be a property of relevance to most of the powder’s properties and
applications. The analysis conducted using Image Pro involved considering
different optical images to obtain information on at least 500 particles and
measuring their diameter. Figure 4.18 shows the microscopic and SEM image for

the Aero-Zero powder, indicating a porous structure in each case.

The pores can be seen to exist between the particles and on their surface. A level
of aggregation between the particles can also be observed as a result of the milling

and storing processes.
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A right-skewed particle size distribution for Aero-zero powder is shown in
Figure 4.19. These data show that the particles are dispersed in the range of 5-90 um,
mainly in the range of 5 to 10 um, with an average size of around 17.93 pm.
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Figure 4.19 Particle size distribution for dry-milled powder

Another commercially viable method for measuring particles' size involves using a
sieve. This method was also used in respect of the Aero-Zero particles prepared for
this research project, specifically a multi-step micro-size sieve. The sieves contain
different sizes of mesh and can detect and measure particles in the range of 53-5000
pum. The relevant sieve and particle size frequency for this method are presented in
Figure 4.20, indicating a narrow distribution with a peak in the range of 420-590
pum. However, these results must be interpreted with caution in that shaking the
particles to pass them through the sieve may result in these particles attaching to
each other, resulting in objects that the sieve shows to be larger than the individual
particles would be. This is why this method is considered to be potentially

inaccurate and useful only on an industrial scale.

To plot the frequency data, the powder weight in each mesh plate was measured
and divided by the total mass of the powder, yielding a value showing the frequency
for the particles with a size in the range of a specific mesh. The narrow distribution

depicted below shows the presence of uniform particles.
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Figure 4.20 Frequency of particle size for dry milling powder using sieve measurement
data

4.3.4 Thermogravimetric analysis (TGA) of dry-milled powder

To investigate the thermal stability of the particles and the degree of residual
solvent in the Aero-Zero powder, the particles were analysed using TGA. For
measuring the degree of residual solvent in the final powder after the drying
process, the temperature was increased under air from 20 °C up to 200 °C at a
heating rate of 10 °C/min, following which there was heating as an isotherm step
for 15 min. Figure 4.21 shows weight change against temperature for Aero-Zero
powder to gauge the residual solvent level. To perform this calculation, the

following equation was used:
Weight at 100% - % wt loss = % residual solvent

Using this equation, the residual solvent for the Aero-Zero particles using Figure
4.21-b, after 15 min, is calculated to be 0.45%. The low residual solvent emerged
as having a high degree of porosity combined with large pore size in the particles,
a characteristic that would facilitate the evaporation of the solvent from the inside

and surface of the pores.
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Figure 4.21 correlation of weight change against (a) temperature and (b) time for Aero-

Zero powder

Figure 4.22 presents data on weight change and rate of weight change against
temperature for Aero-Zero powder. It can be observed that, up to 420 °C, Aero-
Zero is almost thermally stable and demonstrates no significant weight change.
Thermal degradation can be observed to occur between 420 and 540 °C. Above this

point (540-590 °C), the weight change increases at 2 %/°C. The degradation was

ultimately complete at 670 °C.
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Figure 4.22, (a) weight changes and (b) rates of weight change as a function of temperature

for Aero-Zero powder

Rate of Weight change (%/°C)

151

Weight (%0)

99.8

99.7

99.6

99.5

99.4

99.3

(b)

10 20 30 40
time (min)

| ®

Temperataure (°C)



4.3.5 Thermal conductivity of dry-milled powder

In order to perform measurement procedures for each type of powder, powder from
several batches was mixed, following which the relevant measurement procedures
were taken and then repeated twice more. The average value of the three
measurements was taken to indicate the degree of thermal conductivity for each
powder. The thermal conductivity of the Aero-Zero powder was measured using a
hot-wire technique (see section 4.2.6). As was expected, the resultant figure was
36.5 mw/m.K, close to the value for the Aero-Zero stock shape from Blueshift (40
mw/m.K). Aero-Zero, with low-density small particle size, low thermal
conductivity and high porosity, functioned as a reference point for the comparison

of other types of powder with Aero-Zero.
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Table 4.4 Property of Aero-Zero powder

Sample Aero-zero powder
Surface area (m?/g)? 10.7+0.9
N sorption, average pore width (nm) ¢ 33.1+06
Pore volume (cm®/g)2 STP 19.3+22
Median pore diameter, (nm)® 7881.2
Average pore diameter, (nm) ® 1404.4
Bulk density (g/cmq)® 0.17
Skeletal density, (g/cm?)? 15 +0.02
Porosity 24, (%) 89.00
MIP Porosity®, (%) 83.5
TGA (10%) (°C) 540
Onset point (°C) 564.5
Residual solvent (%) f 0.45+0.01
Thermal conductivity (mW/m.K) 36.5+£0.9
Average particle size (um) ¢ 179+84

a) average of three samples; b) single sample, measured with MIP; c) average of
more than 500 particles. d) via IT= 100 x (ps—pn)/ps; €) single point at Vmax; f) at
TGA test: 100% - % wt loss = % residual solvent.
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4.4  Characterization results of the wet gel ground powder
(PI-WGG)

4.4.1 Nj sorption for PI-WGG powders

Like dry milled powder (Aero-Zero), gas adsorption was used to characterise the
pore structure of the produced powders. Surface area, pore volume and pore size
distribution were all measured using this technique. The average size of the pores
was selected as the point marking the maximum level of adsorbed gas. Figure 4.23
shows the pore size distribution and N2 sorption isotherm plots for PI-WGG
powders at different ratios of DMSO: PAA. The desorption branch of the isotherms
was used to calculate the Barrett-Joyner-Halenda (BJH) pore size distribution [316].
The size of the pores for these samples is in the range of 1.7-100 nm, indicating
both mesoporosity and microporosity. The pore diameter distribution for PI-WGG
powders in different ratios obtained from the Barrett — Joyner —Halenda (BJH)
model is presented in Figure 4.23(a). A reduction in the adsorption of the gas by
decreasing the dilution can be observed in the pore size distribution plots. The
average pore size for all wet gel ground powders is reduced from 37.15 to 23.32 nm
by increasing the dilution ratio. This could be due to the particle size reduction
induced as a result of the dilution. The volume of N> adsorbed in the pores was
found to increase with pore diameter starting at 3 nm, reaching a maximum of
around 25 nm. Figure 4.23(b) shows that the adsorbed gas volume will increase by
increasing the relative pressure. In addition, at low relative pressure, the amount of
adsorbed gas is insignificant. These results confirm that macropores constitute a

significant proportion of the observed porosity.

Furthermore, the hysteresis loops are apparent in all BET isotherm curves,
demonstrating that mesopores exist in all cases. This loop also suggests gas
condensation inside the pores at low-pressure ranges and that mono- and multi-
layers are formed at higher pressure. The nitrogen adsorption isotherms for all ratios
rise above P/Po = 0.9 but do not reach the saturation plateau, indicating that they are

type Il isotherms.
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Figure 4.23. N, sorption for wet gel ground powder, (a) pore size distribution, (b) N2

sorption isotherms (at -196 °C)

The BET surface area is in the range of 8.9 to 22.7 m?/g for a different ratio of PI-
WGG powders, indicating that the surface area of Pl aerogels in this study is rather
low, especially compared to that of Pl aerogels discussed in the literature. The
surface area for the Pl aerogel microparticles made from the polyamic acid in 1-
methyl-2-pyrrolidinone (NMP) solution and thermal imidization has been recorded
as being as high as 103 m?/qg [66]. Gu et al. [164] synthesized Pl aerogel
microparticles by making the micrometre polyamic acid droplets in DMF, which

were chemically imidized by pyridine and acetic anhydride using supercritical
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drying. The surface area for these particles was 512 m?/g. During ambient pressure
drying, the surface tension between the solvent and pore walls results in shrinkage
and reduces the surface area. Much of the existing research has used supercritical

CO: instead of ambient pressure drying to minimise the collapse of pores [50].
4.4.2 Mercury Intrusion Porosimetry (MIP) for PI-WGG powders

The particles’ total porosity, bulk density and pore size information for PI-WGG

powders with different ratios of DMSO: PAA were characterized using MIP.

4.4.2.1 Pore structure

Similar to the dry milling method, the porosity of the particles was calculated using
bulk and skeletal density. For each condition, MIP was used to test one sample.

Figure 4.24 presents the pore size distribution for the samples, showing pores in the
range of 5 nm to 130 um. A bimodal distribution can be observed for all the ratios,
which belong to inter- and intra-porosity of the samples measured with MIP. In
addition, this type of distribution shows that the PI-WGG powders are mostly
mesopores and macropores. Unlike N2 sorption, which demonstrates a reduction in
gas adsorption by decreases in dilution, the MIP pore size distribution data show
that the sample with a ratio of 1.5 has the lowest degree of adsorption. In the pore
size bimodal distribution, the second peak, related to inter porosity, decreases with
dilution increases. Smaller particles are made by increasing dilution, placing these
closer to each other, and reducing the resultant porosity between the particles. In
general, by increasing the ratio of dilution, the size of pores reduces, resulting in
greater density and thermal conductivity. Similar to what was observed in gas
adsorption results, the same behaviour is observed in the average pore sizes
obtained from MIP. As for PI-WGG, by increasing the dilution from 0.0 to 1.5, the

MIP average pore size changes from 1743 to 147 nm.

Furthermore, in terms of the results for PI-WGG-1.5, increasing the pressure to 300
Psia results in the volume of the pores filled with mercury becoming less than 1
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cm?®/g (see Figure 4.24-b). The MIP pore size distribution for PI-WGG samples
shows that, by increasing the dilution and, therefore, the presence of smaller
particles, a shorter distribution peak appears, indicating a reduction in the volume

of the pores.
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Figure 4.24. MIP (a) pore size distribution; (b) correlation of cumulative intrusion with
pressure for PI-WGG
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4.4.2.2 Density measurement with MIP for PI-WGG powders

The measured bulk density using MIP for each ratio is presented in Table 4.5. This
value moves from 0.12 to 0.48 g/cm®. By engaging in dilution in the process of
synthesizing the powder using the PI-WGG method, the size of the particles
reduces. When packed closer to each other, these smaller particles cause a reduction
in porosity and an increase in density. Figure 4.25 shows the linear correlation of
porosity with bulk density for all the PI-WGG powders. These data show a 30%
reduction in the powders’ porosity by increasing the DMSO ratio and the particles’
density. The skeletal density, which was measured with a pycnometer in this
research context, is the density of the solid part in each sample. Therefore, skeletal
density will be reduced by increasing the dilution and reducing the solid
concentration in the whole mixture. Figure 4.26 presents the correlation of the

skeletal density in a different ratio.

100
..

90 |
<)
S 80 | "--..o
2
S 70 } )
o
o )

60 | y = -78.565x + 104.25

R2=0.9795
50 1 1
0 0.2 0.4 0.6
Density (g/cm?3)

Figure 4.25. Correlation of porosity with density for wet gel ground powders
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4.4.3 Particle size measurement for PI-WGG powders

Image Pro used and analysed optical images to measure the particles' size. For each
ratio, at least 500 particles were measured. The average particle size for all the ratios
is presented in Table 4.5. As can also be observed in Figure 4.27, particle size was
reduced by increasing the dilution of PI-WGG powders up to a ratio of 1.5. When
DMSO was added to the PAA and left to age, there was less wet gel in the mixture,
with a higher volume of DMSO. Therefore, during the process of blending at the
same speed, the sample with the lower quantity of wet gel produced smaller

particles.
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Figure 4.28 shows the frequency of the particle size in each ratio. It can be observed
that, for all ratios, a narrow distribution holds in the range of 3-20 um. The SEM
and optical images for each ratio in Figure 4.29 also show that the particles
measured using the optical images in this work consist of different primary
particles, which in turn connect to form larger agglomerates. Such agglomerations

can form during blending, solvent exchange and drying [321].

The SEM image demonstrates that the particles’ size increase as dilution increases.
These images also demonstrate that dilution can change the morphology of the
particles. On the other hand, the fibrillar network can be seen for the PI-WGG
particles in a different ratio. This may be due to the gelation occurring in the 2-D

layer before growing in the 3-D network within the particles.
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4.4.4 Thermogravimetric analysis (TGA) of PI-WGG powders

TGA was used to measure the change in the weight of the produced powders at
different ratios of dilation against temperature to gauge the thermal stability of the
particles. For this purpose, each sample was placed in a clean aluminium pan and
tested at a heating rate of 10 °C/min from 20 to 700 °C under air. Figure 4.30 shows
the produced results from this measurement. Figure 4.30-a shows that, for all the
ratios (DMSQO: PAA), the wet gel ground particles are thermally stable up to 430
°C before decomposing at 540 °C, and at the end, are all degraded up to 700 °C.
Figure 4.30-b shows a reduction trend for the rate of weight change as the dilution
ratio increases. As previously discussed, increasing the dilution ratio causes a
reduction in the size of the pores and the total porosity of the wet gel ground
particles, which in turn leads to greater thermal stability and, thus, a greater period
necessary to ensure complete degradation. A higher ratio of DMSO also means that
there is a higher volume of materials to decompose, taking more time and requiring
a higher temperature. 10% decomposition temperature and onset temperature are
plotted in Figure 4.31. Decreasing particle size increases surface area, leading to
increased contact area with air and causing the drying process and oxidation
reaction to occur more rapidly [322]. Therefore, the onset temperature is reduced

by increasing the dilution ratio.
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powders at different ratios of dilution

Theoretically, reducing the particles' size will increase surface area, leading to
greater surface contact with the air and increasing the rate of decomposition. As
Figure 4.32 shows for these samples, increasing the DMSO ratio and reducing
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porosity promotes denser solids, increasing the time required for complete

decomposition.
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Figure 4.32. Correlation of the rate of weight change with particle size
4.4.5 Thermal conductivity for PI-WGG powders

The thermal conductivity of the wet gel ground powders at different ratios of
DMSO: PAA was measured using the hot-wire technique. As discussed in Section
4.2.5, the powder was poured into the sample holder, and the sensor was positioned
such that there was powder on either side. In order to fix the sample holder and
prevent the movement of the sensor between the particles, a 500g weight was placed
on top of the sample holder. A voltage of 0.8V and a measurement time of 10
seconds were set for use with the measurement. Thermal conductivity was
measured by analysing an increase in the sample temperature as a result of heating
using a thin hot wire, as mentioned above. Table 4.5 shows the thermal conductivity
for different samples, which increases as particle density increases due to greater
levels of DMSO: PAA in the PI-WGG powders. Figure 4.33 presents information
on the correlation of thermal conductivity with density for these particles. As
previously explained, smaller particles pack into each other more to increase
density. In addition, in the high-density samples, a reduction in the degree of voids
and accessible space results in heat transferring faster and thermal conductivity
increasing. Figure 4.33-b shows the relationship between the particles' density, the
PI-WGG particle size, and the PI-WGG powders' thermal conductivity.
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Table 4.5 Properties of PI-WGG powders

MIP
. i MIP
Sample: BET MIP N2 sorption, ] average TGA ) Average
median Bulk Skeletal ) Onset [Residual| Thermal .
. surface surface pore . . Porosity . . particle
DMS'O average pore | pore ) density | density o point | solvent | conductivity ]
area area . _ diamete (%)Pd | (10%) size
)4 size diameter (g/cm?)b| (glem?)a (%) f
r
(°C) (W/m.K)?
m2/g) @ m2/g) ® (§(®) m)¢
pang | ™| I | | e (um)
(nm)®

0.0 8.90 +0.98 9.02 37.15+0.06 | 11693.30 [1742.87| 0.12 |1.78 £0.003| 94 517.60 | 561.7 0.59 |0.039+£0.001| 1931

+ + +
0.5 14.91 £3.33 1685 | 36.83 +033 1499.40 |1222.28| 0.28 |1.54+0.001| 82 535.61 | 546.12 | 0.16 |0.044+0.003| 11.90

+ + +
1.0 16.42 +0.12 1754 | 24.75 + 076 1001.78 | 755.58 | 0.29 |1.52+0.001| 80 538.60 | 539.35 | 0.44 |0.052 £0.002 7.80

1.5 22.70+1.34 | 3465 | 2332+0.04 | 34952 |14735| 0.48 |1.38+0.003| 65 543.10 | 542.64 | 0.57 |0.064 +0.004 6.90

a) average of three samples; b) single sample; c) an average of more than 500 particles. d) via I1T= 100 x (ps—pb)/ps ; €) single point

at Vmax; f) at TGA test: 100% - % wt loss = % residual solvent.
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4.5 Characterization results of the PI-EM

Given the goal of establishing the optimum conditions for synthesizing the PI
microparticles by emulsion, this section discusses the effects of parameters such as
stirring speed, the concentration of the emulsifier, the volume of the mixture,
solvent exchange, and the drying process. At the final approved condition, the
particles were synthesised at different ratios of DMSO: PAA (0.0, 0.5, 1.0, 1.5). At
all stages of the investigation, the produced Pl aerogel microparticles were
characterized in terms of N2 sorption, MIP, SEM, particle size measurement, TGA
and thermal conductivity. In the first step, the mixing speed was investigated for a

small mixture volume.
4.5.1 Investigating the effect of stirring speed on a small scale

In order to examine the impact of stirring speed, a sample was produced in a small
volume (40g PAA, 2.76 g 2-Ml, 8.36 g BA, 80cm? cyclohexane, 1.52 g SPAN, 0.52
g Hypermer).

As explained in Section 4.1.6, to produce the sample by means of an emulsion
process, PAA was mixed with 2-MI and BA in a baker in two separate additions
continuously. This mixture was added to the cyclohexane, which was mixed using
the overhead stirrer with an emulsifier at 300, 400 and 500 rpm for 1 h. The resultant
particles were washed with acetone three times every 30 min and dried at room
temperature for 24 h. They were then stored in a plastic bag for characterisation.

45.1.1 Nz sorption for emulsion particles at different stirring speeds

Gas adsorption was used to investigate the particles' surface area and pore size
distribution. Figure 4.34-a shows the pore size distribution and N2 sorption
isotherms at -196 °C. The pores are shown to be 2-80 nm, indicating the meso- and
macroporous structure for all the samples. The Nz isotherm in Figure 4.34-b shows
the type Il isotherms for all the ratios, meanwhile, it shows that the surface area for

500 rpm is higher, possibly due to the presence of smaller particles as compared
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with other stirring speeds. For all speeds, the pores are meso- and macropores. The
sharp increment in the adsorbed gas volume at P/Po=0.9 confirms that

macropososity constitutes the bulk of the pores in these samples.
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Figure 4.34. N, sorption for Pl aerogel synthesised using an emulsion-based method at

different stirring speeds, a) pore size distribution, b) N, sorption isotherm at -196 °C.

45.1.2 SEM with emulsion particles with different stirring speeds

The microstructure of the particles synthesised using the emulsion method at the
three different stirring speeds of 300, 400 and 500 rpm are shown in the SEM image
in Figure 4.35. Micro-spherical particles with solid surfaces can be observed. From
these images, it can be seen that smaller particles can be fabricated by increasing
the speed of stirring during the emulsion process, although this also results in an

increase in agglomeration.

The type of mixing and stirring speed can affect particle size distribution, growth
and degree of agglomeration, and nucleation. More specifically, a moderate stirring
speed for each process can improve the mixing process and create a more uniform
environment. For example, Hussain et al. [323] report that, in their study, the size
of chitosan nanoparticles reduced gradually from 543 + 32 nm to 167 + 18 nm when
the stirring speed was increased from 200 rpm to 700 rpm. But in the next

increment, stirred using speeds of between 800 and 1000 rpm, the average particle
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size increased from 432 + 34 nm to 712 + 42 nm. These results concord with those
in other published studies [324].

Figure 4.35 SEM images for PI-EM with different stirring speeds in small scale (a) 300
rpm, (b) 400 rpm, (c) 500 rpm

The bulk density of the powders was measured at different stirring speeds using
mercury intrusion porosimetry. Unfortunately, the MIP equipment that was to be
used for this research could not be run at high pressure, meaning that the porosity
and pore size distribution of the samples could not be measured in this way. The
size of the particles was measured using microscopic images viewed within Image
Pro. As expected from the SEM images, increasing the stirring speed resulted in an
increase in the size of the particles detected using the optical microscope due to a
greater degree of agglomeration. The different properties of the particles produced

using different stirring speeds are presented in Table 4.6.

The ultimate result of this investigation was that 300 rpm was selected as the
optimal speed for stirring during the emulsion process, giving rise to lowest degree

of agglomeration, the smallest particles and the lowest density.
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Table 4.6 properties for PI-EM at different stirring speeds (small scale)

MIP Average SpeCifiC Average pore
EmUISion ] partlcle Surface S1ze for NZ
powder bulk density size area sorption
(g/cm?) (um) (m?/g) (nm)
300 rpm 0.20 86.0 17.6 11.7
400 rpm 0.30 134.0 17.1 9.7
500 rpm 0.27 150.0 23.6 10.2

4.5.2 Investigation of the dilution process on particle size during the

emulsion process

The size of a powder’s particles is an important parameter with the potential to
significantly affects its properties and applications, including density, porosity and
thermal conductivity. As discussed above, dilution with DMSO can change
particles' size by modulating the repulsive and attractive force between these. For
the small quantity of resin prepared for this study (40 g), an emulsion process with

the following conditions was used to produce the particles in different dilution

ratios:

- PAA (40 g), 2-MI (2.76 g), BA (8.36 g), 80cm?® cyclohexane, SPAN (1.52

g) and Hypermer (0.52 g)

- Dilution of the mixture by adding DMSO to the PAA before adding BA and

2-MI, with DMSO (g)/PAA (g) ratio: 0.0, 0.5, 1.0 and 1.5

- Mixing of all the chemicals using an overhead stirrer at 300 rpm for 1 h

- Exchanging the solvent with acetone before drying at room temperature for

24 h
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The following sections discuss the characterisation results for the produced

particles in terms of N2 sorption, particle size measurement and TGA.

45.2.1 Nz sorption for PI-EM at small volumes with different ratios of

dilution

The N2 sorption results are presented in Figure 4.36, in which the pore size
distribution plot shows the meso- and macropores structure for all the ratios. The
average pore size is in the range of 32-37 nm. The N2 sorption isotherm (Figure
4.36-b) shows that the volume of the adsorbed gas is reduced as the dilution ratio is
increased. It can also be observed that ratios 1 and 1.5 react in the manner of non-
porous material as a result of their pores being too large to be detected using the N2
sorption technique. Or as another explanation, it can be assumed that all the solvents
cannot be removed by adding more DMSO and using only room temperature drying
for the sample; therefore, it can be assumed that the pores have been filled with
DMSO. Unfortunately, the malfunction of the MIP equipment meant that it was
impossible to pinpoint the exact reason for this observation. Other methods were

therefore used for characterization.
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Figure 4.36. a) pore size distribution, (b) N2 sorption isotherms (at -196 °C) for emulsion
at different ratios of DMSO:PAA
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45.2.2 Particle size measurement

Figure 4.37 shows the optical microscopic images of the particles in different ratios
of DMSO. The images demonstrate the particles' size reduction as the dilution ratio
increases. These images were used to analyse the size of the particles using Image
Pro, and the particle size frequency for the different ratios is plotted in Figure 4.38.
Apart from DMSO: PAA=0, for all the ratios, a narrow, right-skewed distribution
is observed in which most of the particles are in the range of 40-80 um. For ratio 0,
the sample without dilution, a broad particle size distribution with a maximum
range of 180-200 um is observed. For the powder with a ratio of 1.5, the particles
exist in the range of 100-120 um, which confirms that the smallest particles are
shaped for this ratio. Reducing the ratio of DMSO makes it possible to observe a

greater distribution with larger particles.

’.’o '_n'.° 1

- .';? Ratio=1.5

Figure 4.37. Optical microscopic image for the PI-EM with different DMSO ratios on a

small scale
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Figure 4.38. Frequency of particle size for PI-EMs at different ratio of DMSO:PAA at

small scale

45.2.3 Thermogravimetric analysis (TGA) for PI-EM at different

dilution ratios and small scale

TGA was used to investigate the thermal stability of the produced particles by
means of the emulsion method, with different dilution ratios being used on a small
scale. Figure 4.39-a plots the change in weight against temperature. A significant
weight loss can be observed before 200 °C due to the presence of DMSO inside the
particles. Increasing the DMSO ratio increases weight loss in the first part of the
plot (0-200 °C). The reason for this is that a greater volume of DMSQO in the sample
makes it difficult for this to be removed using the traditional solvent exchange and
drying process. In the second part of the plot (200-420 °C), the particles are
thermally stable up to 420 °C. In the final part, the particles are decomposed up to
700 °C. Figure 4.39-b shows that the decomposition rate is reduced by increasing
the ratio of DMSO, potentially due to the presence of smaller particles packed closer

to each other and therefore increasing the density.
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Figure 4.39. a) weight changes and (b) rates of weight change as a function of temperature
for PI-EM with different DMSO ratios on a small scale

Given that the target of making it possible for Blueshift to synthesize Pl aerogel
particles with an average particle size of around 10 um, ratio 1.5, which was
observed to give rise to the smallest particles, was selected as the reference for
investigating and optimising other factors such as the solvent exchange and drying
processes.

4.5.3 Investigation into solvent exchange and drying

Adding an acetone solvent to PAA is an important part of causing such PAA
solutions to swell. If this is done, then the acetone will start swelling into the PAA
solution, enlarging the PAA chain volume in a way that results in the final porous

structure of the Pl aerogel [112].

As previously explained, the process of exchanging the solvent and drying the
particles during emulsion is the same as that used with wet gel ground particles (3
washes every 30 min with 24 h of drying at room temperature). Given the N>
sorption and TGA results, it was clear that dilution would mean that DMSO could
not be removed by means of solvent exchange and drying in the traditional manner.

Alternative solvent exchange methods were therefore used, as detailed in the
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ensuing sections. The produced particles were also characterised using TGA to

measure the residual solvent.

As a means of engaging in an alternative solvent exchange and drying process, two
washes were added to the method that had been previously used. This involved the
addition of two new samples, produced using the emulsion method, with a 1.5 and
300 rpm stirring speed ratio. The solvent exchange process for these samples was
conducted as follows:

1- The first sample was washed with acetone three times every 20 min and then

one more was for 45 min.

2- The second sample was washed three times with acetone every 20 mins,
followed by two more washes every 45 mins

At the end of the solvent exchange, the degree of residual solvent was determined
by testing with TGA with a ramp of 10 °C/min. The TGA was run under the
following condition: Temperature was changed from 20 to 200 °C, and then
isotherm for 15 min at 200 °C. Figure 4.40 shows that significant weight loss
occurred for the sample subject to four washes, indicating the continued presence
of a large volume of DMSO inside the sample. In terms of the sample subject to
five washes, a considerable reduction can be observed regarding the level of
residual solvent. Using the equation given in Section 4.3.4, the figures indicating %
of residual solvent for the four- and five-wash samples are 27.75 and 12.13,

respectively.
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Figure 4.40. Correlation of weight change with time for samples subject to different
washings (5washes: 3 washes every 20 min, two extra washed every 45 min; 4 washes: 3

washes every 20 min followed by one more wash for 45 min)

In the next step, two different drying methods were added to the sample subject to
five washes. Stepwise drying was used to remove the solvent from the particles.
This was also done considering that a rapid increase in temperature would lead to
fast evaporation in a way that would affect the formation of a linking structure. This
method was therefore chosen as a means of controlling the drying process by
increasing the temperature slowly. By slowly evaporating the solvent, the structure
of the pores could be preserved [112]. In order to remove the acetone from the
pores, two different cycles were used with the particles: i) 1 h at room temperature
and then 8 h at 50 °C (condition 1); and ii) 1 h at room temperature and then
overnight (18-24h) at 50 °C (condition 2). The TGA was used in order to measure
the % of residual solvent. Figure 4.41 shows the weight loss change at different
temperatures for these two drying processes. The plot indicates that increasing the
time in order to be removed the acetone did not have any effect. This is likely to be
because acetone can remove from pores very quickly, meaning that any additional

time gives rise to no further change.
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Figure 4.41. Correlation of weight change with temperature regarding removing the

acetone using different drying processes

Regarding the next drying step, removing the residual DMSO in the particles
necessitated heating to 200 °C to reach the boiling point for DMSO (189 °C). This
was done for 15 and 30 min. The figures reflecting the degree of residual solvents

in respect of the samples is presented in Table 4.7.
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Table 4.7 Different stages of drying conditions

Sample Condition 1 | Condition 2 | Condition3 | Condition4 | Condition5 | Condition 6 Condition 7

Total residual

vent (%) 7.33 7.81 1.30 092+0.11 | 0.83+0.15 | 0go+0.04 0.8 +0.02
solven (i

Condition 1: 3 washes every 20 min with acetone, followed by 2 more washes every 45 min; dried under vacuum at 23 °C/45min, 50 °C/ 8h.
Condition 2: 3 washes every 20 min with acetone, followed by 2 more washes every 45 min; dried under vacuum at 23 °C/45min, 50 °C/ 18hs.

Condition 3: 3 washes every 20 min with acetone, followed by 2 more washes every 45 min ; dried under vacuum at 23 °C/45min, 50 °C/ 2h,
200°C/15min.

Condition 4: 3 washes every 20 min with acetone, followed by 2 more washes every 45 min ; dried under vacuum at 23 °C/45min, 50 °C/ 18hs,
200°C/15min.

Condition 5: 3 washes every 20 min with acetone, followed by 2 more washes every 45 min; dried under vacuum at 23 °C/45min, 50 °C/ 2h, 200°C/
30min.

Condition 6: 3 washes every 20 min with acetone, followed by 2 more washes every 45 min; dried under vacuum at 23 °C/45min, 50 °C/ 18hs,
200°C/ 30min.

Condition 7: 3 washes every 20 min with acetone, followed by 2 more washes every 45 min; dried under: vacuum at 23 °C/45min, 50 °C/ 2h ,
200°C/ 30min.

TGA test: 100% - % wt loss = % residual solvent
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The results indicate that 30 min of drying at 200 °C removed the residual solvent.
Following this, the final drying method chosen for the emulsion process was: 45
min at room temperature, 2 h at 50 °C and 30 min at 200 °C. For this selected solvent
exchange and drying condition, the value of the residual solvent was % 0.86 + 0.04.
The addition of more washes and time during the final stage of drying did not have
any effect on the final residual solvent. Considering the Blueshift target for residual
solvent of 0.5%, this was the shortest method yielding an acceptable amount of
residual solvent. The next section details the process of scaling up the method to
produce a higher volume of powders for characterising thermal conductivity and

producing the stock shape.
4.5.4 Scaling up the emulsion process

The next step involved scaling up the emulsion synthesis process to produce 250 g
of PAA resin (from 40 g). When the volume of solution is increased, the stirring
speed should also be increased to ensure that this process is conducted uniformly.
Two different stirring speeds, 300 and 500 rpm, were used to mix the new solution
and the resultant powders were characterized to identify the optimum speed. For
the emulsion process, 250 g PAA was mixed with DMSO to produce the dilution
in a specific ratio. 2-MI and BA were added as a catalyst and a dehydrating agent
to one beaker and mixed for 6 min. This mixture was added to the 500 cm? of
cyclohexane, which was mixed with SPAN and Hypermer at 300 and 500 rpm in
another beaker. The whole mixture was mixed for 1 h. The formulation for
synthesizing the PAA and the emulsion particle for a large volume are presented in
Table 4.1and Table 4.3, respectively.

After the mixture was stirred at two different speeds, the solvent exchange was
subject to five washes (3 times every 20 min and twice every 45 min). Finally, the
powder was spread on a tray and dried for 45 min at room temperature, followed
by 2 h at 50 °C and 30 min at 200 °C. The resultant particles were stored in a plastic
bag until characterisation time. Figure 4.42 details the experiment used to identify

the appropriate stirring speed in a large volume.
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Figure 4.42. Stirring speed experiments used for scaling up the emulsion process

4.5.5 Characterization of the PI-EM particles at large scale

4551 N2sorption

The particles with 300 and 500 rpm stirring speeds were characterized by N
sorption to measure their surface area and pore structure. Figure 4.43-a shows the
pore size distribution for the sample stirred at 500 rpm. The pores are shown to have
been in the range of 2 to 80 nm, with an average pore size for this sample at the
maximum volume of the adsorbed gas being 25 nm. No distribution can be observed
for the sample that was mixed at 300 rpm, potentially because of the presence of
large pores that cannot be detected using the gas adsorption technique. Figure 4.43-
b shows the N isotherm for these samples. Meso- and macroporosity can be
observed for the 500 rpm sample. This loop also suggests that gas condensed inside
the pores at low-pressure ranges, forming mono and multilayers at higher pressure.
The nitrogen adsorption isotherms for the 500 rpm sample are shown to have risen
above P/Po = 0.9 but without reaching the saturation plateau, indicating their status
as type Il isotherms. As for the sample mixed at 300 rpm, no adsorbed gas can be
seen for this case. Possible reasons for this observation were judged to include a
non-porous structure or, alternatively, the presence of huge pores, neither of which
the employed technique could detect. In order to find the exact cause, MIP was
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therefore used. The results of the MIP characterisation are presented in the next

section.
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Figure 4.43 N2 sorption for the PI-EM at 300 and 500 rpm at a large volume, (a) pore size
distribution, (b) N2 sorption isotherms (at -196 °C)

45.5.2  Mercury intrusion porosimetry (MIP)

To measure bulk density, porosity and pore size distribution, the samples produced
at mixing speeds of 300 and 500 rpm were characterized using MIP, as detailed
above. The pore size distribution is presented in Figure 4.44, confirming that, for
the 300 rpm sample, the pores start at 1 um. Only large pores were observed as
being present in this sample, mostly inter porosity. For the sample produced at 500
rpm, a bimodal distribution was recorded, with pores in the range of 1 nm up to 345
pum. Both inter and intra porosity were observed for this sample, and the total
porosity was 84%. The measured density for the 300 rpm sample was 0.62 g/cm?,
which is 61% higher than that of the 500 rpm sample. The particles of higher density

and lower porosity were shaped at a lower speed on this larger scale.
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Figure 4.44 Pore size distribution for PI-EMs at a large scale

45.5.3 Particle size measurement

Given the shape and size of the particles observed using the SEM and optical
microscope, it can be seen the shape and size of the particles are different in the
samples produced at stirring rates of 300 and 500 rpm. The SEM images presented
in Figure 4.45 show that the particles within the former sample 300RPM had a
spherical shape with small pores in the surfaces. These particles also appear larger.
In respect of the 500 rpm particles, a porous structure can be observed. These
particles are also much smaller and are mostly agglomerate with each other. The
microscopic images were examined using Image Pro to calculate the size of the
particles, which are presented in Table 4.8. As predicted from the SEM image, the
size of the particles produced at 300 rpm is 92% larger than those produced at 500

rpm.
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Figure 4.45 SEM micrographs for Pl-emulsion particles at stirring speed; a)300 rpm,
b)500 rpm

45.5.4 Thermogravimetric analysis

Measuring the thermal stability of the samples produced at 300 and 500 rpm was
done in terms of analysis with TGA. The powders were heated at a rate of 10 °C/min
from 20 to 700 °C under air. The weight change is presented in Figure 4.46. Both
samples are recorded as being thermally stable up to 400 °C, after which there was
degradation, with the 500 rpm sample being observed to degrade at a higher rate
than the 300 rpm sample. As discussed previously, the smaller particles were
observed as having a greater surface area, leading to more opportunities for particles
to come into contact with air and thus increasing the combustion rate. Furthermore,
while the 500 rpm sample degraded before 700 °C, the correlation of weight change
with temperature for the 300 rpm sample shows that this temperature was
insufficient to ensure complete degradation. This necessitated that a longer time or

higher temperature procedure be used with this sample.
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Figure 4.46. Correlation of weight change with temperature during the emulsion process

for large scale production

Given the characterization results achieved for the emulsion particles at 300 and
500 rpm stirring speeds, 500 rpm was selected for producing the particles by means
of the emulsion process at high volume. Such particles were predicted to have low

density, high porosity and thermal stability and to be of small size.

Table 4.8. Properties of the PI-EMs on a large scale

Skeletal Bulk TGA N .
density density i Particle SDECiﬁC 2 sorption
Porosity . ;
Sample (10%0) Stz surtace area average pore size
v9) @) | gy
e 2/q)f
(oC)d (Hm) (m /g) (nm)f
(g/cmd)2 (g/cm3)®
300 rpm | 1.43 +0.007 0.62 56.9 520 226.8 0.5 9.6
500 rpm | 1.53 +0.016 0.24 84.0 515 16.3 36.9 10.2

a)an average of three samples produced using a pycnometer; b) a single sample
measured using MIP; c¢) via 100 x [1 - (pb/ ps)]; d) single measurement taken using
TGA in the air; ) an average of more than 500 particles analysed from optical
images in Image Pro; f) calculating an average from different pore sizes.
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4.5.6 Assessment of mixing time

After finalising matters relating to the concentration and ratio of the chemicals, the
stirring speed, the solvent exchange and the drying process, mixing time was then
considered for optimization in terms of the degree of imidization and the properties
of the final product. Imidization can be completed by means of a chemical reaction
or a thermal reaction. Chemical imidization was selected as the method to use.
Following the addition of 2-MI and BA as catalysts and a dehydrating agent to the
PAA, imidization began. It was important that enough time was allowed so that the
maximum degree of imidization could occur. The mixing process also had to be
conducted to last enough time for this purpose, involving mixing PAA and catalysts
with cyclohexane and emulsifiers. 1, 2 and 24 h were the time periods selected for
mixing. Different characterization methods were used for each mixing time to
determine the optimum conditions. The properties of the resultant particles in terms

of these three mixing times are presented in Table 4.9.

These results show that, for the sample produced using 24 h of mixing, the density
involved a 62% increase compared to 1 h of mixing. The particle size of 11.8 um
was Yyielded as the average particle size for the sample produced using 24 h of
mixing, being 27% lower than that obtained for the same produced using 1 h of
mixing. However, the SEM image in Figure 4.47 confirms that the 1 h mixing
sample had smaller particles, the black circle in Figure 4.47-a highlighting the
specific particle that was measured. This pattern can be explained in terms of the
agglomeration of the tiny particles in the 1-h mixing process, which prevents the

detection of the actual primary particles using the macroscopic image.
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Figure 4.47. SEM micrograph for emulsion particles, (a) 1 h of mixing, (b) 2 h of mixing,
and (c) 24 h of mixing

4.5.6.1 Degree of imidization

According to the Beer-Lambert law, the degree of imidization can be determined
by monitoring the Fourier-transform infrared spectroscopy (FTIR) intensity of a
characteristic peak of imide [173, 325, 326]. The ratio between the intensity of the
imide peak at each condition and the fully imidized condition is thus calculated as

follows:

Number of imidized groups _ (A1370/A1500)
Total number of imidizable groups (A’1370/A’1500)

ID = imidization degree=

Where A1370 picks out the absorption peak in FTIR at 1370 cm™, which belongs
to the C-N stretching of imide at the measured sample, which in this context is a
powder produced through 1, 2 and 24 h of mixing. A1500 cm™ is the absorption
peak corresponding to the C-C stretching of benzene. A’ is the specific absorption
band of the completely imidized PI sample. In the present work, the Aero-Zero
powder is considered as the fully imidized condition. For this measurement, the
area under each peak should be measured and considered as the intensity of that

peak.

The area under the specific peak can be measured using spectrograph software to
measure the amount of absorption.

Figure 4.48 shows the FTIR graph for the different mixing times.
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Figure 4.48. FTIR spectra of Aero-Zero and PI-EM with different stirring times

Using the following equation, the ID for all the powder can be calculated as

follows:

ID for 1-h mixing= (24.69/14.14)/(3.875/2.197) =0.98
ID for 2-h mixing= (24.72/13.3)/(3.875/2.197) =1.05

ID for 24 h mixing= (24.85/12.4)/(3.875/2.197)=1.14

The calculated imidization degrees show that increases in the time allowed for

mixing the emulsion parts result in the fully imidized condition passing. Based on
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the calculation results, the optimal length of time for mixing in terms of imidization
is1h.

It was also found that the length of time allowed for ageing of the microparticles
during the mixing process had to be increased. By setting aside a longer time for
mixing different parts of the emulsion, the ageing process increased in length in a
way that gave rise to greater interaction between the molecules, increasing the
surface area of the particles [164]. The data in Table 4.9 also show that extending
the mixing time results in the fabrication of smaller particles (~ 11.8 um), giving
rise to greater density. Figure 4.47 shows the SEM for the particles with different
stirring times. Microspherical particles with porous structures can be observed in
each of these, as can a high amount of agglomeration due to the high stirring speed.
To investigate the imidization process, TGA, DSC and a process for the degree of
imidization were all used. Regarding thermal stability, the TGA at 10%
decomposition for all three mixing times is revealed to be above 500 °C,
demonstrating a sufficiently high degree of thermal stability compared to Aero-
Zero (542 °C). In addition, the measured glass temperature (Tg) ranges from 230.31
+4.95to 235.51 +3.33 °C.

Regarding the degree of imidization calculated in the above section, it can be
observed that increasing the mixing time does not affect the degree of imidization.
The MIP pore size distribution for different mixing times is presented in Figure
4.49. For all the samples, a bimodal distribution can be observed between 10-100
pum. Furthermore, increasing the mixing time is seen to increase median pore
diameter, potentially because of the collapsing of some pores due to an extended
mixing period at high speed. One way of taking advantage of this trend is to use a
shorter time for the mixing process to prevent breakage of the gel particle, which
may happen during the string throughout an extended mixing period [164]. On this
basis, it was decided that the shortest time should be selected to reduce the total
processing time combined with similar thermal properties and the desirable effect

on the degree of imidization.
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Figure 4.49. MIP pore size distribution at different stirring times

Table 4.9 Properties of emulsion particles at different mixing times

Sample 1 h mixing 2 h mixing 24 h mixing
Specific surface area
19 24 4.3
(m?g)
Bulk density (g/cm®) 0.24 0.42 0.63
Particle size (um) 16.3 23.4 11.8
MIP Porosity (%) 84 73 40
Median pore diameter (um) 6.7 8.4 2.4
TGA (10%) (°C) 515 525 535
Ty (°C) 235.51+3.33 | 232.20+5.10 | 230.31+4.95
A1370/A1500 1.73+0.04 1.93+0.02 1.97 £ 0.05
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4.5.7 Summary of emulsion synthesis process

This section detailed the investigation of the emulsion process. This investigation
was carried out to establish the best way of producing Pl microparticles with
desirable particle size and thermal and mechanical properties. Stirring speed, time,
and details of the solvent exchange and drying process were investigated for this
purpose. The result of this investigation was the decision to synthesise the PI
aerogel using an oil-in-oil emulsion system involving stirring the mixture for 1 h at
500 rpm while exchanging the solvent with acetone. This process also included
performing three washes every 20 min followed by two washes every 45 min.
Finally, the particles would be dried for 45 min at room temperature, followed by 2
h at 50 °C and 30 min at 200 °C.

4.5.8 Investigation of the dilution process at PI-EM for scaling up

process

After optimising all the parameters for synthesising the Pl particle using the
emulsion process, the powders were produced at 0.0, 0.5, 1.0 and 1.5 dilution ratios
(ratio of g DMSO/g PAA) in different batches in a larger volume. The fabricated
particles for each condition were then mixed and stored in a plastic bag until
characterisation.

45.8.1 Nz sorption

Figure 4.50 provides data on N2 sorption for the Pl emulsion particles at different
dilution ratios. These results indicate that increasing the ratio of dilution up to 1.0
results in increases in the quantity of adsorbed gas. Figure 4.50-a shows that the
pores were in the range of 2 to 80 nm, with the average pore size at the maximum
adsorbed gas point being 25 nm. Low adsorption at low relative pressure indicates
that the pores were mostly mesopores and macropores. A low level of adsorbed gas
is attributable to the presence of large pores in the sample with a ratio of 1.5. The
hysteresis loop in Figure 4.50-b shows type Il isotherms for these samples. The

presence of a low rate in the quantity of adsorbed gas at low relative pressure up to
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0.6 plus a sharp increase in this correlation at a high relative pressure (P/Po = 0.9)
confirms that the status of most of the pores as mesopores and macropores with
relatively lower mesopore content. The calculated total pore volume for PI-EM
using the quantity of the adsorbed gas at P/Po = 0.9 shows a pore volume in the
range of 0.022 to 0.142 cm®/g. Given the area under the pore size distribution plots,
which is approximately equal to the cumulative pore volume, PI-EM-1.0 emerges
as having the highest amount of pore volume. This conclusion is consistent with the
observation made in respect of the N isotherm plot, as a wider hysteresis loop can

be observed for this sample compared to other samples in its group.
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Figure 4.50. a) pore size distribution, (b) N2 sorption isotherms (at -196 °C) for PI-EM at

different dilution ratios and large volumes

4.5.8.2 Mercury Intrusion Porosimetry

MIP was used in this research study to measure the bulk density, porosity and total
pore size distribution for the P1 aerogel microparticles at different dilution ratios.
The resultant data are presented in Table 4.10. The results for PI-EMs show that the
total porosity for the smaller particles was found to be less than that of the larger
ones. The MIP measured the porosity within the particles (intrapores) and between

them (interpores). Figure 4.51 shows the MIP pore size distribution and correlation
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of intrusion with pressure for the PI-EM particles in these samples. The pores are
in the range of 9 nm to 340 um. For smaller particles, the level of intra-porosity is
less due to the lower space on which the pores can appear. However, it must be
borne in mind that smaller particles can group together with relative ease and that
this can reduce interporosity. The large pick showing the sample with a ratio of 1.5
at 127 pum shows that most of the pores in this sample are macropores, confirming
the very low distribution and low volume of the adsorbed gas for this sample at N>

sorption.

For PI-EM-0.0, shown in Figure 4.51-b, a large quantity of the pores was filled with
mercury due to the presence of larger pores (1046 um) and the application of a
degree of very low pressure at the beginning of the process. However, increasing
the dilution resulted in the average size of the pores becoming smaller in such a way

that higher pressure is required if the pores are to be filled.
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Figure 4.51 MIP characterization for PI-EM; a) pore size distribution; b) correlation of

cumulative intrusion with pressure

From these measurements, it can be seen that investigating the pore structure and
size of the samples necessitated the use of both N2 sorption and mercury intrusion
on the basis that nitrogen rapidly infiltrates small pores in the interior of
microparticles and indicates them in order to measure their size; however, mercury
cannot infiltrate the interior of the pore network, which is smaller than the surface

pores. Therefore, it was decided to measure the small pores in the interior of the
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microparticles using gas adsorption and to measure the pores on the surface of the

particles using MIP [66].

The correlation between porosity and density can be observed in Figure 4.52-a. As
expected, porosity is seen to decrease as the density of the particles increases.
Figure 4.52-b also shows the particles’ density reduction as a consequence of
increasing the dilution ratio: adding more DMSO, or, in other words, a reduction in
the presence of polymers in the powder synthesis process causes an increase in
repulsive force. As explained in the next section, particle size increases as a result
of an increase in the dilution ratio despite what might be expected, indicating that
itis harder for larger particles to fit around each other, which results in lower density
and greater porosity. This result agrees with the Feng et al. observations. They
reported a reduction in the density of the produced Pl aerogel when the

concentration of PI sol is decreased [50].

The porosities linearly show a 10% increase after bulk densities drop by 30% due
to dilution. The largest density belongs to PI-EM-0.0, with 0.34 g/cm?3, with 75%
porosity, whereas PI-EM-1.5 has the lowest density of 0.24 g/cm?®, with 84%
porosity. The type of mixing and stirring speed can affect particle size distribution,
growth and degree of agglomeration, and nucleation. A moderate stirring speed for
each process was chosen to improve the mixing process and create a more uniform

environment.
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Figure 4.52. Correlation of density for emulsion Pl powder aerogel with (a) porosity and
(b) ratio of dilution

45.8.3 Particle size measurement

Particle size is a property of relevance to a number of other such properties,
including rheology, texture, appearance, stability against sedimentation/creaming,
droplet coalescence and microbiological growth [327, 328], indicating the
importance of gauging particle size in the synthesis of materials. For this purpose,
a macroscopic image of each of the different samples was taken to consider within
Image Pro. For each sample, at least 700 particles were measured, and the averages
of those measurements are presented in Table 4.10. The results show that reducing
the polymer concentration in the synthesis method results in the particles becoming
larger. It should be noted that the particles measured using this technique were not
primary particles; due to the increasing repulsive force, the particles become

smaller as the dilution ratio increases.

On the other hand, small particles mixed at high speed (500 rpm) give rise to a high
degree of agglomeration. Figure 4.53 shows the SEM images for different PI-EM
samples, illustrating the porous structure between and on the surface of the spherical

particles in the PI-EM powders. Figure 4.53-e shows the particle detected by the
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optical microscope. However, it should be noted that this article also contains

different small primary particles that an optical microscope cannot detect.

Figure 4.53. SEM microstructures of the PI-EMs with ratios of (a) 0, (b) 0.5, (c) 1, (d) 1.5,
(e) single particle that can be detected by an optical microscope

The particle size frequency for the PI-EM powder aerogel is presented in Figure
4.54, demonstrating a right-skewed distribution for all the ratios. The particles are
mostly in the range of 3 to 20 um. The average particle size is presented in Table
4.10, and these data show wider distributions forming for PI-EM samples as
compared with those for the PI-WGG samples, indicating the presence of less
uniform particles in those samples. A broad particle size distribution is typically
observed for particles produced using an emulsion-based method. This is due to a
wide shear rate during mechanical mixing and agglomeration of the particles caused
by coalescence [172]. This is a relevant consideration in terms of the study by Gu
et al., who also detail PI aerogel microparticles with particle sizes in the range of
10-90 um [164]. The particle size distributions are in line with the density

correlation. For powder with a ratio of 1.5, there is a wider distribution compared

197



with other ratios marked by the presence of more particles of a greater size. These
results show that the presence of small particles in the ratio of 0 to 1 facilitates
particles existing more closely with each other in a way that gives rise to greater
density. However, for the ratio of 1.5, the presence of larger particles results in a
higher degree of porosity and lower density as a result of the larger gaps between

these particles.
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Figure 4.54. Frequency of different sizes of particles for Pl emulsion particles at different

dilution ratios
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Table 4.10 Properties of emulsion Pl powder aerogels

Sample MIP N sorption, MIP MIP Skeletal Porosit | Average Residual 10 % Thermal conductivity
surface average density y (%) ¢ particle solvent | weight loss
DMSO (g)/ area average pore pore Bulk size (%) (W/m.K) "
diamete density Ps (°C)¢
PAA (g) (m%g) size r (pm)©
P (g/em’)®
(nm) a (nm)
(g/cm?)

0.0 7.60 38.50+0.11 1046 0.34 1.37 £0.005 75 6.80 0.95 537 0.061 £ 0.006
0.5 18.40 37.70 £0.10 505 0.32 1.41 £0.007 78 7.93 0.68 521 0.052 £+ 0.002
1.0 32.60 33.21+0.03 240 0.30 1.39£0.007 80 8.12 0.78 526 0.050 £ 0.003
1.5 43.50 25.60 = 0.04 296 0.24 1.40 £ 0.006 84 16.33 0.89 525 0.068 = 0.005

@ average of three samples; single point at Vmay; ? single sample, 50 measurements; € via 100 x [1 - (p v/ p 5)]; © average of more than 500
particles (Image Pro) from optical images;/using TGA under nitrogen: 100% - % wt loss (200 °C) = % residual solvent; ¢ using TGA in air;
" average of three measurements.
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4.6 Conclusion

This chapter provided evidence that reducing the size of one object from millimeter to
micro or nanometer positively affects most of the relevant thermomechanical
properties. Furthermore, doing this can also reduce the manufacturing costs incurred
during the production of aerogel materials as a result of, for example, less time having
to be spent on solvent exchange. In this work, two new procedures, WGG and EM,
were developed for manufacturing the Pl aerogel microparticles. These methods make
it possible to produce Pl aerogel powders in a way that involves only a short period of
solvent exchange (less than 3 h) and ambient pressure drying. The effect of dilution
was investigated on different properties of the particles, such as thermal stability, pore
texture and particle size. In terms of particle size, the EM process was found to produce
smaller microspherical particles compared to WGG powders. For WGG particles, the
density was raised by 75% by diluting the mixture in a ratio between 0.0 and 1.5. In
the case of EM particles, the density was reduced by 30% through the addition of
diluting agent (DMSO). Both produced powders were found to be thermally stable
above 520 °C and to have a highly porous structure, containing up to 94% and 84%
air within their microparticles. These techniques provide a basis for manufacturing Pl

aerogel powders on a larger scale in contexts in which time and cost are at a premium.

In the next chapter, all three types of synthesized particles are consolidated using two
methods: addition of epoxy and solvent. The following chapter presents all the
experimental details about the consolidation process.
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Chapter 5 Consolidation of powder particles to produce
polyimide aerogel stock shape

5.1 Introduction

As previously discussed, solvent exchange is the most expensive element in producing
Pl aerogel in terms of time and energy. In this work, synthesizing the powder particle
is a viable means of reducing the cost of manufacturing Pl aerogel stock shape.
Exchanging the solvent in the powder requires the use of less solvent and less time in
a way that helps reduce the total production cost. In addition, the resultant powder can

be converted into any size or stock shape for specific applications.

This chapter presents two consolidation methods for manufacturing the PI aerogel
stock shape from powder instead of producing this directly. Before consolidation, the
Pl aerogel particles are treated by mixing in either dimethyl sulfoxide (DMSO) solvent
or epoxy resin. The method introduced here uses solvent exchange with the powder
particles. By using these techniques for manufacturing the stock shape makes it
possible to manufacture Blueshift aerogel composite at a reduced cost in processes
involving low-cost solvent exchange and drying. The implications of this are
significant in terms of the potential for such composite to be produced to be more
competitive than most existing aerogel insulation materials and for their applications

to be extended into other sectors.

5.2 Experimental
5.2.1 Materials

DMSO and Chloroform were purchased from Sigma Aldrich. IN2 epoxy infusion resin
was purchased from Easy Composites. All reagents and solvents were used as
received. The resin was a mixture of bisphenol-A-epoxy resin and epichlorohydrin-

formaldehyde phenol polymer.
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5.2.2 Pl aerogel particle

Figure 5.1 shows a SEM image of the particle at a magnification of 10 um. All the
powders were yellow with fine, small particles with an average size of less than 30
pm. All types of powder in this study (dry milling powder, wet gel grinding powder
and emulsion powder) were converted into the stock shape using the methods detailed

in the ensuing paragraphs and sections (5.2.3 and 5.2.4).

Two different methods were used to treat the Pl aerogel particles produced for this
work, involving (i) varying the amount of DMSO, and (ii) epoxy resin. The samples
made using these methods are referred to as x% DMSO or x% epoxy, with the prefix
“x%” indicating the weight percentage of either DMSO or epoxy content mixed in the

samples (g DMSO or epoxy /g Pl aerogel particle x100).
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Figure 5.1. Photograph and SEM images of (a) dry milled Pl powder, (b) PI-WGG-0.5, and
(C) PI-EM-0.5

5.2.3 Incorporation of DMSO

Turning PI aerogel particles into a porous stock shape requires that the P1 particles be
consolidated without any significant loss of porosity. It was considered that adding
DMSO would wet the PI aerogel particles, making them more likely to cling together
during the moulding process. DMSO was chosen for compatibility-related reasons,
being the original solvent used in the Pl aerogel synthesis. DMSO was added to the
particle in different contents: 0.0, 3.0, 5.0, 10 and 30 wt%, as shown in Figure 5.2(a).

This was done to reduce the tendency of particles to be crushed during the
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consolidation process. Acetone was added and manually (as much as a good slurry
was formed) stirred for 5 min to yield a uniform dispersion mixture, as shown in Figure
5.2(b). The mixture was left overnight to ensure that the extra acetone would

evaporate. The remaining mixture was finally moulded and dried at 250 °C for 24 h.

The idea behind this technique involves using DMSO to soften the space between the
particles to facilitate moulding. This technique is also motivated by the point that using
a temperature higher than the boiling point of DMSO (189 °C) will result in the
evaporation of any extra DMSO in a way that will dry the sample. More details of the

rest of the process are presented in section 5.2.6.

Figure 5.2. A Photograph of (a) the addition of DMSO to the PI aerogel particles, and (b) the

mixing of the particles with DMSO after the addition of acetone
5.2.4 Incorporation of epoxy

A water-particle slurry was created by adding 20 ml of water to 1 g of Pl aerogel
particles. The slurry was shaken vigorously to ensure complete mixing, as shown in
Figure 5.3-a. Due to its viscous nature, epoxy cannot mix well with Pl aerogel particles
directly. Thus, given the goal of achieving uniform dispersion of epoxy around the
individual particles, it was dispersed in an organic solvent. Epoxy and hardener were
mixed with chloroform at a stoichiometric ratio, 100:30 by weight. For each 5 g of the
particles, 20 ml chloroform was added to the epoxy, which was varied at 3, 5, 9, and
20 wt% of the particles. The dispersed epoxy mixture was then introduced into the
water-particle slurry and left at ambient conditions for 24 h to let the solvent (water)
evaporate, as shown in Figure 5.3-b. Finally, the overall mixture was filtered using the
filter paper (VWR, grade 413, medium, 5-13 pm particle retention, 150 mm diameter)

to obtain the particle-epoxy mix, as shown in Figure 5.3-c.
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Figure 5.3. Photographs of (a) a slurry of water-Pl aerogel particles, (b) the mixture after the

addition of epoxy, and (c) filtering of the overall mixture
5.2.5 Particle consolidation

Conversion from Pl aerogel particles to their stock shape was carried out using
consolidation moulding. An aluminium square tube with an internal area of 1 x 1 inch
was machined for this purpose, as shown in Figure 5.4 and Figure 5.5. Two aluminium
blocks were also machined, in such a way that they could slide into the tube and be
secured by pins through open holes on the tube’s side. The distance between the two
blocks was 1 inch, and so a cavity of 1 x 1 x 1 inch was created inside the tube. The
Pl aerogel particles treated with DMSO or epoxy in the manner described in Sections
5.2.3 and 5.2.4 were then transferred into the cavity. 4.5 g of the particles were used
in order to ensure that the particle bulk volume was greater than 1 cubic inch, applying
pressure to the particles when the blocks were put in place. The particle-filled mould
was then transferred to an oven, where the DMSO-treated particles were heated at
250°C for 24 h. The epoxy-treated particles were heated at room temperature for 24 h
and 80°C for 6 h. Several approaches were taken to find the right temperature and
drying method for the epoxy samples. From the experimental results, it was found that
subjecting the sample to a temperature above 80 °C resulted in the breaking down of
the PI structure into aerogel in the proper stock shape. To achieve the goals of
controlling the viscosity increment, keeping the pore structure safe, and ensuring that
the block shape was uniformly formed, a stepwise drying process was applied to the
samples. It means heating process will be applied in a step after 24 h room temperature
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drying for 6h at 80 °C. The final step involved demoulding the sample carefully and
obtaining stock-shape samples in the manner shown in Figure 5.4.

Figure 5.4. A photograph of the tooling used to consolidate the particles and produce the stock

shape samples after demoulding

Producing aerogels in large and specific sizes is generally more challenging. Thus,
several techniques were trialled for moulding the microparticles in a way that allowed
these goals to be met. For the first attempt, as mentioned above, an aluminium tube
with an internal area of 1 x 1 inch was machined to fit two aluminium blocks that
could be secured in place using pins to form a cavity of 1 cubic inch (Figure 5.5). To
demould the sample, the pins were removed from the holes in the side of the tube and
force was applied on one side of the block to push the sample out. However, it was
found that this procedure affected the thermomechanical properties of the produced
sample. It was also found that the pressure applied on the blocks could not be measured
using this type of mould. A second attempt was therefore made, this time involving a
cylinder PTFE mould, which was used on the basis of its high degree of flexibility,
chemical and thermal resistance, and non-stick and low friction properties (see Figure
5.5). The applied pressure was set and defined using this type of mould in a specific
value to produce a cylindrical sample with dimensions of 50 x 25 mm. However, the
glass transition temperature for the PTFE was 114.85 °C; therefore, given the goal of
producing the stock shape using the DMSO method, in which the samples would need
to be dried at 250 °C for 24 h, the PTFE mould would not be viable even if the melting
temperature was 326.85 °C. For this reason and given the need to use a consistent
moulding process with all the consolidation methods, the PTFE was ruled out as an

option.
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Figure 5.5. a and b) Aluminium and ¢ and d) PTFE mould

Ultimately, an aluminium mould was selected for use due to the associated ease of
producing the mould and sample, the ability to produce a sample with a desirable shape
and appearance, the possibility of performing the demoulding process in a
straightforward manner using the silicon release agent, and its resistance to high

temperature.

In the next chapter the characterisation results for P1 aerogel stock shape samples
which are made using the consolidation of the particles with epoxy and DMSO are
presented. At the end of this chapter a comparison will be carry out between different

type of stock shape properties.
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Chapter 6 Results of characterization of polyimide
aerogel stock shape

6.1 Introduction

This research project investigates the appropriate consolidation method for
manufacturing Pl aerogel stock shape from aerogel particles instead of via direct
synthesis. First, the dry milled powder (Aero-Zero) received from our industrial
partner, Blueshift, was used to produce the stock shape. The 1x1 inch cubic samples,
consolidated with DMSO and epoxy, were then characterized using N2 sorption, MIP,
thermogravimetric analysis, compression testing and a procedure for determining
thermal conductivity. At the end of this process, given the possibility of achieving a
more optimal result using epoxy treatment, this method involving epoxy was selected
to consolidate the wet gel grind and emulsion particles synthesized during this project.
As previously noted, the samples produced using these methods are referred to as x%
DMSO or x% epoxy, where the prefix “x%” indicates the weight percentage of either
DMSO or epoxy content mixed in the samples (g DMSO or epoxy /g Pl aerogel
particle x100). The stock shape samples made using the DMSO and epoxy methods
are called PI-DMSO and PI-Epoxy, respectively.

6.2 Characterization of dry-milled polyimide aerogel stock
shape with DMSO (PI-DMSO)

Given that the properties of aerogel materials, including Pls, have very sensitive
relations with their nanostructure assembly, it was acknowledged that it would be
essential to control the aerogel’s nanostructure configuration to improve performance.
However, the engagement of multiple complex parameters, such as intermolecular
interactions during gelation, complicates the procedure for controlling aerogel’s

morphology.
6.2.1 N; sorption

N2 sorption was used to investigate the stock shape samples’ pore structure and surface
area. Two samples were tested, and the associated data in the form of measurement
averages are presented in the following section. Figure 6.1-a shows the pore size
distribution for PI stock shape samples with different ratios of DMSQO. The pores are

in the range of 2 to 60 nm. The average sizes of the pores at the maximum volume of
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the adsorbed gas were observed to be in the range of 20 to 37 nm. Nitrogen adsorption-
desorption isotherms at -196 °C are shown in Figure 6.1-b. The hysteresis loops are
apparent in every BET isotherm curve, demonstrating that mesopores and macropores
exist in all cases. This loop also suggests that gas condensed inside the pores at low-
pressure ranges and formed mono- and multilayers at higher pressures. The nitrogen
adsorption isotherms can also be seen to have risen above P/Po = 0.9 but without
reaching the saturation plateau, indicating their status as type Il isotherms. The BET
surface areas of the samples are from 8 to 14 m?/g. It is not surprising that the surface
area of Pl aerogels in this study is relatively low compared to those of the Pl aerogels
considered in the literature. For instance, Kwon et al. demonstrate that the surface area
of the P1 aerogel considered in their work was 103 m?/g, almost 87% higher than that
of the PI samples produced in this study [66]. Feng et al. also show that the BET-
specific surface area is 320—340 m?/g [50]. During ambient pressure drying, the
surface tension between the solvent and pore walls reduces shrinkage and surface area.
For this reason, most such studies have used supercritical CO> instead of ambient
pressure drying [50].
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Figure 6.1. N2 sorption PI-DMSO stock shape, (a) pore size distribution, (b) N2 sorption
isotherms (at -196 °C)

6.2.2 Mercury Intrusion Porosimetry (MIP) for PI-DMSO stock shape

Given that N2 sorption is constrained in terms of the pore size that can be measured
(100 nm), it was judged that MIP had to be used to investigate the size of the pores
inside and between the particles and to calculate total porosity. The results of this

process are presented in Table 6.1.
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6.2.2.1 Pore structure

Pore size distribution for the PI-DMSO samples is shown in Figure 6.2 -a. MIP shows
bimodal pore size distributions between 900 and 6000 nm for DMSO samples,
indicating that the status of the pores is primarily mesopores and macropores. As the
concentration of DMSO is increased for the solidification of the PI, a wider pore
distribution can be observed. The first peak is almost the same for all the samples,
which differ only in intensity. However, in the case of the second peak, it can be seen
that larger pores emerge as a result of an increase in the degree of DMSO, giving rise
to a wider distribution. The pore size distribution of the Blueshift stock shape shows a
single peak. The pores are 400-780 nm, with an average size of 597.40 nm. These
pores are smaller with a more uniform structure than those in the PI-DMSO samples,
although these samples are observed to have a larger pore size than those discussed in
the literature [112].

As previously explained, the idea behind the addition of DMSO is to plasticise the
particles in a way that results in more flexible particles that require less stress to
consolidate; as a result, fewer pores are destroyed, and higher porosity will be
achieved. In addition, softened particles, due to the addition of DMSO, require less
stress to be squeezed during the consolidation process; therefore, the particles do not
break into smaller particles in the manner caused by higher levels of stress, as smaller

particles can be more densely packed compared to larger ones.

Figure 6.2 (a) shows the correlation of the porosity with the concentration of DMSO
in the samples. The value indicating the degree of porosity was measured using the

MIP instrument.
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6.2.2.2

Table 6.1 shows different properties for PI-DMSO stock shapes with a density below
0.30 g/cm® and high porosity, ranging from 78.8% to 88.8%. Density was measured
using the mass and volume of the cubic samples. For each concentration, an average
of three measurements is presented. As explained in Section 6.2.2.1, adding more

DMSO and making the particles soften will reduce the density of the stock shape

samples (see Figure 6.3).
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Figure 6.3. Correlation of bulk density with DMSO content

The SEM images for PI-DMSO samples are shown in Figure 6.4, highlighting a porous
structure in each of the concentrations. These images confirm that adding more DMSO
causes higher porosity in the samples, with the highest value of 88.8% being reported
for 30% DMSO.

Figure 6.4. SEM images of PI-DMSO samples with (a) 0.0; (b) 5.0, and (c) 30% DMSO
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6.2.3 Thermogravimetric analysis (TGA) for PI-DMSO

The weight changes and rates of weight change against temperature for PI-DMSO
samples are plotted in Figure 6.5. It can be seen in Figure 6.5(a) that there is no weight
loss until the temperature reaches 430 °C for both neat Pl and Pl with DMSO. The
small degree of overlap of the peaks confirms this temperature to be 430 °C for all the
samples depicted in Figure 6.5(b). From 430-540 °C, thermal degradation accelerates
in respect of all samples. The greatest weight loss can be observed as occurring for all
samples between 540 and 590 °C. From the rate of weight change, it can be observed
that the neat PI is slightly more thermally stable, having the lowest weight loss rate
compared to PI-DMSO samples. In all PI-DMSO samples, degradation was completed
by 670 °C. Adding different concentrations of DMSO did not significantly impact the
thermal decomposition. As previously discussed, the reason for treating already
synthesized PI particles with DMSO solvent relates to the goal of plasticizing the PI
particles under the expectation that this solvent would be removed through the
subsequent drying process. The minimum onset point is 540 °C in the 10% DMSO
sample. Given the absence of significant weight loss before the decomposition point,
it can be concluded that all the DMSO was removed during the drying process. The
10% weight loss and the onset temperatures are also summarised along with other

characterised properties in Table 6.1.
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Figure 6.5. (a) Weight, (b) rates of weight change as a function of temperature for PI-DMSO

samples
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It can be observed that there is no massive change at the onset point as a result of
changes in the concentration of DMSO. As might be expected, thermal stability
depends on the chemistry of the materials [21]. Given that the material’s chemistry is
consistent across all the samples, it is unsurprising that not much difference can be
observed in their thermal stability. It can be seen that the rate of weight change reduces
through the addition of more DMSO.

6.2.4 Mechanical properties of PI-DMSO

The compressive properties of the samples were investigated using an Instron 5969
series universal testing system equipped with a video extensometer, followed by the
application of ASTM D1621 [329]. The equipment was fitted with a 50 kN load cell
to evaluate the effect of the DMSO and epoxy on the particle-converted stock shape
material (see Figure 6.6). This involved testing cubic samples (three for each
condition) with dimensions of 25 x 25 x 25 mm at a constant rate of 0.65 mm/min at

room temperature.

Figure 6.6 Instron 5969 series universal used for mechanical testing

Compression tests of the PI stock shapes were carried out to evaluate the effect of
DMSO treatment on the mechanical performance of the particle-converted PI stock
shapes. As noted, at least three samples were tested for each condition, and the average

of these measurements is presented below. Compressive modulus was taken as the
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slope of the elastic domain in the stress-strain curves, and the resultant data are
presented in Table 6.1. For all the DMSO concentrations, the stock shape samples were
found first to show behaviour associated with elastics and then behaviour associated
with plastics. The addition of DMSO can also significantly affect the mechanical
properties of the PI stock shape. Figure 6.7 shows stress-strain curves for different
concentrations of DMSO. As expected, given the samples’ weak and brittle structure,
they all disintegrated before applying 10% strain; therefore, no data is presented for

this value.

Figure 6.8 shows the correlation between compressive modulus and concentration of
DMSO. It can be observed that the addition of DMSO, which causes more porosity
and larger pores due to plasticising between the particles, reduces the compressive
modulus. The PI-DMSO samples were also observed to be powdery and brittle;

therefore, they were expected to have undesirable mechanical properties.
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Figure 6.7. Stress-strain curve for PI-DMSO stock shape
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6.2.5 Thermal conductivity of PI-DMSO stock shape

The thermal conductivity of the PI stock shape samples was measured using a hot-wire
instrument. The sensor was placed between two samples, and a 500 g weight was
placed on top of the above sample to ensure complete contact between the surface of
the sample and the sensor. Efforts were also made to sand the samples’ surface to make
it as soft as possible in reflection of the knowledge that the surface plays an essential
role in taking such measurements. A non-soft or irregular surface can result in gaps
filled with air between the sample and sensor, potentially causing measurement errors.
Two samples for each condition were tested using this technique. All six sides of each
sample were tested, and the average of the 11 measurements is presented in Table 6.1.
By increasing the DMSO content, thermal conductivity was observed to decrease from
56 to 50 mW/m.K. A 30% increase in the thermal conductivity of the PI-DMSO
samples can also be observed compared to the Blueshift Pl stock shape (42 mW/m.K).
The greater density of the DMSO samples means that their structure is more conducive

for transforming heat.

Figure 6.9 presents the thermal conductivity of the PI stock shape samples as a function
of the concentration of DMSO. Before the 30% sample, the thermal conductivity
correlation seems almost linear at different concentrations of DMSO. Increasing the
concentration of DMSO increases porosity such that thermal conductivity is reduced
from 0.056 to 0.050 W/m.K.
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Table 6.1. Key materials properties of Pl stock-shapes produced with Pl aerogel particles
treated with DMSO

Sample

(% DMSO)

0.0

3.0

5.0

10

30

Bulk
density

(glem®)?

0.27 +0.04

0.28 +0.05

0.25+0.01

0.24 +0.07

0.22+0.01

Skeletal
density

(g/cmd)P

1.49 +0.02

1.50 +0.01

1.50 +0.01

1.47 +0.01

1.49 +0.01

TGA (10%)

ey

545

535

545

535

535

Onset
temperature

CO)°

550.23

563.18

567.22

567.17

541.02

Specific
surface area

(m*g)?

7.70+£0.03

8.00£0.05

8.51+0.10

8.62£0.05

8.40£0.01

MIP
Porosity

(%0)

78.80 +4.74

80.91+1.41

81.70+0.18

82.60+ 141

88.80+15

MIP Median
pore
diameter

(pm)

1.110 + 0.022

1.360 + 0.006

1.391+ 0.071

1.570 + 0.206

2.11+0.102

Compressive
modulus

(MPa)®

17.80 £ 0.02

14.24 + 0.04

12.92£0.25

11.85+0.11

10.70 £ 0.50

Thermal
conductivity

(W/m.K)"

0.056 +0.002

0.054+0.001

0.052+ 0.003

0.051+ 0.004

0.050 =
0.003

a) measured using mass and volume of the samples (p=m/v)., b) measured with Micromeritics
Accupyc Il 340 helium pycnometer, ¢) single measurement, d) average of three samples, €)
slope of elastic part in stress-strain curve; f) average of two measurements
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6.3 Characterization of the stock shape with epoxy (Pl-epoxy)

As previously explained, epoxy was used in different concentrations of 0.0, 3.0, 5.0,
9.0 and 20% to consolidate the Pl aerogel particles. The 1x1x1 inch moulded samples
were stored in a plastic bag for subsequent investigation using characterisation
techniques such as N2 sorption, MIP, TGA, mechanical testing and thermal

conductivity.
6.3.1 N3 sorption

As mentioned before, the stock shape’s pore structure and surface area were measured
using N2 sorption. Figure 6.10 shows these samples’ pore size distribution and N2
sorption isotherm. The pores were found to be in the range of 2 to 60 nm, with an
average of 25 nm. Increasing the concentration of epoxy up to 9% causes an increase
in the volume of the pores and, therefore, in the quantity of adsorbed gas. The
hysteresis loops are apparent in every BET isotherm curve (Figure 6.10-b),
demonstrating that mesopores exist in all cases. This loop also suggests that gas
condenses inside the pores at low-pressure ranges and forms mono- and multilayers at
higher pressure. The nitrogen adsorption isotherms rise above P/Po = 0.9 but do not
reach the saturation plateau, indicating their status as type Il isotherms. Overall, the
very low quantity of gas adsorbs at the early stage of the adsorption and the large pores
seen in the MIP pore size distribution prove that macropores constitute a significant

proportion of the porosity.

The 20% epoxy sample shows the lowest level of adsorbed gas among the Pl-epoxy
samples. This may be due to blockage of the pores by epoxy or due to the existence of
large pores that cannot be detected using N2 sorption. For this reason, MIP was also

used to investigate the nature of the pores as a whole.
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Figure 6.10. N2 sorption Pl-epoxy stock shape, (a) pore size distribution, (b) N2 sorption
isotherms (at -196 °C)

6.3.2 Mercury Intrusion Porosimetry (MIP) for PI-epoxy stock shape

The total degree of porosity and pore size distribution was measured using MIP for the
Pl-epoxy samples. Aside from the 0% concentration, for all the conditions, a bimodal
distribution can be observed in the range of 600 nm to 10 um (see Figure 6.11-a).
Macropores were found to constitute largest proportion of the different types of pores
in all the samples, and the 20% epoxy sample was found to have the largest pore size
among all the samples. This result sheds light on why there was only a low degree of
gas adsorption in terms of N2 sorption characterization. Table 6.2 presents all the
properties of the Pl-epoxy samples. Figure 6.11-b shows that, for the Pl-epoxy
samples, porosity increased as epoxy concentration increased, except at 5%. This
sample had a 0.4 g/cm?® bulk density, the highest value among all samples. The bulk
density for these samples was measured using the mass and volume and change in the
range of 0.32-0.40 g/cm?. As observed in the correlation of epoxy by porosity (Figure
6.12), the density increased up to 5% epoxy before starting to reduce. Different
behaviour can be observed as having occurred before and after the 5% epoxy

condition.
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Figure 6.12. Correlation of porosity with density for Pl-epoxy samples

The microstructure of the Pl-epoxy sample at three different concentrations (0.0, 5.0
and 20%) is shown in Figure 6.13. The presence of epoxy is also visible in the samples
in terms of the bond between the particles. It can be observed that adding 5% epoxy to
the particle makes the structure denser as compared with the 0.0 % epoxy sample. This
could be due to the presence of epoxy inside and between the particles. However,
adding more epoxy, up to 20% may have resulted in the small pores inside the particles
becoming filled with epoxy and the rest of the epoxy covering the surface of the

particles in a way that resulted in these becoming bigger. Consolidation of the bigger
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particles in this way would result in lower density. Support for this analysis was
obtained by measuring median pore diameters using the MIP. The size of the pores
was observed to increase with the addition of more epoxy, from 0.760 to 1.190 pum.

Figure 6.13. SEM microscopic images of Pl-epoxy samples at (a) 0.0; (b) 5, and (c) 20%

epoxy

6.3.3 Thermogravimetric analysis (TGA) of PI-epoxy

TGA at a rate of 10 °C/min was used in the temperature range of 20 to 700°C under
air to investigate the thermal stability of the Pl-epoxy samples. It can be noted that, for
these samples, weight loss was seen to begin at around 200 °C (see Figure 6.14 -a).
This process is marked by the presence of two primary peaks, one at 350 °C and
another between 540 and 580 °C for samples with different concentrations of epoxy.
Between these two peaks, weight loss occurs at a lower rate (see Figure 6.14 -b). The
addition of more epoxy results in decreases in thermal stability in such a way that
increasing the concentration of the epoxy from 0.0 to 100 wt% leads to a reduction in
the temperature for 10% weight loss by 40%. This shows that samples with a higher
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concentration of epoxy demonstrated higher degradation rates during the first

decomposition step in a way that was reversed during the second.

The TGA results make it possible for the imidization process to be investigated, as the
imidization process involves evaporating the solvent and cyclodehydration, followed
by weight loss in the samples with incomplete imidization. Such imidization usually
occurs between 100 and 200 °C [325], so neither of the methods used in this work
resulted in the samples demonstrating a noticeable weight loss before 200 °C. This
confirms that the solvent was removed and that imidization was completed during
preparation and drying [33]. This finding generally aligns with those expressed in

previous studies of the thermal properties of Pl aerogels [22, 50].
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Figure 6.14. (a) Weight, (b) rates of weight change as a function of temperature for Pl-epoxy
samples
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The relation between onset temperature and concentration of epoxy is plotted in Figure
6.15. This diagram indicates that the addition of more epoxy results in the samples

becoming more sensitive to heating, leading to their decomposition at lower

temperatures.
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Figure 6.15. Relation between onset temperature and epoxy concentrations Mechanical
properties of Pl-epoxy

Epoxy samples were characterized with compression to test their mechanical
properties. At least three samples were tested for each concentration of epoxy. The
stress-strain curve is plotted in Figure 6.16, and ductile behaviour can be observed for
each of the samples. Table 6.2 presents the compressive modulus measured from the
linear part of the stress-strain curve and the samples’ compressive strength, measured

at 10% compressive strain.
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Figure 6.16. Correlation of stress with strain for Pl-epoxy

Figure 6.17 (a) shows that increases in the concentration of epoxy up to 5% leads to
increases in the compressive modulus to 43.2 MPa; then, for 9 and 20% epoxy, these
values drop to 42.1 and 32.18 MPa, respectively. This behaviour may be explained in
terms of the manufacturing process. In the case of samples with a higher quantity of
epoxy, sticking in the mould meant that, although a release agent spray was used
before the moulding process, more force had to be applied during the moulding and
demoulding processes. The 5% epoxy sample had the highest compressive modulus of
43.2 MPa and the highest compressive strength of 2.19 at 10% strain (see Figure 6.17-
b). This sample also had the highest value for density and the lowest for porosity. After
5% epoxy, the mechanical properties deteriorate as the concentration of epoxy
increases. This may be due to the accumulation of epoxy between the particles, which
results in a weaker structure. It should be borne in mind that a specific trend for
changing the compressive strength and compressive modulus cannot be observed;
however, they both change in the same direction with density in both series of samples.
This is expected, as mechanical properties typically track with density. These results

are in line with the porosity measurements reported.
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Figure 6.17. (a) Compressive strength and (b) compressive modulus of Pl-epoxy stock shape

as a function of the concentration of epoxy.
6.3.4 Thermal conductivity for PI-epoxy

Figure 6.18-a presents the thermal conductivity of the Pl-epoxy samples as a function
of the concentration of epoxy used to treat the PI aerogel particles. It can be seen that
thermal conductivity is changed in the range of 52 to 78 mW/m.K. Up to 5% epoxy,
the thermal conductivity increases to 78 mW/m.K as a result of the addition of more
epoxy, which is in line with what was found in respect of density and porosity. After
this, a decrease is noted to 69 mW/m.K. The addition of more epoxies induces the
infiltration of the pores, increasing the heat transfer rate. The density correlation with
thermal conductivity also shows a step change in respect of the 5% sample (see Figure
6.18-b). As previously discussed, this might be explained in terms of the

manufacturing process.
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Table 6.2. Key materials properties of Pl stock-shapes produced using Pl aerogel particles

treated with epoxy

Sample

(% DMSO)

0.0

3.0

5.0

9.0

20

Bulk density

(glcm®)?

00.32 = 0.02

0.37+0.01

0.40 £0.01

0.35+0.01

0.33+0.01

Skeletal
density
(g/cmd)®

1.48+0.01

1.48+0.01

1.44+0.01

1.46 +0.01

1.42+0.01

TGA (10%)

CC)°

530

520

500

390

320

Onset
temperature

CO)°

541.84

556.13

553.85

546.94

524.14

Specific
surface area

(m?/g)®

8.8+0.1

94+0.1

13.1+21

143+121

78%1.0

MIP
Porosity

(%)

66.50 + 2.30

73.61+3.30

71.01+1.22

81.10 + 1.06

84.80 +0.70

MIP Median
pore
diameter

(Lm)

1.201+ 0.302

0.760+0.011

0.861+0.015

1.060+0.108

1.190+0.229

Compressive
modulus

(MPa)®

2.30+1.30

23.30 £3.50

43.20 £4.31

42.10+0.10

32.20+£0.10

Compressive
Strength,
10% strain

(MPa)f

0.99

2.19

0.78

0.13

Thermal
conductivity

(W/m.K)®

0.052 +0.005

0.065+0.002

0.078+0.001

0.077+0.005

0.069+0.001

a) measured using mass and volume of the samples (p=m/v), an average of three samples., b)
average of three measurements with pycnometer, c) single measurement, d) average of three

samples, e) slope of elastic part in stress-strain curve, f) average of two measurements
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6.4 Comparison between different types of stock shape in this
work

As previously discussed, this project was undertaken to find new methods to produce
PI aerogel stock shape in a direct and more economically competitive way. Table 6.3
presents data relating to the properties of the PI stock shape received from this project’s
industrial partner (Blueshift stock shape). The comparison between the properties of
all three types of stock shape shows that, in respect of the epoxy samples, the addition
of epoxy and increases in the density of the samples results in greater thermal
conductivity and a lower porosity as compared with the Blueshift stock shape and PI-
DMSO samples. On the other hand, in the cost of most applications, Pl aerogel will be
selected due to its more desirable mechanical properties, which highlights the
importance of focusing on how this property can be improved. The epoxy samples

show a high compressive modulus (up to 43.20 = 4.31 MPa).

Compared to the PI stock shapes fabricated using the methods previously introduced
in this study, a porous uniform structure can be observed for the PI stock shape
produced directly by Blueshift (Figure 6.19). This sample had 84.70% porosity and
0.23 g/cm3 density, as shown in Table 6.3. It is noted that PI-DMSO-30% had
properties that were very close to this sample (with a porosity of 88.80% and a density
of 0.22 g/cm?), though the porous structures are quite different. The sample produced
by Blueshift was found to feature a network of small particles interconnected

throughout the porous structure in such a way that they resembled a fibrous structure.

Figure 6.19. SEM microscopic images of Blueshift stock shape
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The Pl-epoxy samples had lower porosity, greater density and mechanical properties

than the PI-DMSO samples and the PI stock shape directly produced by Blueshift.

This work results in a new procedure for producing PI stock shapes using aerogel
particles, involving the treatment of Pl aerogel particles and the subsequent
consolidation of these particles into stock shape samples. This process involved
investigating the stock shapes’ porous texture and thermal and mechanical properties.
This showed that the incorporation of epoxy in the Pl aerogel particles (up to 5 wt%)
can significantly improve the stock shape's mechanical properties. The PI-DMSO
samples were found to be thermally stable up to 500 °C. It was also shown that the
thermal conductivity of the particle-converted stock shape increased as a result of the
addition of more epoxy and this was due to the infiltration of the pores. Both methods
created samples with pores larger than 50 nm, indicating the presence of macroporosity
in their pore structure. However, the densities of stock shape samples with epoxy were
higher due to the presence of the epoxy molecules between the aerogel particles.
Although the mixture was left at room temperature before and after moulding,
infiltration might have occurred, potentially reducing the porosity and thus increasing
density. Nevertheless, the results of this study demonstrate that it is feasible to produce
Pl stock shapes using Pl aerogel particles. Overall, the presented techniques can be
used to prepare PI stock shape with reasonable thermal and mechanical properties in a
short time compared to the stock shape fabricated directly by Blueshift.

Generally, fabricating stock shape with epoxy method yields a more attractive
outcome in terms of appearance and mechanical properties. On this basis, this method
was selected for consolidating the aerogel particles synthesized in this project.
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Table 6.3. Key material-related properties of directly produced PI stock shapes with Blueshift

Compressive
Bulk TGA MIP Compressive renath Thermal
strength, -
Sample | density (10%) porosity modulus g conductivity
(g/em’) 10% strain
°C) (%) (MPa) (W/m.K)
(MPa)
Blueshift
P1 stock 0.23 550 84.70 21.00 1.80 0.42+0.005
shape

6.5 Characterization results of wet gel ground powder stock
shape (PI-WGG-epoxy)

After the synthesis of the P1 aerogel microparticles using the WGG in different dilution
ratios, they needed to be treated and consolidated in a specific size and shape and
characterized. Considering the results found and conclusion reached regarding Aero-
Zero, adding epoxy was selected as the sole method for consolidating the WGG. The
characterization results for Pl-epoxy samples show that the 5% epoxy had better
mechanical properties. Therefore, the PI-WGG particles were consolidated with 0 and
5% epoxy ina 1x1x1 inch mould and cured for 24 h at room temperature, followed by
a further 6 h at 80 °C. Unfortunately, the sample produced without the use of epoxy
was unsuccessful, as the PI-WGG-0% epoxy could not be shaped or retained in powder
form after the demoulding process, as shown in Figure 6.20. For this reason, PI-WGG

stock shape samples were produced using 5% epoxy.

Figure 6.20. PI-WGG-0% epoxy sample after demoulding
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6.5.1 N3 Sorption for PI-WGG-epoxy stock shape

The pore structure and surface area of the PI-WGG-5% epoxy stock shape were
characterised using N2 sorption, and the results are shown in Figure 6.21 and Table
6.4. Figure 6.21-a shows the bimodal distribution in the range of 3 to 16 nm, indicating
the mesoporous status of all the pores. Increasing the dilution ratio in the PI-WGG
powders can lead to decreases in the volume of the adsorbed gas in the stock shape.
This observation indicates the presence of microporosity for the samples with a higher
dilution ratio. The nitrogen adsorption isotherms rise above P/Po = 0.9 but do not reach
the saturation plateau, indicating that they are type Il isotherms Figure 6.21. The sharp
increment observed for the higher pressures also confirms the presence of
microporosity in these samples. The surface area is changed in the range of 0.30 to

6.93 m?/g due to the ambient pressure drying method used in fabricating these samples.
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Figure 6.21. N sorption of PI-WGG-epoxy stock shape, (a) pore size distribution, (b) N
sorption isotherms (at -196 °C)

6.5.2 MIP for PI-WGG-epoxy stock shape

The MIP was used in order to investigate the total porosity, pore size distribution and
bulk density of the produced stock shape samples. The porosity for these samples was
calculated using bulk and skeletal density and the MIP pore size distribution is plotted
in Figure 6.22. Aside from the stock shape sample produced from powder with DMSO:
PAA=1.5, a bimodal distribution can be seen to have been yielded for all the samples.
As mentioned in respect of N2 sorption, the porous structure for this sample was found

to be primarily macroporous in its nature. As previously discussed in respect of the PI-
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WGG particles, increasing the ratio of dilution results in the size of the particles
reducing, with smaller particles existing closer to each other during the consolidation
process such that density increases. This result is confirmed in the SEM images (see
Figure 6.23), which clearly show the presence of epoxy inside the samples. An
increase in the dilution ratio results in lower porosity in the powder source for
producing the stock shape. As a result, adding the quantity of epoxy during the
consolidation process results in the particles sitting closer to each other in a way that
increases density; however, the MIP median pore diameter also increases. As the SEM
image confirms, this is mostly evident in respect of the intra-pores. The epoxy
infiltrates the small pores inside the particles, giving rise to larger chunks and, thus
also larger pores between these chunks. It seems that, through the addition of epoxy
and increasing the ratio of dilution, small pores become filled due to infiltration; as a
result, the pore size is increased while the total overall porosity is reduced. Bulk

density was measured using both MIP and the samples’ mass and volume.
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Figure 6.22. MIP pore size distribution for PI-WGG-epoxy
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Figure 6.23. SEM for PI-WGG stock shape with 5% epoxy with different dilution ratios in
powders; (a) 0.0; (b)0.5; (c) 1.0; (d) 1.5

6.5.3 TGA for PI-WGG-epoxy stock shape

The correlation of weight change with temperature is reported in Figure 6.24. This
shows that thermal stability reduces as a result of an increase in dilution in the particle
synthesis process. In the first step (0-200 °C), weight change can be observed at a low
rate, potentially due to residual DMSO or water added during manufacturing. In the
next step, from 200 to 500 °C, the weight change corresponds to the decomposition of
the added epoxy. Finally, all the samples can be seen to have decomposed at different
rates during the last stage, although the rate of decomposition reduces as the ratio
dilution increases across the board. The presence of larger pores can be analysed as
having trapped more solvent inside than on the sample’s surface; therefore, more time
is required for complete decomposition. Furthermore, aside from in the case of ratio

0, increasing the temperature to 700 °C does not result in the samples’ complete
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decomposition, suggesting that this would necessitate allowing more time for this

process and/or the presence of higher temperatures.
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Figure 6.24 Correlation of weight change with temperature for PI-WGG-epoxy

Only one of the samples was tested with TGA for a longer time in order to establish
whether complete decomposition would be achieved. The PI-WGG-5%EP sample
with a ratio of 1.5 was tested under air with a heating rate of 10 °C/min from 20 to
700°C and then isotherm for 2 h at 700 °C. The correlation of the weight change with
time indicates that allowing more time to the sample in the same condition would cause
complete decomposition (see Figure 6.25).
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Figure 6.25. Correlation of weight change with time for PI-WGG-5%EP sample under the
isotherm condition
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6.5.4 Mechanical properties of PI-WGG-epoxy

Investigating the mechanical properties of the PI-WGG stock shape samples was
undertaken using a compression test. As mentioned, all the samples were produced
using 5% epoxy. Two samples were tested, and the measurement average is plotted in
the following. Figure 6.26 shows the stress-strain plot for the PI-WGG-5% epoxy
samples. This graph shows that ductile behaviour can be observed for all the samples,
which demonstrated elastic behaviour up to the failure point. Compressive modulus
was measured from the first linear part of the stress-strain curve. The correlation
between compressive modulus and compressive strength is plotted in Figure 6.27.
These results show that, for the samples with a ratio of 0.5 to 1.5, increases in the
dilution ratio as a result of increases in the size of the pores resulted in decreases in
compressive strength and modulus. The correlation of compressive modulus with
density (see Figure 6.28) indicates that increasing the density results in a greater
modulus, increasing from 7.2 to 36.6 MPa for these samples. These samples all
demonstrate reduced mechanical properties as compared with PlI- 5% epoxy produced

using Aero-Zero particles (with a compressive modulus of 43.2 MPa).
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Figure 6.26. Stress-strain curve for PI-WGG-epoxy stock shape
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Figure 6.28. Compressive modulus-density for PI-WGG-5% epoxy samples
6.5.5 Thermal conductivity of PI-WGG-epoxy stock shape

Two stock shape samples were tested using the hot-wire technique to ascertain the
degree of thermal conductivity of these samples. All six sides of each sample were
tested for this purpose. For each condition, the average of 11 measurements is
presented in Table 6.4, and thermal conductivity can be seen to increase from 70 to
140 (mW/m.K). This indicates that, in respect of the WGG powder, the size of the
particles reduces as the dilution ratio increases, with smaller particles packing closer
to each other such that density and thermal conductivity increase. A greater thermal

conductivity can also be observed due to the increased density and lower degree of
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porosity in these samples as compared with the Aero-Zero stock shape produced with

5% epoxy.
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Table 6.4. Key properties of PI-WGG-5%EP at a different dilution ratio of powder

PI-WGG-
Sample 5%EP PI-WGG-5%EP | PI-WGG- 5%EP PI-WGG- 5%EP
(% DMSO) | DMSO:PAA= | DMSO:PAA=0.5 | DMSO:PAA=1 DMSO:PAA=1.5
0
Specific
surface area 6.9+1.3 48+1.0 41403 0.3+0.2
(m?/g)
Skeletal
density 1.390+ 0.004 1.370 + 0.003 1.390 + 0.003 1.420 + 0.006
(g/cmd)®
MIP median
_pore 5.50 5.63 11.23 74.52
diameter
(nm)°
MIP bulk
density 0.72 0.82 0.76 0.79
(g/cm3)°
Bulk density 0.57+0.15 0.65+0.05 0.61+0.02 0.63+0.03
(g/cm®)¢
MIP Porosity
53.50 33.90 40.10 40.08
(%0)°
Porosity (%)¢ 45.30 40.10 48.01 44.40
Thermal
conductivity 0.07+0.01 0.13+0.04 0.12+0.03 0.14+0.01
(W/m.K)2
TGA (10%)
455 452 450 273
(oc)f
Compressive
modulus 7.20+0.30 36.60 +2.30 23.02 +3.30 17.34 £ 0.50
(MPa)?

a) average of three samples; b) average of three measurements using pynometry; c) MIP,
single measurement, d) Via p=m/v an average of three measurements; e¢) Via II= 100 x
(ps—pb)/ps; f) under air; g) slope of linear segment at the stress-strain curve

241



6.5.6 Summary

This section detailed how the PI-WGG stock shape samples that were produced with
5% epoxy were characterized and analyzed using several different techniques. The
production process showed that it was essential to use epoxy despite the consolidation
method used with the Aero-Zero powder. The PI-WGG-epoxy stock shape samples
were found to have higher density, lower porosity and higher thermal conductivity
compared to Pl-epoxy samples and the stock shape produced directly by Blueshift.
Among the stock shapes made with powders with different dilution ratios, the sample
made with DMSO: PAA= 0.5 emerged as having the most optimal properties. Figure
6.29 presents the comparative results between this sample, PI-5% epoxy (made with
Aero-Zero) and the PI stock shape produced directly by Blueshift. This indicates that
the PI stock shape that is produced directly is associated with better results in terms of
thermal stability, porosity and density. The stock shape samples produced by
consolidating the particles using epoxy were found to demonstrate more desirable
mechanical properties. The compressive modulus for PI-5% epoxy and PI-WGG
(ratio=0.5) showed 51 and 42% increases, respectively, compared with the stock shape
produced directly.
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Figure 6.29. Comparison between properties of the most optimal PI-WGG stock shape and the

Aero-Zero stock shape with 5% epoxy and the stock shape produced directly by Blueshift
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6.6 Characterization results for emulsion powder stock shape
(P1-EM-stock shape)

The stock shape was produced using particles synthesized by means of the emulsion
process at different dilution ratios and consolidated using epoxy 0.0 and 5% epoxy.
Similar to the PI-WGG stock shape, the production of stock shape using emulsion
particles also relies on the addition of epoxy. Therefore, only PI-EM-5% epoxy
samples at different dilution ratios for the powder’s source were produced and
characterised. The moulded particles were cured and dried for 24 h at room
temperature and then another 6 h at 80 °C. All the samples were fully characterized,

and their properties were compared with the previous stock shape samples.
6.6.1 N sorption for PI-EM-epoxy

The PI-EM-5% epoxy stock shape was characterised using Nz sorption to investigate

pore structure and surface area.

Figure 6.30-a shows the samples’ bimodal pore size distribution between 3 and 36 nm.
This result indicates that the types of pores in the samples are primarily mesoporous.
PI-EM stock shape with DMSO: PAA=0.5 was found to have adsorbed the greatest
volume of Ny, indicating that this sample had a greater pore volume as compared with
the others (see Figure 6.30-b). As can be observed in Table 6.5, the surface area for
these samples is in the range of 2 to 9 m?/g. Having a low surface area is associated
with a high degree of shrinkage, mainly during the ambient pressure drying process.
As discussed in Chapter 4, the emulsion particles with a ratio of 1.5 are the largest,
with this being due to a high degree of agglomeration. Large particles are prevented
from sitting close to each other, giving rise to large pores that cannot be detected using
N2 sorption. For this reason, investigating the porous structure of the PI-EM-epoxy
samples necessitated using MIP. The results of this process are presented in the next

session.
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Figure 6.30. a)Pore size distribution, (b) N2 sorption isotherms (at -196 °C) for PI-EM-5% EP

at different dilution ratios
6.6.2 MIP for PI-EM-epoxy

MIP was used to measure the PI-EM-epoxy samples' pore size distribution, bulk
density, and porosity. Low and high pressure was applied in the range of 0-30 psi,

followed by a sweep of 30-33000 psi. The bulk density of the stock shape was
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measured using MIP in terms of mass and volume. The figures reflecting MIP-
calculated porosity and the porosity calculated using bulk and skeletal density are

presented in Table 6.5.

The bimodal pore size distribution between 200 nm to 20 um for the PI-EM-epoxy
with ratios 0.5 and 1 is very similar. Figure 6.31, which presents the emulsion
powder’s pore size distribution, also demonstrates similar behaviour for these two
powders. The sizes of the particles for ratios 0.5 and 1 are 7.9 and 8.1 um, respectively,
confirming that increasing the dilution from 0.5 to 1 affects the pore size of neither the
powder nor the stock shape form. Comparing the pore size distribution for the stock
shape with ratio = 0 shows that smaller pores in the powder shape (around 300nm) are
removed in the stock shape. This could be due to infiltration of the pores by epoxy.
Furthermore, some of the pores likely collapsed during the moulding process and as a
result of the compression force. The PI-EM-epoxy stock shape sample with ratio=1.5
shows a considerable peak at 100 um. Smaller pores around 1 pm in the powder form
were removed in the stock shape sample. As previously explained, the reason for the
presence of such huge pores in this sample relates to the presence of such large,

agglomerated particles.
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Figure 6.31. MIP pore size distribution for PI-EM-5% EP

Both measured bulk density (MIP and density calculated with the mass and volume of
the sample) increases in the PI-EM-epoxy samples as a result of increases in the

dilution ratio. Compared to the powder shape, the addition of the epoxy and the density
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associated with the moulding process of the stock shape is increased by up to 60%.
The MIP bulk density ranges from 0.7 to 0.76 g/cm?®. Figure 6.33Figure 6.32 shows
the correlation of porosity and density with the powder type in the stock shape samples.
For the emulsion particles, it emerged that increasing dilution results in larger
particles. Moulding such larger particles using the same quantity of epoxy necessitates
that greater pressure be used compared to the same process performed with smaller
particles. It is likely that this process resulted in the destruction of some pores,

resulting in lower porosity and greater density.
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Figure 6.32. Correlation of porosity and density with the type of powder in the stock shape

samples

The SEM images for the PI-EM-EP at different ratios of dilution exhibit a porous
structure on the surface and inside the stock shape samples (see Figure 6.32). In
addition, they show that the samples increase in density as dilution increases. The
porous structure can be observed on the surface of the samples, as can the role of the
bond between the particles featuring the presence of epoxy. Using the MIP
characterization, it emerged that the average pore size for the sample with ratio=0 was
higher compared to the ratios of 0.5 and 1. SEM was also used to confirm this

measurement in terms of the particles’ size and morphology.
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Figure 6.33. SEM micrograph of the PI-EM-5%EP stock shape sample with powder of

different dilution ratios
6.6.3 TGA for PI-EM-epoxy stock shape

To investigate the thermal stability of the stock shape samples, TGA was run between
20 to 700 °C at the rate of 10 °C/min. The correlation of weight change with
temperature is shown in Figure 6.34. A weight loss can be observed for all samples at
around 100 °C. This may be due to the evaporation of the residual water inside the
samples used during the manufacturing process or humidity adsorption that occurred
during the ageing process. The following weight loss peak is at around 350 °C, due to
the curing of the epoxy present inside the samples. At the next step, all the samples
start to degrade at different rates in such a way that suggests that 700 °C would be
insufficient to result in completed degradation. To investigate whether this was the
case, for PI-EM-5%EP with DMSO: PAA=1.5, 2 h of isotherm was added to the TGA
cycle at 700 °C.
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Figure 6.34. Correlation of weight change with temperature for PI-EM-5%EP

Figure 6.35 presents the weight change as a function of time for PI-EM-5%EP with a

ratio of 1.5. The results show that after 70 min, all the samples decomposed.
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Figure 6.35. Correlation of weight change with time for PI-EM-5%EP sample under the
isotherm condition

6.6.4 Mechanical properties of PI-EM-epoxy stock shape

Investigating the mechanical properties of the stock shape samples was performed

using a compression test. For each condition, two samples were tested, and the stress-
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strain curve shows ductile behaviour in respect of all the samples (see Figure 6.36).
The failure point for all the samples is before 10% strain. As a result, the compressive
strength at 10 % strain could not be defined for these samples. The correlation of
compressive modulus with density is plotted in Figure 6.37. The compressive modulus
is in the range of 15 to 24 MPa. As was expected from the SEM image, a denser

structure was detected for the stock shape with ratios 1.0 and 1.5.
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Figure 6.36. Stress-strain curve for PI-EM-5%EP samples with powders with different dilution
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Figure 6.37 Compressive Modulus-density correlation for PI-EM-EP samples
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6.6.5 Thermal conductivity of PI-EM-epoxy stock shape

This section details how the thermal conductivity of the PI-EM-epoxy stock shape
samples was investigated (see Figure 6.38). As expected, increases in density were
associated with increases in thermal conductivity, indicating that, for the emulsion
powders, increasing the dilution ratio (and thereby reducing the solid content) resulted
in the creation of larger pores inside the particles. Likely, infiltrating of epoxy during
the consolidation process inside the larger pores resulted in an increase in density and
a reduction in the porosity of the resultant stock shape, with the filled large porous area
giving rise to a solid path by which heat could be more easily transferred. On this basis,
increasing the dilution ratio from 0 to 1.5 is assumed to increase the stock shape's

thermal conductivity (44%).
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Figure 6.38. Change in thermal conductivity as a function of density for PI-EM-EP stock shape
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Table 6.5 Key properties of PI-EM-5%EP with different dilution ratios

Sample PI-EM-5%EP PI-EM-5%EP PI-EM-5%EP PI-EM -50%EP
(% DMSO) | DMSO:PAA=0 | DMSO:PAA=0.5 | DMSO:PAA=1 | DMSO:PAA=15
Specific
surface area 57+1.0 92+04 994023 23+02
(m?g)?
Skeletal
density(ps) 1.35+ 0.002 1.38 + 0.004 1.40 + 0.004 1.40 + 0.003
(g/cm3)P
MIP median
_pore 2.64 0.48 0.52 74.52
diameter
(nm)°
MIP bulk
density( pb) 0.70 0.72 0.74 0.76
(g/cm3)°
Bulk density | 4 69 40.02 0.62 +0.01 0.63+0.02 0.73:0.1
(g/cm3)
MIP Porosity
42.85 50.20 44.70 40.70
(%)°
Porosity (%0)° 47.81 45.03 44.14 43.72
Thermal
conductivity | 17,6 001 0.108+0.002 0.110+0.002 0.112+0.001
(W/m.K)?
TGA (10%)
450 425 362 430
(oc)f
Compressive
modulus 15.9+ 0.70 20.13 +1.50 22.10 +1.30 2430+0.7
(MPa)?

(a) average of three samples; b) average of three measurements using pycnometry; c)
MIP, single measurement, d) Via p=m/v an average of three measurements; ¢) Via [1=
100 x (ps—pn)/ps; T) under air; g) slope of linear segment at the point of stress-strain
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6.6.6 Summary

As with PI-WGG, the production of the stock shape using the emulsion powders
necessitated the use of epoxy in that, without epoxy, the samples would not form. The
characterization procedures showed that reducing the solid content in the original
powder resulted in a stock shape with higher density, lower porosity and thermal
stability, higher thermal conductivity and a compressive modulus. Overall, compared
to the P1 stock shape produced directly by Blueshift, the P-EM-EP samples were found
to have a higher compressive modulus. Among the PI-EM-5% samples, the sample
with DMSO: PAA=1 emerged as being the most optimal in terms of mechanical
properties. Figure 6.39 compares the different properties of this sample with Pl-epoxy
(Aero-Zero stock shape) and Blueshift stock shape. The results show that PI-EM
demonstrates an improvement of 5% over the mechanical properties of the PI stock
shape compared to the PI stock shape produced directly by Blueshift.
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Figure 6.39. Comparison between properties of PI-EM-1 stock shape, the Aero-Zero stock
shape with 5% epoxy and the stock shape produced directly

The powder produced using the dry milling process, wet gel grinding method and
emulsion process were consolidated using epoxy. The various stock shape properties

are plotted in Figure 6.40. Due to the addition of epoxy, these stock shapes' density is
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higher than those of the directly-produced stock shapes. In addition, as a result of the
degradation point of epoxy being around 300 °C, these samples were found to be less
thermally stable. Comparing the results of PI-WGG-0.5 and PI-EM-1 shows that the
thermal stability of the WGG is 20% higher in terms of the temperature for 10%
decomposition. The density of this sample is 0.82 g/cm?, which is 9.5% higher than is
the case for PI-EM-1, giving rise to greater heat transfer through this sample. The
surface area of PI-EM-1 is also 51% higher than PI-WGG, giving rise to more surface

area with the air and thus increasing the combustion rate.
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Figure 6.40. Comparison between properties of the most optimal PI-EM-1 stock shape, the
directly-produced Blueshift stock shape and PI-WGG-0.5

In the next chapter the conclusion for the whole work is summarised, followed by the

possible future work.
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Chapter 7 Conclusion and future work

This chapter concludes the project before pointing the direction for the potential future
work focusing on further improvement in the manufacturing of Pl stock shape.

7.1  Conclusion of thesis

Aerogels have attracted the attention of scientists due to the wide variety of
applications for which they are suitable as a result of their unique properties.
Compared to silica aerogel, Pl aerogel has both greater thermal properties and more
desirable mechanical properties. For the current project, the main goal was to introduce
and develop a new method for fabricating the PI aerogel stock shape to reduce the
manufacturing cost for this project’s industrial partner, Blueshift. The findings of this
project suggest that there is promise in the prospect of producing stock shape by
consolidating Pl aerogel particles as a means of changing the place of solvent
exchange. By synthesizing the powder and converting the powder into the stock shape,
the solvent exchange is conducted with a powder form, necessitating less time,
chemicals and energy to be used to form the Pl aerogel stock shape as compared with

the fabrication of such PI aerogel in a more direct fashion.

There are also benefits to the process proposed here in terms of the drying method.
Using ambient pressure drying results in less energy consumption as compared with
supercritical drying despite the fact that such a drying process takes more time. This
makes it possible to get around certain problems with supercritical drying, such as the
high temperature and pressure that using this method necessitates. There are also
problems with supercritical drying in terms of the sample size. Supercritical drying
cannot be used on an industrial scale as the instruments used to perform this style of
drying are small and would therefore have to be used several times with a 1 litre
chamber dryer to obtain 1 kg of powder, necessitating that the overall process takes
between 10 and 14 days. Safety-related problems are also associated with conducting

such a drying process at high pressure.

The fabricated particles were characterised and analysed using different thermal and
mechanical techniques to synthesise the primary Pl aerogel particles in this project.
Depending on the required application, any synthesized powder can be used. An

emulsion-based method can be used in the case of applications to which the size of the
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powder is relevant as using this technique makes it possible for smaller particles to be
formed. In addition, the particle size can be changed and controlled by changing
different effective parameters in the emulsion polymerization. If it is desirable to
obtain low density, high porosity and low thermal conductivity, then particles
produced using wet gel or dry milled procedures could be an option. Dilution can also
significantly change the different properties of the particles produced in this way. The
solvent exchange and drying process, which tend to be the most costly aspects of the
aerogel manufacturing process, were also optimized in this project. The solvent
exchange was completed in less than 3 h using these techniques for synthesizing the
Pl particles. Furthermore, despite claims made in much of the relevant literature
regarding the necessity of using supercritical drying with aerogel, ambient pressure
drying was found to provide a workable approach for producing the required aerogel

in this study.

The fabricated particles were converted into a specific size and stock shape, with
epoxy as a binder and DMSO as a solvent. The thermal and mechanical properties of
the produced stock shape were compared with those of the stock shape manufactured
by Blueshift. Due to the addition of epoxy, the density for these stock shapes is higher
compared with the directly-produced stock shapes. In addition, as epoxy degrades at
around 300 °C, these samples have less thermal stability. Among all the stock shapes
made using WGG and EM methods, PI-WGG-0.5 and PI-EM-1 were found to
demonstrate the most optimal properties. In terms of the thermal stability of the epoxy
samples, it was observed that the presence of epoxy led to them exhibiting lower
thermal stability. Comparing PI-WGG-0.5 and PI-EM-1 showed that the thermal
stability of the WGG was 20% higher in terms of the temperature required to induce
10% decomposition. In addition, the surface area of PI-EM-1 was found to 51% higher
than that of PI-WGG. A greater surface area results in greater overall contact with the
surrounding air, leading to an increased combustion rate. The directly-produced stock
shapes were also found to have generally preferable thermal properties (higher thermal
stability and lower thermal conductivity), a more porous structure and lower density.
In terms of mechanical properties, the dry-milled converted particles were found to
have a higher compressive modulus compared to the other types of stock shapes.
Overall, these results suggest that the proposed method for producing the stock shape
is promising and that it is a competitive option in terms of potential properties

compared to those of the stock shape that Blueshift produces directly.
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7.2

Future work

This study focused on tackling the issues associated with Pl aerogel stock shape

fabrication costs. The following section highlights future work that might be

undertaken to increase the quality of Pl aerogel particles and their converted stock

shapes.

Because this is the first time PI aerogel has been formulated using the methods

introduced here, a wide range of improvements could be made in the context of future

work.

1-

First, synthesizing the particles necessitated that PAA be synthesized, imidized
and then converted to PI. This project was done using the quantity and type of
amide and anhydrides used by Blueshift as specified in their patent. The
viscosity and molecular weight of PAA significantly affect the density of the
resultant particles, which depend on the type and quantity of amines and
anhydride used. Further work could be undertaken to investigate alternative
kinds of diamine and dianhydride to be used in this work or select other types
of solvent to synthesise PI in order to investigate the effect on the viscosity of
the PAA.

In addition, in sol-gel processing, gelation time is an essential factor affecting
the properties of the final product. In this work, gelation was taken to occur
during 24 h of ageing. This part of the process could also be optimized to
reduce the total processing time. It might also be beneficial to investigate the
gelation time's effect on the product's final properties, especially in terms of

the degree of shrinkage.

For the present work, chemical imidization was performed through the
addition of 2-MI and BA. Adding heat to this part of the process would mean
that both thermal and chemical imidization could be investigated in terms of
the degree of imidization and the final thermal properties of the resultant

particles.

Dilution was achieved in this study through the addition of DMSO in different
ratios to the PAA before the catalyst was added. It may be fruitful to add this
quantity of excess DMSO at the beginning of synthesizing PAA and investigate
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the difference between these two protocols in terms of the properties of the

final product.

This study also introduced different methods for synthesizing the Pl aerogel
particles. At present, Blueshift uses the dry-milling method. For synthesizing
the particles using the WGG method, an ordinary kitchen blender was used at
one speed for 3 min. In order to investigate the effect of the blending process
on the properties of the final particles, different blending speeds could be tried
for different durations of mixing. The WGG particles were dried in the RT for
24 h and then 30 min at 250 °C. It was detected that, after almost 19 h, any
subsequent weight change was negligible. It could be beneficial to investigate
how a vacuum oven could be used in terms of whether the drying duration

could be reduced to save time and energy.

Acetone was the only solvent used for the solvent exchange process in this
study. It might therefore be beneficial to use different solvents in various
concentrations to investigate the effect of these on the properties of the final

particles.

In terms of the fabrication of the PI particle using the emulsion-based method,
Span 80 and Hypermer were the only emulsifiers used, and only in the given
concentrations. Further study could feature different ratios of the current
emulsifiers or include other types of emulsifiers to investigate this effect on the

product's final properties.

The stirring speed was found to significantly affect the size of the particles and
the degree of agglomeration in the emulsion process. A speed of 500 rpm was
selected for the mixture at a larger volume. Future studies in this area could
look to optimize this speed to synthesize the particles with less agglomeration

and at a superior quality.

The synthesized particles were characterized without any further work being
carried out in this study. Crushing the produced particles may be an option to
ensure a fine and uniform consistency. It is predicted that the consolidation of
these particles would be relatively straightforward and yield superior results.
The properties of the crushed particles would have to be compared to
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investigate whether crushing affects the thermal and mechanical properties of

the particles.

10- The size of the particles was measured using image processing. It may be

useful to use other techniques, such as light scattering, to measure the size of

these particles and to compare them using this method.

This project was undertaken to determine how to modify the conditions for fabricating

the P1 aerogel stock shape to reduce production costs. The introduced methods in this

work could be optimized. This could be done in the following ways:

1-

One of the processes for consolidation of the PI microparticles involved adding
one solvent to make the particles soft and easier to mould. DMSO, the main
solvent used in this process, was selected on the basis of its properties relating
to non-toxicity, its medium boiling point and its simple structure. In order to
gain further insight into the role of softening agents, other types of solvents,
such as dimethyl acetamide (DMAC), dimethyl formamide (DMF), and N-
methyl pyrrolidone (NMP), could be considered. Depending on the selected

solvent, a specific drying process would have to be chosen and optimized.

The PI stock shape was made using epoxy as a binder operating between the
particles in the introduced second method. Depending on the resin and curing
agent used, different curing times, temperatures, and final properties could be
obtained. IN2 was the only epoxy used in this project. However, by altering
the types of epoxies (resin and hardener), it would be possible to gain further

insight into the effect of epoxy on the binding process.

In addition to fabricating the PI-EP stock shape, water was used to ensure more
optimal dispersion between the different parts of the mixture. This was done
on the basis that adding another solvent, such as ethanol, would assist with
preserving the pores against infiltration by epoxy. By keeping other parameters
constant, comparing the Pl-ethanol-EP and PI-EP would help to determine

whether ethanol can protect the pores in this way.
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