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Abstract

Materials produced from the synthesis of resorcinol-formaldehyde (RF) gels, can be
used in a wide range of applications, from contact lenses to water filtration media. As
a result of their versatility, there is a need to control the properties of these materials
to optimise their performance in such applications; this study investigates the effects
of synthetic conditions on the final thermal conductivity of RF gel materials for use in

insulation applications.

Novel RF xerogel blankets, for use in insulation applications, were synthesised and
studied. The xerogel blankets were fabricated by moulding a base-catalysed mixture
of resorcinol-formaldehyde into a polyethylene terephthalate (PET) unwoven fibrous
mat. The similar process was employed in the preparation of the parent RF xerogels,
utilising identical processing conditions. Altering the formulation of the sol could
significantly impact the nanoscale structure, and density of the resulting materials,

therefore, their final properties, including thermal conductivity.

Thermal conductivity measurements on the xerogel blankets were performed using a
heat flow meter (HFM) assembly. The obtained results specify that the thermal
conductivity of the composite blankets tends to decrease with increasing average pore
size, towards a critical value, which is less than the mean free path of air. There is good
evidence that the average pore size increases as the R/C ratio increases. Within the
sample series examined, the bulk density of the materials is inversely proportional to
thermal conductivity. However, when the density is below 280 kg/m?, the thermal
conductivity tends to increase. It was observed that the bulk density of the blankets
decreases when the percentage of solids content decreases, and the molar R/C ratio
increases. Altering the catalyst used in the synthetic process also resulted in slight
changes in the textural characteristics, and thermal conductivities of the blankets. The
RF xerogel blanket obtained using an R/C of 600, and a solids content of 30%, shows
the lowest thermal conductivity ( 23.47 mW/m.K) among, those obtained using other

conditions.

In the case of subcritical dried RF organic gels (xerogel), the thermal conductivity

measurements of both monolithic and powdered gels were performed using thermal
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analysis methods. The findings indicate that thermal conductivity decreases with
decreasing density; however, limitations in the results obtained demonstrate the
potential difficulties in obtaining a correlation between porous structure and thermal

conductivity.

Studies of the thermal behaviour of RF xerogels and their blankets indicates that these
materials are thermally stable up to 300 °C (573 K). Thermal decomposition profiles
reveal traces of moisture, released between 100-200 °C (373-473 K); which requires

further treatment of the final products.

The results obtained, which focus on the processing steps that can be used to tailor the
texture of RF blankets by modifying the composition of the parent sol, demonstrate
the potential of such routes to controlling and optimising the thermal conductivity of

composite blankets for use as insulating materials.
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1 Introduction

Nanostructured materials (NM) are highly versatile, which has led to various novel
applications throughout different historical development. Studies show that the multi-
walled carbon nanotubes were used to fabricate ancient swords manufactured with
Damascus steel (AD 500), their existence within the smoke of the early human-made’s
fire, and the paint of stained glass. Although NM had been employed in some practical
applications far back in human history, it is only recently that has been possible to
manufacture these materials under controlled conditions [1]. Aerogels, synthesised via
sol-gel chemistry, are a model of these structures, as they exhibit fascinating physical
properties including low densities, microstructures, as well as high porosities and

surface areas [2].

1.1 History and background of sol-gels

In early thirtieth of the 19th century, the first inorganic gel was accidentally formed
during the exposure of a silane (tetraecthoxysilane) to the atmosphere, when Ebelmen
reacted silicon tetrachloride (SiCls) with ethanol (C,HsOH) to prepare
tetracthoxysilane (TEOS) [3]. The so-discovered TEOS was hydrolysed under acid
conditions to form silica dioxide (SiO2), as a silicate solution, from which the fibres
could be drawn. Since this invention, many different gels have been synthesised [4].
The term "sol-gel" was first introduced by Thomas Graham(1861-1864) during his

studies on colloidal substances [5, 6].

Sol and gel are the two main phases encountered during the process. The sol is a
colloidal suspension in which nanoparticles (~1-100 nm) scatter throughout a liquid
(Figure 1a); these particles can be crystalline or amorphous [7]. The colloidal particles
exhibit solid-like behaviour resulting from a continuous three-dimensional network
enclosed by the liquid phase, namely a gel [8]. The gel point or gelation time is defined
as the time for which the sol takes to form a gel that can support stress elastically [4].
At the gelation point, the sol phase will contain many clusters, and further
condensation reactions continue to occur [3]. With time, inter-cluster bonds become
connected to the network (aggregation), extending the crosslinking polymeric

structure. The continuous formation process of inter-cluster connections constituents



the curing stage [9]. The particle growth process followed by aggregation and

completed gelation is shown in Figure 1b.

Reactants Solvent Colloidal
Colloidal 3-dimensional
. particle - __ network
- . Catalyst
s W Time & Heat
L '-;'_— Liquid
(a) Sol (b) Gel
Dispersion of Colloidal Continuous network of
particles Colloidal particles

Figure 1: Sol-gel process [8, 10].

1.2 Evolution of aerogels

Aerogels are obtained when the liquid phase entrained within the gel material is
extracted through supercritical drying. This process involves extreme conditions
(carried out above the critical temperature and pressure) [11, 12]. Samuel Kistler
developed the first inorganic aerogel in 1931. The wet SiO; gel was obtained from the
reaction of an aqueous solution of sodium silicate (water-glass) and hydrochloric acid
(Reactionl). To exchange the liquid in gels for air, the formed NaCl had to be removed
using multiple washing cycles, with the remaining water exchanged with an

appropriate solvent to allow for supercritical drying [8, 13].

Nazsi03 + Hzo + 2HC] —m> SI(OH)4 + 2NaCl )

In the 1960s, Teichner and his co-workers simplified and accelerated the method of
synthesis of silica aerogels. They substituted sodium silicate by an organosilane
compound, known as tetramethoxysilane (TMOS), to eliminate the salt washing and
solvent exchange steps. Teichner and his group dissolved TMOS in methanol and
added a defined stoichiometric amount of water to prepare a silica alcogel (Reaction

2), which was subjected directly to supercritical drying [12].



Si(OCH3)4 + 2H20 —_— SIOZ + 4CH3OH @

Since then, several studies have been dedicated to the development of silica aerogel
synthesis techniques to expand and vary the applications of these materials [10, 14-

18].

Several methods based on different criteria classify aerogels. These methods can be
divided into film, powder and monolith taking into account their appearance and
shape; or because of the preparation and treatment methods, aerogel can be produced
as different types including aerogel, xerogel, cryogel, as well as other aerogel-related
materials. In contrast, given different pore structures, aerogels can be categorised as
microporous (<2 nm), mesoporous (2-50 nm) and mixed-pore aerogels. The vital point

for consideration while classifying the aerogels is to differentiate them by their

composition.
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Figure 2: Classification of acrogels by composition [19].

Figure 2 shows that aerogels can be allocated into two groups: single-component and
composite aerogels. Single-component aerogels comprise oxide aerogels (silicon
alkoxides and metal oxides), organic aerogels (phenolic-based and cellulose-based),
carbon aerogels and other types of aerogels, while composite aerogels include nano-

composite, gradient and multi-composition aerogels [19, 20].



1.2.1 Silica aerogels

Amongst the class of aerogels, silica forms are perhaps the most studied and
investigated aerogels [21-24]. The essential activities have been focused on the
synthetic routes for silica aerogels, in order to prepare transparent, amorphous or
monolithic aerogels from silica alkoxides or water glass solutions [25, 26]. The sol-
gel process is a commonly used method to produce nanoporous silica gels, where the
silicate monomer solution undergoes polymerisation [22, 27], as illustrated in Figure

3.

Supercritical or
surface modification

Si(OCH,CH;),  Add dopants to modify

H,O material properties
Catalyst
Ethanol l

Sol I

eIk sestEl Adjust viscosity to

confdltlons todcont'rol prepare thin films _ Xerogel
surface area, density, il Atmospheric

porosity, and pore size drying

Figure 3: Explanation of the standard sol-gel process for silica gel synthesis [27].

Synthesis conditions play a significant role in controlling the growth of the gels, to
optimise the properties of silica aerogels [25, 28, 29]. The resulting materials have
extraordinary physical properties, including ultralow density (0.003-0.8 g cm™), low
thermal conductivity (~ 0.001 Wm™'K™"), low refractive index (~ 1.05), high specific
surface area (1000 m? g™ ), high porosity (~ 99%), low sound velocity (100 ms™) and
low dielectric constant ranging between 1.0 and 2.0 [30-32]. The combination of these
exceptional properties in one material is the unique feature of aerogels. The essential
characteristics for various applications are therefore combined, such as thermal
insulation (Figure 4), catalysis, energy storage, optics, sensors, adsorption and

environmental remediation [13, 33].



Scientists at Lawrence Livermore National Laboratory (LLNL), U.S.A, developed the
lowest density silica aerogel in the 1990s. This ultra-lightweight material has been
produced using a distillation process to substitute the alcohol with an aprotic solvent;
since then NASA used on the tiles of silica aerogels (Figure 4) on the space shuttle to
capture dust particles [2, 22].

Figure 4 : (Left) Excellent insulating properties of silica acrogel, (Right) STARDUST Dust Collector
with aerogel [34].

1.2.2 Resorcinol-Formaldehyde (RF) aerogels

In the late 1980s, the first organic aerogel was reported by Pekala and co-workers
(from LLNL) via an aqueous polycondensation reaction of resorcinol (R) with
formaldehyde (F), in the presence of sodium carbonate (Na,CO3) as a catalyst [35, 36].
Interestingly, the mechanism of this reaction is analogous to the inorganic sol-gel
system [37, 38]. The resultant hydrogel was washed with acetone and then dried by a
supercritical method using carbon dioxide (CO») liquid at an elevated pressure [35,

39].

This pioneering work remarkably inspires the field of organic aerogels, as several
studies have been conducted to describe different techniques of synthesis and
processing conditions. Much of the research has investigated the mechanism of
synthesis and has focused on elucidating how the synthetic route and processing

conditions affect the final structural properties of the RF gel [40-47].



1.3 Chemistry of RF sol-gels

The nano-morphology of aerogel constituents influences the large-scale features of the
resulting material. The understanding and knowledge of the chemistry and nature of
raw materials (precursors) and the chemical behaviour of the solid are vital for the

considered tailoring and optimisation of the properties of these materials [13].

Resorcinol-formaldehyde gels are classified as phenolic-based polymers. Since the
phenol-formaldehyde condensates (Bakelite) were launched commercially in the
earlier part of the twentieth century, phenolic polymer chemistry has contributed much
to this field through a substantial amount of research information. These processes can

be applied to the full understanding of the synthesis of RF sol-gels [44, 48].

1.3.1 Reactants (raw gradients/precursors)

1.3.1.1 Resorcinol

Resorcinol is a white crystalline dihydric benzene compound, also known as resorcin,
1, 3-dihydroxybenzene, 1, 3-benzenediol, 3-dihydroxy phenol, and meta-
dihydroxybenzene. The condensates of resorcinol-formaldehyde are mainly used in
the rubber industry and wood processing (wood adhesives). Compared to other
phenols, the resorcinol exhibits a significantly higher reaction rate towards

formaldehyde [49-51]. The chemical structure of resorcinol is shown in Figure 5.

OH

Figure 5: Resorcinol molecular structure [51].

Electrophilic substitution is the most common reaction, which occurs on an aromatic
ring. The electrophile reacts with an aromatic ring and replaces one of the hydrogens.
This reaction is typical of all aromatic compounds, not only benzene and benzene
derivatives. Different substituents are already bonded to the aromatic rings through the
substitution reactions. The benzene ring can be substituted by various electrophile

groups such alkyls (-R), nitro (-NO»), halogens (-Cl, -Br, I), hydroxyls (-OH), sulfonic



acid (-SO3H), or acyls (-COR). The presence of these substituents has two effects [52-
55]:

a. Reactivity of the aromatic ring

Some substituents enhance the activity of the ring, making it more reactive than the
benzene, and others deactivate the ring, causing less reactivity than benzene. In the
nitration of aromatic compounds, for example, an —OH substituent increases the ring

reactivity to 1000 times more than benzene, while —-NO; group makes the ring less

NO, Cl H OH
ortho
meta
para

Nirtobenzen Chlorobenzene Benzene Phenol

reactive (Figure 6).

Reactivity

Figure 6: Effect of substituents on the aromatic nitration.

The general mechanism form of electrophilic substitution reaction can be stated in two
stages: electrophilic attack to give an intermediate cation and restoration of the
aromaticity by deprotonation of the cation (Figure 7).

addition of B Lossof

@ eclectrohpile proton
E ——»

Figure 7: Proposed mechanism of electrophilic aromatic substitution [54].

b. Orientation of the reaction

The pre-existing substituent controls both the rate and distribution of products formed
in the second electrophilic substitution reactions. The incoming substituent attacks the
aromatic ring at three possible positions of ortho (O-), meta (m-), and para (p-) in
respect to the already present substituent. It is crucial to control factors that are likely
to stabilise or destabilise the different possible intermediates formed during the
reactions as these intermediates affect the properties and feature of the final products.

The ability of the already present substituent either donate or withdraw electron density



from the aromatic ring determines the orientation/structure of products. Figure 7 shows

the effect of a considered group Y, on the electron density of the benzene ring.

Y Y

| |

(a) (b)

Figure 8: Effect of a substituent on the electron density of the aromatic ring [53].

If'Y is an electron-donating group, the ring gains electron density and becomes more
reactive toward attacking by an electrophile (Figure 8a). The aromatic ring loses
electron density if the Y is an electron-withdrawing group (Figure 8b). Low electron
density of the aromatic ring makes it less reactive toward an electrophilic attack.
Substituents can be categorised into three groups: ortho-para directing activators (-OH,
-NHa, -R, -OR, -SR), ortho-para directing deactivators (Halogens), and meta directing
deactivators (-NOaz, -CF3, -CO2R, -NR3).

For the ortho-para directing substituents, a ring substituent (Y), which possesses an
electron pair on the atom adjacent to the ring contributes to ortho-para substitution in
favour of meta substitution (Figure 9). Therefore, the intermediate can be stabilised by
the electron-donating resonance effect from the substituent that activates the ortho and

para positions only.

C\C_ \c'i
~ 7 o/

Y—C -— Y——=C

Figure 9: Electron-donating resonance effect [55].

This consequence can be undoubtedly noticed in the structure of ortho and para
intermediates from phenol, which is stabilised by the oxygen atom, as illustrated in
Figure 10. In contrast, there is no such effect for the electrophilic attack on the meta

position. The 'H NMR (proton NMR) also indicated that the high electron density



surrounding the nucleus results in the smaller shift. Hence, the chemical shifts for the

ring proton in the benzene are larger than those for phenol.

® ®
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Figure 10: Resonance structure of phenol [56].

The resorcinol is a trifunctional monomer (Figure 5) with two hydroxyl groups, located
at the 1- and 3- positions in the benzene ring. This unique structure allows adding of
up to three equivalents of formaldehyde 2,4 and 6 positions [57], which makes the
resorcinol highly reactive precursor compared to the phenol. The hydrogen atoms next
to the hydroxyl groups are reactive positions, specifically those bonded to the carbon

atoms at 2, 4 and 6 positions, while hydrogen atom at position 5 is an unlikely reactive

CéH +OH +OH + OH
N —:) _
- - -
B oY

Figure 11: General resonance forms of resorcinol anion [48, 58].

position.

In order to understand the ionisation processes, which are responsible for the
substitution reactions, it is essential to consider the probable resonance structure of
resorcinol (R). These forms are represented in Figure 11 and show the activation nature
of carbons 2, 4 and 6, while carbon 5 remains unreactive under standard reaction
conditions. Lack of stability on meta-position can hinder the electrophile attack at this
carbon atom, as shown in Figure 12 [49, 51, 58-60]. Also, extensive studies have
indicated that there is no evidence of electrophilic substitution reactions at carbon 5

(meta) position [50, 61-66].
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Figure 12: Resonance of resorcinol anion at the meta position [53].

OH

1.3.1.2 Formaldehyde

Formaldehyde (F), or methanal, is the simplest aldehyde compound containing a
carbonyl group (C=0). The carbonyl is the most critical reactive functional group
among the organic compounds used here [52, 54]. Figure 13 shows this highly polar
electrophilic carbon centre, which can react with the active positions in the resorcinol

ring.
H

C:6 : - >C:O : e
H

Figure 13: Resonance forms of formaldehyde molecule [54].

In the resonance form of F (Figure 13), The carbonyl carbon atom has a positive
charge, and carbonyl oxygen has a negative charge. As a result of this dipolar
resonance structure, the carbon atom attracts the negatively charged nucleophiles (like
an activated carbon in resorcinol anion). Conversely, the oxygen atom reacts with

electrophiles [52, 56].

The most common reaction of aldehydes is the nucleophilic addition reactions, in
which a nucleophile (Nu’) attacks the electrophilic carbonyl carbon atoms. The
nucleophile adds an electron pair to the carbon atom moving an electron pair from the
carbonyl double bond toward the oxygen atom to give an alkoxides anion (tetrahedral)
intermediate. The nucleophilic addition is followed by protonation of the alkoxide ion

[52, 67] as shown in Figure 14.
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Figure 14: Nucleophilic addition reaction of aldehydes under basic condition [52, 54].

Figure 14 represents the nucleophilic addition reaction under basic condition.
However, under acidic condition, a proton reacts with the carbonyl oxygen atom to
produce a conjugated acid (oxonium ion). The conjugate acid is an alternate resonance
form with a positive charge, which makes the structure more reactive than the
uncharged carbonyl group [54], as illustrated in Figure 15. Therefore, the nucleophilic

addition reaction can occur with less reactive electrophiles under this condition.

[VaVaVal [VaVaVal

\ g \ ®
—_—0: [y ——» C—O0—H

\/\f\/f‘ [VaVaVal

Conjugated acid

[VaVaVal [VaVaVal
7 X ®
H——Nu: C—O0—H —» H—Nu—C—OH —>» Nu—C—OH
[VaVavg [VaVaVg VaVavg
Nucleophile attacks conjugated acid Deprotonation of nucleophile

Figure 15: Nucleophilic addition reaction of aldehydes under acidic condition [54].

In the case of using a hydroxylic solvent as a reaction medium (Figure 16) such as
ethanol, C,Hs-O-H protonates the alkoxide ion. The conjugate base of solvent

regenerates the uncharged nucleophile by removing a proton from H-Nu [67].
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Figure 16: Effect of hydroxylic solvents on the uncharged nucleophiles.

At ambient pressure and temperature, formaldehyde is a colourless gas with strong and
pervasive odour. As a result of high reactivity and instability of a gaseous state of
formaldehyde, it is usually handled as aqueous solutions. These solutions contain
variable concentrations of methanol and formaldehyde [59, 68]. In such aqueous
solutions, formaldehyde is chemically dissolved in solvents, where it is hydrated and
methoxylated (Scheme 1) to form monoglycol (MG, HO-CH>-OH), methoxy
monoglycol (MMG, CH30-CH2-OH), poly (oxymethylene) glycols (HO(CH20), H;
n>1), and hemiformals of methylene glycols with methanol. [59, 69-71].

HOCH,OH Hydration

CH,0 + H,0

CH,(OH), + HO(CH,0),1H HO(CH,0),H + H,0 Polymerisation

Scheme 1: Hydration and polymerisation of Formaldehyde in aqueous solution.

As shown in Scheme 1, MG polymerises to produce a series of polyoxymethylene
glycols (oligomers) such as dimethylene (DG, HO(CH20):H) or trimethylene glycol
(TG, HO(CH20)3H). Since these polymerisation products cause solid precipitation in,
methanol is added to form hemiformal (hemiacetal), i.e. methoxylated methylene
glycol (MMG, HOCH>OCH3), which condenses to give poly(oxymethylene)
hemiformals HO(CH20), CH3 [70, 72] (Scheme 2).

HOCHon + CH3OH HO(CHzo)CH3 + Hzo

HO(CH,0),.; CH; + HO(CH,O)CH; HO(CH,0),CH3 + H,0

Scheme 2: Methoxylation of MG and polymerisation of its oligomer.
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Gaca et al. [65, 72, 73] have recently investigated species present in formaldehyde
aqueous solution and early stage of RF polymerisation. Infra-Red, Raman spectra and
nuclear magnetic resonance (NMR) were exploited to detect these intermediates in the
formaldehyde-water-methanol system. For formaldehyde aqueous solutions, the
obtained results indicated that these solutions contain formaldehyde species, including
MG and MMG at the excessively water and methanol diluted system, respectively.
While at the highest formaldehyde levels, a complex mixture of oligomers was present.
On the other hand, during the initial reactions of RF solution, it was also confirmed
the presence of species of MG, DG and MMG within the mixture. These observations
were in agreement with the previous findings reported by Lewicki et al.[74], Kristin

[63] and Werstler [57].

The diversity of formaldehyde aqueous solutions reflects the addition of a methylene
group, diglycol or both to resorcinol ring [62, 65]. However, the presence of these
formaldehyde-derived species could lead to the formation of other complex structures

during the RF polymerisation reactions [74].

1.3.2 Alternative raw ingredients

1.3.2.1 Alternative phenols

Phenols are aromatic compounds with at least one hydroxyl group attached to one or
more carbon atoms in the benzene ring. Phenol (carbolic acid) is the most common
precursor in the synthesis of organic aerogels. All other members of the phenolic
family can be considered as derivatives of phenol, and different species have been used
to prepare various phenolic-based materials. These phenol derivatives include
alkylphenols (cresols and xylenols), di-hydroxybenzene (catechol and hydroquinone),
bisphenols (bisphenol-A), and tri-hydroxybenzene (pyrogallol, hydroxyhydroquinone,
and phloroglucinol) [75-81]. Figure 17 shows the chemical structures of some of these

substances.
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Figure 17: Alternative phenols to resorcinol for the synthesis of phenolic gels [81].

Phenol has been extensively used in the preparation of the phenolic resins [78, 82-85],
because of its low production cost and availability [59, 86]. In contrast, the multi
hydroxyl phenols ( e.g. pyrogallol) have shown remarkable structural textures. The
pyrogallol and formaldehyde can rapidly react to provide higher density cross-linked
network compared with resorcinol-formaldehyde reactions. This highly branched
structure results in low shrinkage gels during the drying step. It is essential to produce
Low shrinkage organic gels, to synthesis carbon aerogels for particular applications

such as the electrical conductors [87, 88].

However, these compounds have lower reactivity than the resorcinol. They also
possess health and safety issues such as the high toxicity (e.g. phenol, pyrologl), which
requires controlled and restricted exposure limits [51, 59]. The alkylphenols (cresols
and xylenols) exhibit lower active carbon atom positions due to the presence of alkyl
groups [52]. Low solubility in water considered as another drawback of these

compounds [81].

1.3.2.2 Alternative aldehydes

Formaldehyde is principally the only aldehyde compound used in the synthesis of
common phenolic-based materials. The other aldehydes, such as acetaldehyde,
propionaldehyde, glyoxal or furfural (Figure 18) can be utilised in the preparation of
particular materials. These alternatives have not attained much commercial

significance [59].
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Figure 18: Alternatives to formaldehyde as a reagent in the synthesis of phenolic gels [59].

Phenolic resins obtained using the aliphatic aldehydes exhibit specific characteristics,
which may not be provided by the RF resins [51]. The cyclic aldehydes such as furfural
can react with the resorcinol and produce organic gels; with large mesoporous volume
and high surface area [89]. Recently, the furfural has been derived from renewable
resources (biomass), resulting in low environmental impact. It possesses low toxicity

compared with the formaldehyde [90].

In the other hand, the alternative aliphatic aldehydes have shown low solubility in
water. They are also highly flammable and explosive materials [59]. The low
production capacity of furfural using the promising synthesis methods can limit its

applications [90].

1.3.3 RF reaction

The mechanism of resorcinol-formaldehyde (RF) reactions has been considered by
many researchers [37, 63, 65, 66, 74, 91-94]. The RF polymerisation process involves
two primary reaction steps: (1) an addition reaction between resorcinol and
formaldehyde to produce hydroxymethyl derivatives of resorcinol; and, (2) the
condensation of these hydroxymethyl groups to form clusters, which then crosslink to

create the three-dimensional network structure of the gel.

Since these polymerisation steps take place simultaneously, the ratio between addition
and condensation has a significant effect on the determination of the final texture of
the wet gel. In fact, at faster addition reaction rate, several hydroxymethyl derivatives
are formed before the gelation occurs, leading to the formation of small primary
clusters; which give small solid structures and small pore sizes. On the other hand,

when the condensation reaction is faster, large primary clusters are formed as a result
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of the quick reaction between the hydroxymethyl derivatives with each other; which

leads to sizeable polymeric structure and large pore sizes [38, 95, 96].

The addition reaction depends mainly on either the deprotonation of resorcinol or the
protonation of formaldehyde (see Section 1.3.1) [96]. This reaction begins with the
formation of the resorcinol anion (alkaline condition) or activation of the carbonyl
carbon on formaldehyde molecule (acidic conditions), such ionised products are more
reactive and sensitive than the original molecules of resorcinol and formaldehyde.
These ionised molecules can prompt the addition of formaldehyde to the benzene to
produce hydroxymethyl derivative intermediates [37, 51, 97]. The formation degree of
these reactive intermediates determines the rate of subsequent condensation reaction
[66]. The condensation reactions are more complicated than the addition reactions.
These reactions are catalysed by proton H' (in the form of H3O " anion at an acidic
condition). During this stage, the hydroxymethyl groups condense with each other to
form methylene linkages [95, 96, 98, 99]. The average number of formed methylene
bridges depends on the rate of both addition and condensation reactions. Those
simultaneous polymerisation reactions result in the cross-linked network of the wet RF

gels [64].

The kinetics of RF reaction were studied using various techniques. However, there are
a few contributions to that part of reaction kinetics concerning the rate and heat of
reactions [35, 61, 74, 93]. In 1981, Sebenik et al. were the first who used the
differential scanning calorimetry (DSC) combined with high-performance liquid
chromatography (HPLC) to investigate the reaction between R and F [61]. Based on
the analysis of Borchardt and Daniel [100] and validation of Reed et al. [101], they
applied the activation energy and reaction order calculations to determine the kinetic
parameters for these reactions. The obtained result showed that the activation energies
for addition and condensation reactions were 95.0 and 120.0 kJ mol ! respectively. For
the first RF polymerisation step, order two kinetics, and for the second step, order one
of the reaction was achieved [61]. These observations are consistent with the proposed
reaction of other two phenols ( phenol or o-cresol and formaldehyde) [102, 103], and
in agreement with the recent findings concluded by Kinnertova et al. [93] and Lewicki

et al. [74] on the reaction order for the addition and condensation respectively.
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The RF polymerisation reaction scheme depends on the synthesis conditions, such as
temperature, initial pH, and concentration of reactants (dilution rate). These factors
could influence the nanometre-sized cluster formation. At room temperature, the rate
of these reactions is prolonged, and the solution of precursors is generally heated to
initiate the gelation reaction. The polymerisation reactions occur under basic or acidic
conditions. Therefore, different catalysts can be used to promote gelation; sodium
carbonate (NaxCOs3) is the most widely used catalyst in the preparation of RF sol-gels
[19, 51, 104-106].

1.3.3.1 Base-catalysed reactions

Under alkaline conditions, resorcinol anion is formed as a result of deprotonation of
the resorcinol ring. This proton abstraction activates the benzene ring, and the electron
density increases at positions ortho and para [48, 106], as shown in Figure 19. The
resorcinate ion increases the reactivity of the aromatic ring, which favours the
formaldehyde attack, and subsequent formation of hydroxymethyl derivatives known

as methylol groups (-CH>OH).
OH 0]

Base C]
_— -

oH OH OH

Figure 19: Deprotonation of resorcinol to form a resorcinate ion.

These intermediates can activate the other ring positions and react with excess
formaldehyde to form hydroxymethyl (dimethylol) groups. Hydroxymethyl
derivatives undergo further substitution reaction with resorcinol and formaldehyde,
before condensing to form a methylene (-CHz-) and methylene ether (-CH>OCH>-)
bridges, which crosslink to form oligomer chains. The final gel is formed as a result
of aggregation and curing of these oligomer chains [48, 51, 107, 108]. The general

mechanism (proposed) of the RF base catalysed reactions can be seen in Scheme 3.
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Scheme 3: General proposed base-catalysed RF reactions [48, 98, 109].

Also, Scheme 3 depicts that most of the methylene groups (-CH2OH) are absent in all
RF condensates due to the high reactivity of resorcinol under alkaline conditions.
Under the basic condition, the methylene groups are unstable, and could rapidly
convert to hydroxybenzyl carbonium ions or quinone methides in the presence of the
resorcinate anion. Formation of quinone methides can enhance the reactivity of
resorcinol. These quinone methides undergo further reactions with another resorcinol
molecule to form stable methylene bridges [48, 50, 51, 66]. Scheme 4 shows the

formation of quinone methides and its reaction to produce the methylene linkages.
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Scheme 4: Proposed mechanism for formation of resorcinol- quinone methides and subsequent

methylene bridged intermediates under basic conditions [48, 51].

1.3.3.2 Acid-catalysed reactions
By contrast, the acid-promoted reaction between resorcinol and formaldehyde is based
on enhancing the reaction by activating of formaldehyde. Under acidic conditions,

formaldehyde is activated through the protonation reaction illustrated in Scheme 5.

H
Heox :6;_ :l:
I H0 | H

H—C—H —_— H—¢—H <— H—Cc—H + HO

Scheme 5: Protonation reaction of formaldehyde [58].

Scheme 6 depicts that the protonated formaldehyde species can be attacked by the high
electron density positions of resorcinol molecule to form hydroxymethyl derivatives.
Subsequently, these intermediates react with resorcinol, formaldehyde and other
hydroxymethyl derivatives via condensation reactions, which involve the production
of water, leading to methylene bridged oligomers formation. During this type of
polymerisation, the intermediates such as quinone methides can be formed as a result
of inter-molecular water eclimination. Quinone methides can lead to further
condensation. The produced oligomers grow to form clusters, which then crosslink,

forming the polymeric gel network [51, 110].
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Scheme 6: Proposed acid-catalysed RF Reactions.

1.3.3.3 Uncatalysed reactions

Due to the high reactivity of R compared to other phenols (Section 3.2.1), resorcinol
can react with formaldehyde at ambient condition without any catalyst [51]. Raff and
Silverman [111] investigated the kinetics of the uncatalysed resorcinol-formaldehyde
reaction. This study reported that the reaction was the first order for different molar
ratios of resorcinol to formaldehyde (R/F) at various temperatures. It also compared
the rate constant for this reaction at, 90 °C, to the rate constant of a catalysed phenol
(P) and F reaction, at 98 °C, and concluded that the rate constant for uncatalysed RF
reaction was 2.54 times that of the PF reaction. This comparison reveals the

considerable reactivity of R toward F without the presence of the catalyst. Another
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study focused on a non-catalysed equimolar RF (1:1) reaction conducted at room
temperature [57]. A quantitative *C NMR spectrometry was used to monitor the
reaction. The assignments of NMR peaks indicated that methylene bridges appeared

as intermediates during the early stages of this polymerisation reaction.

1.4 RF gel synthesis

As previously mentioned (Section 1.2.2), resorcinol-formaldehyde gels can be
processed via a sol-gel route. Multi-step sol-gel processing is the most commonly
utilised method in the preparation of these materials. This synthetic technique involves
a sequence of steps starting with initial precursors to achieve the desired final product.
However, these steps required to be conducted individually, and it can be noticed that
this method is not a complicated process. A typical flowchart for multi-step sol-gel
synthesis [8] to produce RF gels according, to Pekala’s approach [36], is shown in
Figure 20.
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Figure 20: Multi-step RF gels/carbons synthesis [112].

1.4.1 Sol-gel transition

As discussed above (Section 1.3.3), the mechanism of RF polycondensation is
associated with two essential reactions: (a) formation of hydroxymethyl derivatives of
resorcinol via an addition reaction, and (b) condensation of these derivatives to form
methylene and methylene ether bridged intermediates, leading to highly cross-linked
clusters. Primary particles are then formed, and start to aggregate; as a result, the initial
precursor solution loses fluidity (a sol no longer pours at an angle of 45°), producing
a three-dimensional solid network, referred to as a gel. The period that it takes to
transition from sol to gel is called gelation time, while the precise moment at which
the gel is acquired is named as the gelation point. This multi-stage process is known

as the sol-gel transition. The porous structure of the formed wet gel is controlled by
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this sol-gel transition process [9, 43, 48, 106, 113-115]. General sol-gel conversion

merely is illustrated in Figure 21.

As mentioned earlier (Section 1.3.3), the activated resorcinol and formaldehyde
molecules can increase the reactivity of RF mixture via electrophilic and nucleophilic
attacks, respectively. The number of formed hydroxymethyl derivatives (substituted
resorcinol molecules) during the addition reaction plays a crucial role in the extent of
condensation reactions, hence the degree of branched structure of this material [62].
The phenolic sol-gel transition is considered as a step-growth polymerisation process.
It is a dynamic process in which the continuing cross-linking clusters result in the

solidification of the gel network.

RF Gel

Gelling
)
RF Sol

Figure 21: Schematic diagram of a simple sol-gel transition [116].

It should be noted that the sol-gel mechanism has been disputed in previously
published works, with two opposing theories suggested; (1) colloidal aggregation or

(2) microphase separation [117].

1.4.1.1 Colloidal aggregation

The International Union of Pure and Applied Chemistry (IUPAC) defined the colloidal
suspensions (a state of subdivision) as systems in which particles of colloid size
(ranging from 1-1000 nm in diameter) of any state of matter (gas, liquid or solid) are
dispersed in a continuous phase of a different composition or state [118]. Yamamoto
et al. traced the RF sol-gel transition by light-scattering techniques. The obtained
results revealed that colloidal particles proliferate during the early stages of the sol-gel
transition process. The growth of these colloidal particles could be related to the
aggregation process [119]. Firstly, each particle grows at the active positions, before
aggregation with each other to form a consistent structure, and finally the formation of

the cross-linked network (formation of RF hydrogel) [120] as shown in Figure 22.
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Figure 22: Aggregation of colloidal particles in sol-gel polymerisation of resorcinol and

formaldehyde [114].

Other studies agree with this hypothesis; Tamon and Ishizaka [121] investigated the
formation of RF hydrogel using a small-angle X-ray scattering (SAXS) technique. The
proposed model is based on the formation of small clusters of ~ 2 nm during the initial
stage of the processing of RF hydrogel. These clusters comprise branched arrays with
a mass fractal characteristic. Then the clusters aggregate to form particles of ~3 — 6
nm, which exhibit surface fractal features. The final hydrogels consist of the particles

of ~4 -7 nm.

1.4.1.2 Microphase separation

According to this model, the monomer molecules polymerise and form branched
structure, in which the cross-linked polymer network and the solvent (reaction
medium) are mixed at the molecular level. As the molecular weight of the branched
polymer increases, the solubility of the polymer in the solvent decreases, which
initiates a demixing process. During the demixing, the significant particles phase
separation causes polymer network to fold up, creating a dense structure (i.e. gel) filled
with solvent [117]. The microphase separation can occur in two different mechanisms:
nucleation-growth and spinodal decomposition (Figure 23). Within this theory, the

transition from nucleation-growth to spinodal decomposition as the polymerisation
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proceeds, leading to the string-pearl structure of the formed material [40]. The period
between phase separation and sol-gel transition, along with the stability of the different

phases determine the texture of the obtained porous structures [122].

Nucleation and growth

Figure 23: Schematic of time evolution of structure in phase separation phenomena [123].

The theory of microphase separation has been emphasised for RF gels and other
organic sol-gels. Pekala et al. [40, 124, 125] reported no evidence of fractal clusters
within the final gel structure within the studied organic aerogels. For all synthesis
conditions, the findings demonstrate that microphase separation is the dominant
process controlling the morphology of these materials with restriction to a specific
nanometre scale. In their study, Schwan and Ratke [45] were mostly in agreement with
these findings. It was noticed that the phase separation could occur as a result of

changing the concentration of the precursors within the solvent.

The two theories discussed above represent two opposing processes of RF sol-gel
transition; however, both result in similar morphologies with ‘string of pear!’ form.
Berthon et al. [115] proposed that both mechanisms (microphase separation and
colloidal aggregation) occur, but not at the same time as the RF polymerisation

proceed.

With a further study by Gommes and Roberts [117], observed the formation of RF gels
using SAXS analysis. They assumed two different mechanisms; (i) biphasic RF gel
contains polymer and solvent, with retaining the total volume of the polymer during

the sol-gel transition (ii) the RF gel morphology exhibits two different length scale.
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These specific structure models involve (Figure 24): model A, in which the gel
skeleton consists of a dense polymer with a small-scale structure that filled with
colloidal suspension, while in model B, a liquid phase filling the largest pores. The

model B also comprises micropores within the gel backbone.

Figure 24: Schematic of the proposed two-scale models: model A (a) and model B (b) [117].

The interpretation of SAXS data corresponds to the two discussed theories. In the
model A (colloidal aggregation), as the RF reactions proceed the polymer network
reacts with the surrounding liquid suspension (condensation), leading to an increase in
the volume of RF backbone and decrease in the polymeric suspension, however, some
of this suspension within the pores aggregates increasing the colloidal suspension
inside the pores. In model B (phase separation), it is hypothesised that the polymer
backbone consisting of a high volume of polymeric particles with several pores. As
the polymerisation proceeds and the polymer network becomes incompatible with the
solvent liquid, the solvent extraction from the pores is propagated, resulting in a
decrease in the total volume of the polymer backbone. This model also indicated a
decrease in the volume fraction of the pores within the polymer structure. However,
an increase in the overall volume of micropore has been reported. It was stated that the
SAXS data do not enable differentiation between the two mechanisms of sol-gel
transition. The findings also reveal that aggregation and microphase separation can
generate identical morphologies at the particular length scales investigated by the

SAXS technique [117].

More recent work by Gaca and Sefcik [92] suggests that the polymerisation, phase
separation, coalescent and colloidal aggregation phenomena, could eventually
collaborate in the gel formation process, depending on the concentrations of reactants

and catalyst. Furthermore, their finding stated that the size of primary clusters is
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thermodynamically controlled, in agreement with the succeeding study conducted by

Taylor et al. [126].

1.4.2 Curing

After the gelation point, the previously formed polymeric clusters continue to grow for
an extended period under high-temperature conditions. This step is named as curing,
in which the material reinforced as a result of further condensation reactions and
limited evaporation of the solvent. Curing time is crucial to allow satisfactory
completion of cluster crosslinking, which prevents swelling of the structure during the
subsequent stages described below [35, 43, 106]. The structure of expected clusters

growth during the gel formation is illustrated in Figure 25, showing the curing step.

Figure 25: Schematic diagram of the structure of expected cross-linked polymer network of RF gel.
Left: substituted resorcinol (initial reaction), middle: cross-linked clusters (during the gelation), and

right: Inter-connected cluster (curing) [127].

1.4.3 Solvent exchange

Once the gelation and curing steps are complete, it is essential to replace the remaining
aqueous solution (reaction medium) with a fresh organic solvent, such as acetone. The
solvent exchange process reduces deviations of surface tension within the evaporation
stage, which plays a significant role in minimising any cracking and shrinkage during
the drying of the gel. Multiple exchanges can be performed to enhance the removal of
the residual solvent. Different liquid solvents have been used in exchange processes,
including methanol, ethanol, isopropanol, and cyclohexane. Solvent selection is based

on the solubility of water, and the drying approach implemented [9, 35, 37, 106, 128].
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Solvent selection criteria and their influences on the prepared RF gels are discussed in

Section 1.5.10.

1.4.4 Drying

The final stage involved in the RF gel synthesis is the drying process. The drying of
nanoporous materials is a complicated process compared with that used for
conventional materials; as the solvent trapped in the network structure, need to be
carefully removed to avoid damaging the skeletal microstructure of the gels. During
the drying step, it is vital to consider the collapse of porous structured gels,
agglomeration of clusters (primary particles), the persistence of chemical reaction, and

evaporation of solvents [129-132].

Solvent evaporation occurs during the three stages of the drying process: constant rate
period (CRP), first fall rate period (FRP1) and second fall rate period (FRP2). In the
CRP, the rate of drying is independent of time and thickness of the gel. Furthermore,
the decrease in gel volume is equal to the solvent evaporation rate. Hence, the pores of
the gels are always filled with solvent during this stage, as illustrated in Figure 26 (b).
As the shrinkage of gels initiated, the backbone of the gel is downy and capillary
tension taking place on the gel is negligible. When the gel backbone shrinks and tends
to become harder, its resistance against shrinkage is reinforced, while the capillary
force increased simultaneously. In the CRP, liquid (solvent and residual reactants)
flow rate from the interior pores to the surface is equal to the liquid lost by evaporation.
Liquid transport occurs by flow; whereas the diffusion represents a small fraction of
the total liquid flux. At the end of this stage, the shrinkage rate of the gel is no longer
equal to the solvent evaporation rate, resulting in the exposure of the solid surface to
the first falling rate drying period. The transition stage from CRP to FRP1 refers to the
critical drying point, at which the radius of curved liquid is close to the size of gel
pores, the capillary force attains the highest rate, and shrinkage of the gel backbone is
most likely to stop. After the critical point, the liquid/vapour meniscus draws back into

the gel pores [3, 129].
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Figure 26: Schematic diagram of drying process during solvent evaporation [133].

In the FRPI1, the unsaturated area of the pores is covered by a thin liquid layer,
providing a continuous liquid flux from the pores to the exterior surface. Therefore,
the surface structure of the gel would not be affected promptly as long as this liquid
flux is proportional to the evaporation rate. At this stage, some liquid within the
unsaturated pores evaporates concurrently with vapour transfer by diffusion. However,
as the evaporation proceeds, the pathway from the solid exterior surface to the front
drying increases, the capillary pressure gradient decreases, and so does the flux.
Because of isolation of the liquid near the outer surface within pockets, the liquid
distribution on the exterior surface stops and drying undergoes into the second falling
period. In this period, the evaporation occurs inside the gel body. The solvent
evaporation rate is less sensitive towards the conditions outside the gel surface
(temperature, humidity), while the liquid transfers mainly from the partially empty

pores to outside via molecular diffusion. The total stress applied to the gel is
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considerably reduced during the FRP2. Hence, the gel body may expand slightly. As
the saturated gel side (non-drying) is being compressed more than near the drying side,
cracks and collapse are often originated near the non-dying side of gel backbone [129,
133]. The effects of falling rate periods on the final gel structure at the ambient

condition are illustrated in Figure 26 (c).

There are several techniques used to dry gels; each of which results in materials with
altered characteristics. Thus, drying plays a significant role in determining the final
properties of the nanostructured materials, and the type of dried gel depends on the
technique used in the drying stage (Figure 27). The most commonly used methods

include subcritical, supercritical, freezing and microwave drying [9, 37, 120, 134-136].
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Figure 27: Phase diagram showing effect of drying method on produced porous materials [137, 138].

1.4.4.1 Ambient drying (Subcritical drying)

Drying of the wet gel under subcritical conditions is based on the heating of samples
at ambient pressure or decreased pressure (vacuum) [9]. As a result, the liquid-vapour
interface generated leads to high surface tension, causing capillary forces and partial
collapse of the pore structure. For low mechanical strength gel materials, the network
structure could be destroyed [106]. Figure 28 shows the occurrence of capillary forces
within the pore, where the liquid evaporates from the pore, and the molecules of liquid

flow from the interior to replace the evaporated molecules at the surface. The
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remaining liquid transfer covers the recently exposed solid-vapour interface, but this

cannot be achieved without creating a concave meniscus [3].

Air

Figure 28: Schematic of capillary forces involved in the drying of porous materials [108].

The relationship between the capillary radius (1), concave meniscus radius (R), and the
contact angle (o) can be defined as:

r=Rcoso Equation 1

There is a force (F) towards the centre of meniscus due to the curvature of the surface;
this force represents the capillary force, which is given by the Young-Laplace

equation, where v, ; is the liquid-vapour surface tension. Laplace’ law demonstrates

that the change in pressure (AP) depends on the contact wetting angle between the
solid and liquid, the specific energy of the surface and pore size [3, 106, 108].

(2 Equation 2
AP = (E) YLy COSO

Therefore, in the case of using water as the reaction medium, before performing the
evaporation process; it is essential that another solvent replaces the liquid water (see
Section 1.4.3) with a lower tension force. A possible exchange process is to use
acetone or another volatile organic solvent (surface tension of water at 20 °C is 75.25
x10° Nm™!, while for acetone it is 23.7 x10° Nm™'); however, partial shrinkage of the
structure can be observed after this process. The produced gel via this method is known

as a xerogel [9].
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1.4.4.2 Supercritical drying

In contrast to ambient drying, supercritical drying (SCD) was developed to avoid the
collapse of the structure by preventing the capillary pressure between the liquid-vapour
interface and the solid phase of the material. The resulting gel is called an aerogel. As
mentioned previously (Section 1.2.2), supercritical drying is performed using carbon
dioxide (CO2) under extreme conditions of temperature and pressure (above the critical
points). It is also necessary to exchange the solvent (water) with an organic solvent.
The entrapped organic solvent is replaced with the liquid CO,, and then the CO; can
be removed under controlled supercritical conditions. The structure of the obtained
aerogel is preserved as the original pore structure with minimal shrinkage. However,

this method involves both a high level of time and cost of production [9, 35, 37, 108].

Practically, the supercritical drying process can be achieved via two routes: hot drying
and cold drying. In the hot drying process, the drying process is performed by the
supercritical transition of the original pore fluid (solvent). This process does not apply
to water as a solvent because of its extreme critical parameters. In case organic solvents
such as methanol, ethanol, acetone, or acetonitrile, high critical temperature and
pressure are required. These hot drying parameters could lead to different reactions
and modification of the gel material. Also, the high flammable liquids at high pressure
may associate with significant risk. The gel obtained after the hot drying exhibit partly
modified surface functional OH groups. Hydroxyl groups on the surface of the gel can
be replaced with the functional groups (e.g., CH3) of the organic solvent used as a
supercritical fluid, resulting in a hydrophobic material. While in the cold drying
process, the supercritical transition of CO; or other low critical parameters solvents

are employed (Table 1).

Table 1: Critical parameters for different solvents [130].

Fluid Tc (°C) Pc (MPa)
Acetone 235.0 4.7
Ethanol 243.0 6.3

Methanol 240.0 7.9

Water 374.0 22.1

Carbon dioxide 31.0 73
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During the drying process, the pore solvent is exchanged with a liquid having a low
critical temperature (e.g. CO>). Critical parameters for various solvents are presented
in Table 1. For hydrogels, because of the limited solubility of carbon dioxide in water,
water needs to be exchanged with an organic solvent (e.g. acetone) before replacing

the pore liquid by the supercritical solvents [25, 129, 139, 140].

In the cold supercritical process, the pore liquid (organic solvent) is replaced with CO»
in a high-pressure vessel (autoclave) with liquid carbon dioxide at relatively low
temperature (10 °C) and increasing the pressure up to all pore liquid exchanged. The
wet gel is placed into the high-pressure vessel and then heated to a temperature that is
marginally above the critical temperature of the CO,. The supercritical CO> liquid is
passed continuously over the wet gel, replacing the solvent entrapped within the pores.
At the exit of the autoclave, the mixture of COz-solvent is subjected to a low pressure
resulting in two phases: vapour phase rich in the CO> and liquid phase with high
solvent content. The rich-phase of solvent is collected, and the CO» vapour is recycled
to the vessel through a provided compression facility. The solvent extraction process
is continued until the solvent is completely removed from the gel pores. Subsequently,
the system is depressurised slowly to avoid the formation of the vapour-liquid
interface. Finally, the produced aerogel can be taken out of the autoclave after the
pressure is reduced to the normal atmospheric conditions [138, 141, 142]. Figure 29

shows a typical continuous supercritical drying process.
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Figure 29: Schematic flowsheet of CO» supercritical drying [138].
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The supercritical drying with CO; produces transparent aerogels, depending on the
amount of pore liquid removed during the process. For solvent-water replacement
inside the gel pores, it is essential to select the solvent regarding its availability, vapour
pressure, health and safety consideration. Solvents which are generally used for the

process are acetone, ethanol, and methanol.

1.4.4.3 Freeze drying

Cryogels are obtained via drying, based on the freezing of the wet gel and subsequent
solvent elimination by sublimation. This process is another technique to prevent the
collapse of the gel structure by avoiding the liquid-vapour interface, and the direct
change from the solid phase to gas reduces the surface tension forces experienced by

the material. It is essential to select an appropriate solvent to achieve this task [9, 129].

1.4.4.4 Microwave drying

Microwave (MW) drying is an alternative method to synthesise RF gels with short
drying time. In this technique, the drying rate of the wet gel increases rapidly as a result
of a significant increase in the dipole reaction of dielectric molecules under
electromagnetic fields [143]. Yamamoto et al. investigated the effect of drying method
on the structure of the RF gel; the findings indicate that the dried RF gels prepared
during the microwave process showed lower shrinkage rate than during ambient
drying. RF MW gels demonstrated desirable mesoporous structures if the synthesis

conditions were adequately selected [144].

1.4.5 Further processing techniques

Dried RF organic gels can be transformed, or chemically modified, using different
approaches [13]. Post-treatment methods depend on the final applications of these
materials. Carbon gels can be prepared by the carbonisation (pyrolysis) of RF gels. In
this process, the organic gel is heated in a tube furnace at temperatures above 600 °C
and ambient pressure with a constant flow of inert gas [33, 145]. The produced pure
carbon gels are thermally stable materials, with a promoted contiguous microporous
network. Like other synthesis steps, the variations in carbonisation conditions also
have a significant impact on the final properties of the materials. This type of products
is viable for various applications, such as energy storage, catalysis, environmental

remediation, etc. [9, 43].
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The activation processes can be introduced, either after or during pyrolysis. They are
generally based on two methods: (1) chemical activation, with acids (e.g. nitric acid
and phosphoric acid) or bases (e.g. potassium hydroxide) and (2) physical activation,
with water vapour or carbon dioxide at temperatures in the range 700-1000 °C.

Activation processes can notably increase pore volume, size and surface area [9, 106].

1.5 RF sol-gel synthesis process variables

The processing of RF gels involves three main stages, as shown in Figurel 1. Typically,
the preparative procedures can be summarised as follows. First, the required amount
of resorcinol is dissolved in deionised water with sodium carbonate or another similar
basic (or in particular cases, acidic) catalyst; formaldehyde is added to the desired
molar ratio. The mixture (sol) is heated in a closed container to a determined
temperature (80-90 °C range) for an adequate period to form a stable gel [48]. The wet
gel is washed many times with a fresh organic solvent to remove the aqueous solvent.
Subsequently, as described in Section 1.4.4, the wet gel is subcritically dried by simple
evaporation of the organic solvent or supercritically with CO: liquid at elevated

pressure, or by freeze-drying [9].

Several factors are involved in the synthesis conditions. The variation of these factors
has a significant impact on the final physical properties of the obtained nanoporous
materials. These variables include the concentrations of primary precursors (resorcinol
and formaldehyde), catalyst (C) type and level, initial solution pH, gelation and curing
conditions, heating methods, and drying technique [37, 106]. Furthermore, carbon gels
that are derived from RF gels are influenced by pyrolysis temperatures and activation

procedures [43].

1.5.1 R/F molar ratio

The most published works on the synthesis of carbon gels from resorcinol-
formaldehyde mixtures use a stoichiometric R: F molar ratio of 1:2 [35, 43, 95, 146,
147], corresponding to the stoichiometric fraction of R/F 0.5. Although some
researchers have sought to use a lower R/F ratio (excess of F), this has been reported
to result in enhancing the formation of clusters and the cross-linked density of the gel
[51]. Also, the low R/F ratio can lead to a dilution effect, which increases the particle

size near the gelation limit [43].
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Rey-Raap et al. extensively studied the effect of resorcinol-formaldehyde molar ratio
upon the final porous characteristics of the base-catalysed RF gels. It was found that
decreasing the R/F ratio increases both the micropore and mesopore volumes [148]. In
contrast, Mulik et al. [110] indicated that there are no significant effects of this value

on the structural properties of the gel prepared under acid-catalysed conditions.

1.5.2 Initial pH of RF solution

Previous studies reported that the initial solution pH (at ambient temperature) plays a
crucial role in RF gel synthesis [43, 48, 95, 98, 149, 150]. It was found that changing
the pH has a significant effect on aerogels compared to xerogels [98]. The pH can be
adjusted either by altering the resorcinol to catalyst molar ratio (R/C) during the
regular synthesis or by adding an acidic compound to based-catalysed solutions [151,

152].

In the base-catalysed synthetic route, the typical pH values of the precursor solution

range between 5.5-7.5 to produce RF gels with extraordinary properties. At low pH (<
5.5), the obtained material tends to contain macroporous (with pore size > 50 nm)

structure and loses the mechanical strength. When very low pH (< 0.8) is chosen, the
precipitation of reactants occurs. On the other hand, if the pH value exceeds the upper
limit, non-porous materials are produced. Further increases in this value (> 9) could

lead to the limitation of RF polymerisation reactions [37, 95].

The pH effect needs to be elucidated regarding the initial reaction between R and F
and consideration of promotion by both basic and acidic catalyst. In basic catalyst
solutions, the reaction begins when a proton abstracted from a resorcinol molecule; in
turn, resorcinol anions are formed. The concentration of R anions can be increased as
the pH value increases. Subsequently, the addition reactions proceed more quickly,
resulting in the growth of a large number of clusters. Therefore, gelation time is shorter

in such conditions, and the produced RF gel shows a narrowing porous structure.

Conversely, low pH creates a small number of R anions. The reaction solution
continues for a longer gelation time as a result of the formation of a few clusters. These

structures lead to RF gels with larger pore sizes.
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Likewise, the variation in the initial pH value of the sol used in the preparation of the
RF gels via an acid-promoted route has a considerable impact on R and F reactions.
As described in Section 1.3.3, the acid-catalysed process is based on promoting these
reactions by protonation of formaldehyde molecules. The protonation reactions are
followed by an attack on resorcinol anions to form hydroxymethyl derivatives. These

intermediates condense with each other to produce methylene and methylene bridges.

From this point of view, the chemical composition of RF gels is identical whether
produced by acid or alkaline catalysed the reaction. However, some studies observed
that the porous structure is not similar. For example, under acidic conditions, structures

with larger pore size are attained [48, 106].

As the initial sol pH influences the R and F polymerisation reactions, the formation of
clusters and degree of gel network crosslinking is altered simultaneously. Job et al.
[95] indicated that as the initial pH decreases, the obtained clusters are less branched
system and phase separation of spinodal decomposition is hindered. As a result, the
number of formed particles in the gel decreases, but the size of these particles
increases. In contrast, at high pH, the crosslinking between particles is enhanced,
resulting in a substantial variation in pore size. The findings indicated that at high pH,
the produced small particles have more robust interconnection than large particles
obtained at low pH. The study also reported that the dried RF gel shows two types of
pores: voids between the polymer particles denoting meso- and macropores, and voids

inside the particles denoting micropores.

1.5.3 Catalyst species

As described previously (Section 1.3.3), adding catalysts can inversely influence the
morphology of the produced gel at set reactant and catalyst concentrations. Catalysts
can be basic compounds, such as alkaline carbonates, hydroxides or acetates, or acidic,

which includes hydrochloric acid, nitric acid, acetic acid or phosphoric acid [ 105, 106].

1.5.3.1 Alkaline catalysis
Alkali catalysts are employed to promote resorcinol-formaldehyde reactions. Sodium
carbonate is the most generally used catalyst in the synthesis of RF gels [51]. It was

initially used by Pekala to prepare and develop RF organic gels [35].
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Morales-Torres et al. performed a comparison between Group I carbonates based on
the size of the ion (cation) radii of these alkali species. The results showed that the
gelation time increases as cation size increases. Subsequently, the slow gelation time
leads to extreme concurring of primary particles formation, and cluster aggregation;
causing significant displacement of pore size distribution towards larger pores, and
enhancing the mechanical properties the gel network [153]. In contrast, Job et al.
examined the effects of different alkaline hydroxyls. It was reported that the pore
structure of the organic gel is entirely independent of cation size, but is influenced by

the charge and concentration of the cation [154].

Similarly, Horikawa and co-workers investigated two factors of cation and anion
species, utilising carbonates, and hydrogen carbonates of both sodium and potassium.
At a molar ratio of resorcinol to the catalyst (R/C) of 50, the average pore volume in
hydrogen carbonates of each of sodium and potassium was a larger size than in
carbonates of the same cation [155]. Also, Calvo et al. indicated that the anion in a
basic catalyst is the most critical factor to demonstrate the final porosity of the RF gels

[156].

1.5.3.2 Acid catalysts

Mulik et al. prepared hydrochloric acid-catalysed RF gels, reporting that the gelation
time could be substantially shortened to only 10 minutes at 80 °C, while the gels
obtained were chemically similar to base-catalysed gels synthesised over a longer time
(week) period [110]. Merzbacher et al. used nitric acid as an alternative catalyst;
optical properties of the compared RF gels showed that the usual base-catalysed RF
gels exhibit lower reflectance compared with the acid-catalysed materials. It was
observed that the porosity of base catalysed gels is higher than products from acidic

promoted processes [157].

Brandt ef al. reported results from a study of RF gels synthesised using acetic acid as
the catalyst [158, 159]. They found that altering both the acid and reactant

concentrations is a robust method to produce RF gels with different morphologies.
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1.5.4 Catalyst concentration

The catalyst used level in the sol-gel process is referred to by the term of resorcinol:
catalyst molar ratio (R/C) [110, 160]. It is a dominant variable controlling the final
porous structure of the RF gels [161, 162]. In general, the high alkali catalyst
concentration (low R/C ratios) leads to the formation of small particles with reduced
pore sizes, larger surface areas, and hence denser gels compared to the low
concentrations. On the contrary, high R/C ratios result in larger particle sizes and pore
sizes, with smaller surface areas; hence, low-density materials are formed. These two
different gel structures are known as polymeric and colloidal RF gels, respectively

[43].

Gaca and Sefcik have observed the early stage of RF sol-gel transition at different
basic catalyst concentrations [92]. The obtained results indicated that at higher catalyst
concentration (lower R/C ratio), a large number of primary clusters is formed, which
is due to the higher substitution rate and subsequent faster condensation reactions.
These observations are consistent with the previous experimental results [119]. In
more recent work, Taylor et al. also reported that the R/C ratio is the main factor that
controls the cluster formation and growth process in RF gel synthesis [126]. It was
observed that low catalyst concentrations (e.g. high R/C) result in the formation of
large clusters and low cluster number concentration. In contrast, high catalyst
concentrations result in the formation of higher cluster number concentration and small

clusters.

The size and number of RF clusters formed during the sol-gel transition, determine the
porosity of the final produced gels. The presence of the small particles leads to a
microporous structure, whereas the formation of large particles results in a mesoporous

structure [44].

Acidic and alkaline catalysts influence the morphology of the synthesised gel
differently at the same solid content and R/C ratio. It has been observed that the
primary particles of base catalysed RF gels array in clusters of several microns in size.
In contrast, acid catalysed gels are sphere-shaped particles arranged in a branched
pattern [37]. Effects of R/C ratios in acid and alkaline catalysed processes can be seen

in Figure 30.
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Figure 30: SEM images of RF gels produced with: (left) low and (middle) high resorcinol to alkaline

catalyst ratios, and (right) low resorcinol to acid catalyst ratio [157].

1.5.5 Solids content (Dilution)

Total solids content (wt.%) is expressed merely in term of percentage of the mass of
the monomers (Resorcinol and Formaldehyde) and catalyst to the total volume of
solvent liquid [37]. Increasing the solids content increases the concentration of the
reactants radically, which in turn results in a higher amount of small clusters, smaller
particles, smaller pore sizes and then higher densities [163]. In contrast, Gels prepared
with higher dilution levels possess weaker structures caused by a lack of cross-linking.
The surface area appears to be independent of solids content [164]. Figure 31 shows

the effects of the combination of these factors on the early stage of particle formation.

uk B

increase of catalyst concentration
(toward smaller particles)

increase of monomer concentration

Cd

(toward more dense RF aerogels)

Figure 31: Variation in the structure of RF gels with catalyst and monomer concentrations [145].



Rey-Raap et al. observed that a decrease in the solids content of the initial solution
causes an increase in micropore (< 2 nm) volume at high pH and vice versa [109].
Whereas Zanto et al. reported that surface areas of the RF xerogel increases when the
concentration of reactants is decreased at relatively high pH [165]. Solids content and
R/C molar ratios could be combined to control the main structural properties of these

materials [163].

1.5.6 Reaction medium

It is common, in RF sol-gel synthesis, for deionised water to be used as a solvent. The
presence of water in RF gel structures introduces the need for a stage of solvent
exchange within the processing procedures. As this step requires time and a fresh
organic solvent, some studies focus on the use of organic solvents, such as alcohols,
acetone or cyclohexane in place of water [43, 106, 115, 166]. The water-organic
solvent mixtures cause an increase in the shrinkage rate during the drying process,
density, and change the gelation time of RF gels. The adjustment in gelation time leads

to variation in the primary cluster interconnection of the obtained gels [166, 167].

It has been found that using acetone as a solvent precursor can affect the properties of
RF aerogels produced at modified R/C molar ratio, solids content or acidity/alkalinity
of initial solution [115, 160]. This route eliminates the need for a solvent exchange
step before the drying stage. It is also quite successful in producing RF xerogels with
little shrinkage during the drying process [168, 169]. However, the most carbonate and
hydrogen carbonate catalysts used in the preparation of RF gels are unable to activate
the R-F sol-gel polymerisation, because of their low solubilities in acetone solvent
[170]. Therefore, acid catalysts have been assigned to induce the polymerisation of R
and F [160, 168]. Using acetone as reaction medium under acidic condition, resulting
in rapid condensation reactions after mixing the precursors [104]. It was observed that
the aggregate structure differs from the base-catalysed conventional methods ( water
as a solvent). The produced gels consist of fractal aggregates, with a fractal size of
about 2.5 nm. Also, they have larger pores and broad pore size distribution (PSD)
[160]. Acetone solvent has a low flashpoint temperature of 253 K (- 20 °C), and
flammability limits of 2.5-12.8 by volume in the air as the synthesis temperature above

this flashpoint, vapour-air mixtures represent an explosive atmosphere within the
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flammability limits stated above [171]. Hence, special precautions are necessary to

handle and use acetone solvent during the synthesis of RF xerogels using this method.

The difference in surface tension of these compounds influences the behaviour during
their curing and drying steps, which results in the different pore structures of the final
gels [106]. As mentioned in Section 1.4.4, the solvent exchange of a high surface
tension solvent, such as water, is a critical stage before the drying process. However,
water is much less expensive than other solvents, and its amount (dilution of initial

sol) shows a significant effect on the porosity of all organic gels [106].

1.5.7 Stirring time and speed

Lee et al. reported that increasing the stirring rate of sol mixtures produces smaller RF
particles [172]. Conversely, longer agitation time leads to increases in particle size of
the obtained gels [151]. Stirring time can also affect the gelation process, as a sufficient
stirring of the precursors is essential to produce a homogenous RF sol, resulting in

complete gelation [173].

1.5.8 Gelation temperature

During the synthesis of organic and carbon gels, to perform the gelation and curing
stages, the monomer solution is heated to temperatures ranging between 50 and 90 °C
for 3-7 days [35, 37, 44, 47, 164]. It is even possible to perform the aqueous
polymerisation reaction at temperatures as low as 25 °C [65, 174]. However, longer
gelation times are required compared to using higher temperatures, such as 80 °C.
Nevertheless, the heating conditions depend on the nature of the reaction medium, for
instance, if acetone is used as a solvent, the temperature needs to be lowered to ~ 40

°C to avoid the evaporation of solvent during the polymerisation.

The gelation stage (up to the gelation point) involves the formation of hydroxymethyl
derivatives followed by initial cluster formation. This process occurs within an hour

but can take up to a next day, depending on the synthesis conditions used [43].

Pekala et al. indicated that solutions with low solids contents (< 10 %) can gel when
heated at 95 °C for seven days, while solutions with higher solids contents can gel
within a day at a temperature of 50 °C and curing for three days at 95 °C [161]. Also,

Tamon and Ishizaka used gradual heating, starting with low temperature (25 °C) to
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reach the gelation point, before the gels were cured at 90 °C [174]. In another study,
the author reported that the gelation temperature has no considerable impact on the

porous structure of RF gels [175].

1.5.9 Curing conditions

Curing results from the increasing of the cross-linking process of the clusters; hence
hardening the gel. It takes a longer time than the gelation process. Acid treatment could
be used to accelerate the degree of curing after the gelation point. This additional step
increases the crosslinking density by enhancing the evolution of condensation reaction
rates. The acid-treated gels exhibit a strong structure. However, such a treatment
method is a time-consuming process, and the obtained gels showed a slightly lower
surface area [43, 128, 176]. In most research studies, the temperature is held at 85 + 3
°C for 3-7 days in order to enhance the mechanical strength of the samples for handling

in further processing steps [43].

1.5.10 Drying process

After the curing step, the synthesised the RF hydrogels are solvent-exchanged with an
organic solvent (e.g., acetone) to reduce shrinkage within the pores. Subsequently, the
RF gels can be dried by one of three different methods: subcritical, supercritical or by
freezing [151]. According to some studies [9, 132, 177], the comparison between these
drying approaches shows that RF aerogels and cryogels possess larger pore sizes and
surface areas, because that they can preserve their pore structures. In contrast, RF
xerogels are vulnerable to high shrinkage of their nanoporous structure, and, as a result,

they exhibit smaller pore sizes than the aero and cryogels.

Over the years, efforts have been made to avoid the supercritical drying method, as
this process requires complicated operating procedures, and there is a high cost of
equipment utilised [145]. Kraiwattanawong et al. investigated different alternative
drying methods, including ambient drying, vacuum drying (subcritical), and freeze-
drying. In order to reduce the capillary forces associated with these drying techniques,
low surface tension solvents were examined. It was found that pore shrinkage during
the synthesis of RF gels during the subcritical drying, can be significantly reduced by
proper selection of solvent. In consideration of the critical physical properties (Table

2), such as low surface tension force, low vapour pressure and low polar index [128].
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Table 2: Physical properties of some solvents used in solvent exchange processing of RF gels [128].

Surface tension Vapour pressure

Solvent (at 25°C) Boilit:% point PolaritI})/ index kPa
mN/m 25°C 50 °C
Water 71.99 100.0 9.0 3.16 12.31
Ethanol 21.79 78.5 52 7.83 29.45
Acetone 23.46 56.5 5.1 30.66 81.69
Toluene 27.93 110.6 2.4 3.15 12.33
t-Butanol 19.96 82.4 4.1 5.64 23.89

Recently, Prostredny et al. introduced a regular replacement of solvent exchange fluid
in order to prepare the wet gel for drying process [47]. The dried gels obtained by this
post-synthesis method show a remarkable effect on the total pore volume, resulting in
larger average pores diameters, which is due to a reduction in shrinkage during the

drying stage.

Even though the drying techniques used for RF gels influence the structure and
properties of the resulting material, the alteration in synthesis parameters, such R/C
molar ratio, the initial sol pH, solids content, gelation and curing conditions are

considered as the most critical variables.

1.6 Characteristics and applications of RF gels

Organic gels are broadly used, particularly in separation technologies, energy storage,
thermal insulation and catalysis. The wide variety of RF organic gel applications are
due to their unique properties, including the high porosity (>80 %), large surface area
(400-1200 m? g'!), low thermal conductivity, excellent electrical conductivity (5 to 40
Q! em™), controllable pore size distributions (1 to 50 nm) and mechanical properties
[43, 48, 98, 152]. The use of these materials in different areas also depends on the

flexibility of changing the final form of the obtained material.

1.6.1 Mechanical properties

The mechanical properties of the different aerogels and related materials have been
extensively investigated [24, 41, 178-183]. Organic aerogels, such as the phenolic
materials, exhibit impact strength values of about 12 J/m [184]. The variations in

microstructure are reflected in the compressive characteristics of the material [178].
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The mechanical properties of the ambient dried RF xerogels were investigated by
Léonard et al. [180]. They reported that the mechanical behaviour of gels shows a
significant dependence on the R/C and water content (or solid contents) of the initial

RF solutions.

Schwan et al. were the first to investigate a synthesis route for rubber-like or flexible
RF aerogels. They observed that a minor change in the process variables (water and
catalyst amount, and pH of the initial solution), has a curtail impact on the flexibility
and density of RF aerogels [45, 173, 185]. This development is consistent with the
effect of these parameters on the cluster formation and growth during the sol-gel

transition process.

1.6.2 Electrochemical applications

Carbon gels are porous materials derived from RF gels via pyrolysis in order to
enhance some of the essential properties. Carbon gels are remarkably attractive
materials for use as supercapacitors and lithium-ion (Li-ion) batteries, because of their
monolithic structure, large surface area and high pore volume. These RF-based
products are also stable thermally and chemically, with low production cost [147, 186,

187].

1.6.2.1 Double-layer capacitors

Electrochemical double-layer capacitors (EDLCs) or supercapacitors are moderate
energy storage devices with high energy density. Carbon gels are mainly used as
electrodes in the EDLCs [145]. The principal of stored electrical energy is based on
the separation of the charges across the electric double layer in the electrode/electrolyte
interface [186]. A schematic diagram of the proposed mechanism is shown in Figure
32. During the charging phase, the positively charged cations are attracted by the
negative plate, while the oppositely charged anions are accumulated at the surface of

the positive electrode [187].
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Figure 32: Schematic diagram of EDLC [188].

Carbon-based supercapacitors are distinguished by their long life, as the charges are
accumulated in the electrode/electrolyte interface without precipitation of electrode
materials [186, 188]. The field of application of this technology includes electric
vehicles, pulsed laser systems, digital communication components and computers

[147].

1.6.2.2 Li-ion batteries

The porous structure of carbon gels is utilised as a gas transport medium in lithium-
ion batteries. It is essential to control the pore size distribution of RF carbon gels, to
increase the storage capacity and enhance the power capability and kinetics of these
systems [106]. In Li-ion batteries, carbon represents a catalytic surface for the lithium-
oxygen reaction [189]. Generally, carbon gels are preferred as a negatively-charged
electrode due to their higher negative reduction-oxidation potentials compared to other

materials [145].

1.6.3 Catalyst applications

The unique structural properties of RF carbon gels make them excellent candidates as
catalysts and for use in catalyst support systems [13]. Catalytic processes play a crucial
role in various reactions and applications, such as fuel cells, liquid streams treatment
by oxidation of volatile organic compounds (VOC), removal of nitro and sulphur
oxides from polluted air, and fine chemistry processes [190-192]. It is an essential

feature of these applications to dope the carbon gel with metal, and metal-doped carbon
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gels are prepared by adding soluble metal salts to the initial sol. During the gelation
step, the metal salt is incorporated within the gel structure, and then metal ions can be
attached to the functional sites of the polymer substrate. Large internal surface area
and pore volumes are essential properties in this process. Catalytic activity and
stability of catalyst can be enhanced by the modification of the surface chemistry of
these materials. Other methods can be employed to prepare metal-doped carbon gels

such as impregnation or adsorption [106, 145].

1.6.4 Thermal insulations

Similarly, RF gels are considered one of the most promising candidates as thermal
insulating materials [ 193]. Their nanoporous structure means that RF gels show a high
thermal resistance (low thermal conductivity). Thermal transport in the porous
materials is entirely different than in conventional insulators. In general, heat transport
through a porous solid occurs via three mechanisms: gaseous conduction, solid
conduction, and infrared radiative transmission. The combination of these three heat
transfer phenomena gives the total thermal conductivity of the material [145, 194].
This important characteristic of these materials leads to several applications, including
insulation for building purposes, piping, cooling and heating systems, industrial
process equipment [195], etc. Figure 33 shows the simple mechanisms of thermal

transport through gel nanostructure.
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Figure 33: Heat transfer through nanoporous materials [196].
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Generally, aerogels have been extensively studied in the literature as superinsulators
[14, 179, 197-199]. These materials, with very low thermal conductivity (~ 20
mW/m.K), exhibit remarkable features compared to the traditional thermal insulating
materials. Aerogels can be used in windows for insulating purposes due to their high
visible transparency. In the case of cryogenic applications, high vacuum at 27 °C could
optimise thermal conductivity of the material (~ 10 mW/m.K). However, the limitation
of these superinsulating materials is mainly related to their high production costs, weak
mechanical structures, health and environmental issues [194]. RF gels, among of these
different rages of aerogels, offer lower radiative transmittance and are stiffer and more
durable than silica-based gels. Furthermore, they retain very high thermal resistance

and have six times greater resistance than fibreglass materials [48, 51].

1.6.5 Gas storage and separation techniques

As mentioned above, resorcinol-formaldehyde carbon gels have nanoporous structures
with the high surface area, high porosity (pore size < 100nm) and low density. These

properties allow them to be used in the fields of gas storage and separations.

1.6.5.1 Hydrogen storage

It has been reported that doping carbon gels with metals such as nickel, cobalt,
titanium, or manganese improves hydrogen (H») storage [106, 200, 201]. Most studies
determine that there is a linear dependence of H» uptake capacity with surface area and
micropore volume. Also, the micropore size distribution is considered a critical factor
in controlling the final H» storage capacity [202-204]. As this process is based on the
physical adsorption of hydrogen on the surface of the H> storage material, it is essential
to prepare metal-doped carbon gels, which in turn show high surface areas with narrow

micropore distributions to achieve an efficient H sorption process [9].

1.6.5.2 Separation applications

RF carbon-based membranes have been developed to provides efficient separation of
gases or liquids [48]. Recently, carbon gel monoliths have been examined as
adsorbents in the separation of flue gas components (CO2, N2, Oz, and H>O). Results
revealed that the activation severity of carbon gels represents a key role in selectivity
during the adsorption. For moderate activation, maximum CO; adsorption capacity

and selectivity can be achieved [205]. Zheivot et al. used phenol-formaldehyde carbon
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xerogels in gas chromatography. They indicated that the adsorption and gas
chromatographic properties of these materials could be efficiently tailored via their

preparation methods [206].

In water treatment, silver (Ag) loaded carbon gels have been examined as adsorbents
to remove bromide and iodine ions from drinking water. The study showed that Ag-
doped carbon gels are more efficient than commercial activated carbons [207]. Also,
RF gel-based products can be utilised in the elimination of heavy metals from

industrial wastewater effluents [208].

1.6.6 Other applications

As described above (Section 1.5), the structural and chemical properties of RF gels
can be tuned through the variation in synthesis conditions. The acoustic resistance of
carbon gels can be changed to meet different applications; for example, carbon gels
are used as pad materials in the crash helmet to absorb the impact energy. This property
is mainly dependent on the density of the materials. Carbon gels have also been
introduced into cigarette manufacture, as filler materials. As they are consistent with
living organisms, carbon gels are employed in artificial organs, drug delivery systems
(carrier) and biological tissue engineering, as well as, in the synthesising of the

cosmetic products, and nontoxic and effective pesticides [106, 145].

1.7 Thermal insulating materials- pipe insulation

Currently, energy-saving and the reduction of carbon dioxide (CO») emissions are the
main issues gaining the attention of modern society. Developing countries, such as
China and India, encounter fast population growth, leading to substantially increasing
energy demands [209]. As energy consumption increases, energy conservation
strategies and associated research continue to gain momentum. While the expansion is
limited by crucial energy sources, i.e. the fossil fuels, the effect of rising of CO: levels
in the Earth’s atmosphere, and associated impacts, including those on the global

climate, have become increasingly apparent [210].

The proposed actions for immediate CO> reduction and a quickly growing demand for
renewable energy sources has led to an overestimation of the prospects of such

technologies. The expansion of alternative energy systems has experienced difficulties
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in development, and it is likely that full development, to replace current technology
completely, will take a significantly long time. Besides, fossil fuels dependency
(expected to account for 77% of energy demand by 2040 [211]) is higher than the
efforts to admit those assumptions. In other words, technological complexities and
economic barriers are the main adversaries to the immediate implementation of the
suggested actions. This understanding leads to a small number of practical strategies
and policies for the global mitigation of CO> and other pollutant gas emissions. In
order to bridge the gap while emerging long-term renewable energy schemes are
developed and implemented, the typical sequence of steps requires a combination of

short-, medium-, and long-term strategies [210].

Remarkably, buildings are considered to contribute the highest share of total energy
consumption (around 40%) [212]; the heating, ventilation, and air conditioning
(HVAC) accounts most of this energy demand. Heat losses from domestic and
industrial establishments also represent a critical feature among this value; therefore,
for energy savings and CO: reduction, thermal insulation of buildings must be

considered as a short-term scenario [210], as shown in Figure 34.
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Figure 34: Different scenarios and plans to address global climate change [210].

Some critical insulation applications, other than those used in the building sector, such
as thermal insulation for aerospace, petrochemical processing, oil and gas industry,
and extremely low-temperature processes are discussed later (Section 1.7.3) [210]. In

1991, a study from Drexel University showed that thermal insulation saves U.S.
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industry ~ $60 billion a year in energy costs, and this can be further increased by

utilising better insulation materials and technology [213].

Oil and gas processing plants comprise complicated and costly piping and equipment
structures (Figure 35). These piping systems are also employed in other processes,
such as water supply, fire protection systems, and cooling-heating applications. In the
crude oil production industry, the hot oil-gas composition flows through pipelines and
key instruments before the drilling riser bringing the oil to the surface. Thermal
insulation is necessary to reduce associated heat losses or gain, and to avoid the

formation of hydrate plugs and paraffin wax build-up [209].

Figure 35: Example of thermal insulation applications [209].

1.7.1 Purpose of thermal insulation

Insulation is a material or combination of different materials, which are applied to one
or more of the following purposes [209, 213]:

e Saving energy by reducing the rate of heat transport

e Providing an accurate temperature control for a process

e Prevention vaporisation, condensation, or freezing

e Controlling surface temperature for personnel protection from injury

e Preventing phase changing and water condensation on cold surfaces of equipment
e Reducing damage to equipment from exposure to outside fire or corrosive materials
e Improving the efficiency of HVAC, steam, process, and power systems

e Conserving refrigeration

e Preserving the process temperature and dampening the vibration and noise.
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1.7.2 Pipe insulation

The piping system is a crucial element in a closed-loop network, which is employed
to transport energy in municipal heating-cooling systems, and industrial applications.
However, pipes are also characterised by the issue of heat losses, i.e. for uninsulated
steam and condensate distribution system, heat loss from pipe 1" diameter and 1m
length, through natural convection and 25 °C temperature difference, is estimated to
be ~ 50 x10° kJ/yr. Heat transfer processes and temperature changes in pipelines are
significantly affected by the insulation material used, the surrounding environment (air
or soil), and pipe configurations [214, 215]. For cylindrical pipe geometry, as shown
in Figure 36, the total thermal resistance to heat transfer of an uninsulated pipe is given

as [214]:

. In C_(])) . Equation 3

Rp unins= 7=+ i
Punins™ h A, 2mlkp  hyA,

where A; and A, are the internal and external surface areas of the pipe, respectively,
kp is the thermal conductivity (TC) of the pipe material, / is pipe length, and h; and h,
are the convection heat transfer coefficients for internal and external surfaces,

respectively.

Pipe
Insulation materials l

l

Heat transportation
along the pipe

Figure 36: Principle of insulated pipe system [214].

While the total resistance of the insulated pipe can be expressed as:
I I Equation 4
L @) m)

P,ins — + + '
’ hiAi 27'Clkp 2Tdkins hOAO

where A'O is the external surface area of the last layer (insulation) of the piping

system, and K;,,¢ is the thermal conductivity of the insulation material.
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The rate of heat transfer (Q) through the pipe can be calculated [213] as:

T;-T, Equation 5

where T; and T, are the bulk fluid and ambient surrounding environment temperatures,

respectively.

1.7.3 Insulating materials

There is a wide range of thermally insulating materials that exist for various
applications. They are mainly made of inorganic fibrous materials (e.g. glass wool,
mineral wool), and foamy organic materials (e.g. expanded polystyrene and
polyurethane). Conventional insulating materials are categorised by their chemical

compositions and physical structures [216], as illustrated in Figure 37.

Conventional insulation materials

Inorganic Organic Combined New technology
materials materials materials materials
Foamy - Transparent
_ Foam glass Foamy - Siliconated calcium Materials
- Expanded polystyrene - Gypsum Foam - Dynamic
- Extruded Polystyrene - Wood-wool materials
- polyurethane foam
Fibrous
- Glass wool

- Stone wool

Foamy Expanded
- Cork

- Melamine foam

- Phenol foam

Fibrous

- Sheep-wool

- Cotton-wool
- Coconutfibre
- Cellulose

Figure 37: Proposed classification of conventional insulating materials [216].

Different forms of glass wool (fibreglass) are broadly used in process industries and
HVAC applications due to their low cost, lightweight, flexibility, and adaptability;
however, they are not useful for other applications as a result of their weak resistance
to moisture (hydrophilic) and fire, as well as, their limited maximum service
temperature. Stone wool (mineral wool) is fibrous, lightweight, flexible, and thermally

active; it exhibits high fire resistance up to 1100 °C and reduces sound transmission.
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Calcium silicate is a solid material that is usually used to insulate high-temperature
pipes and equipment. However, it is an expensive material and also requires a longer

time for installation [213].

1.7.4 High-performance thermal insulation

High-performance insulation or superinsulation is a term that refers to materials with
thermal conductivity values below 0.020 W/m.K, at ambient conditions. Thermal
conductivity (k) is an inherent physical property of a material and is defined as the
ability to conduct heat [210, 217, 218]. Metals are identified as outstanding thermal
conductors, with k values ranging from tens to hundreds of W/m.K. Glass, sand, and
minerals typically possess typical single numeral thermal conductivities. In contrast,
conventional thermal insulators, and associated products, have k values of <1 W/m.K
[210, 217]. It can be noted that the thermal conductivity of stationary air at ambient
(standard) conditions is 26 mW/m K, which is lower than the TCs of most conventional
(traditional) insulating materials [213]. Table 3 provides an overview of insulating

materials based on their thermal conductivity range.

Table 3: thermal insulation materials sorted by ambient condition thermal conductivity [212].

Insulation product Chemical composition k [ W/m.K]
Mineral wool Inorganic oxides 0.034-0.045
Glass wool Silicon dioxide 0.031-0.043
Foam glass Silicon dioxide 0.038-0.050
Expanded polystyrene (EPS) Polymer foam 0.029-0.050
Extruded polystyrene (XPS) Polymer foam 0.029-0.048
Phenolic resin foam Polymer foam 0.021-0.025
Polyurethane foam Polymer foam 0.020-0.029
Silica aerogels SiO; based aerogel

0.012-0.020

Organic acrogels Aerogels derived from organic compounds

Vacuum insulation panels (VIP 1 ; ;
p ( ) ?;ﬁca coresealed and evacuated in laminate 0.003-0.011

Vacuum glazing (VG) ) ) )
Double glazing unit contains evacuated space

and pillars as supports 0.003-0.008
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It can be seen that aerogels, vacuum insulation panels (VIP), and vacuum glazing (VG)
exhibit ultralow thermal conductivities, which sees them described as super-insulating
materials [217]. Among nanostructured materials, aerogels are considered as one of
the most promising high-performance thermal insulating materials, with their

extraordinary features and vast emerging share market [194].

1.7.4.1 Silica aerogels

One of the critical properties of SiO2-based aerogels is their low thermal conductivity,
typically in the range of 13-20 mW/m K [194, 219, 220]. In 1934, Kistler and Caldwell
recognised the potential of silica aerogels as insulating materials [221], and White
subsequently investigated the influence of synthesis variables on the thermal
conductance of these materials [222]. More recently, several studies have reported
thermal conductivities for different forms of silica aerogels using various synthetic
routes [197, 223-225]. Silica aerogels were introduced commercially, in 1993 by
Aspen Systems, Inc. and NASA as the first acrogel blanket was developed [226].
Aspen’s technology is based on the integration of silica aerogel into a carrier to create

flexible and durable aerogel blankets (Figure 38) as superinsulators [209].

Figure 38: Aspen aerogel (grey spaceloft).

1.7.4.2 Organic aerogels
In parallel to improvements in silica aerogel superinsulation, some organic aerogels
have been studied to explore their thermal properties. As mentioned in Section (1.6.4),

organic aerogels are characterised by their very low thermal conductivities combined
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with desirable mechanical behaviour. Early, interesting works investigated organic
aerogels with a focus on polyisocyanurate aerogels. The findings led to thermal
conductivities higher than 20 W/m K, as a result of porous structure issues. These
materials have since been extensively investigated for insulating systems, by studying,
for instance, polyamines, polyurethane aerogels (14 mW/m K), and other organic

aerogels [210, 227].

Among the organic aerogels, RF systems present the lowest TC values [228]; however,
large-scale of this material, as thermal insulation, has not been adopted due to the
brittleness of these materials and the fact that the synthetic process comprises relatively
expensive techniques (supercritical drying) [210]. However, the fragility can be
tackled by adding a reinforcement material, such as fibreglass or polyester, to the sol-
gel. At the same time, costly methods can be efficiently replaced with similar
processing steps at ambient conditions, resulting in thermal conductivity values

slightly higher than that of air [229, 230].

1.7.4.3 Hybrid and composite materials

An overview of thermo-mechanical properties, shows inorganic-organic aerogel
hybrids or composites produce astonishing materials as superinsulation, especially for
applications in space and defence industries. Silica aerogel possesses excellent thermal
performance, but it is also dusty and weak material. By contrast, organic-based
aerogels are mechanically more robust, although they are produced using flammable

materials [210].
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Figure 39: RF-silica aerogel blanket [20].
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Lately, Berthon-Fabry et al. have prepared superinsulation blankets for space
applications, through the development of a novel material (Figure 39). It has been
based on the synthesis of silica and RF aerogels solution within the same vessel,

subsequently, impregnated into a nonwoven fibrous substrate (PET, polyethylene

terephthalate) [20, 231].
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2 Aims and objectives

RF xerogels have found use in a range of applications, covering a wide range of
sectors, and these are deliberated in more detail in Section 1.6. Among these diverse
applications, the thermal insulation filed undoubtedly one of the significant potentials,
as the thermal properties of RF gels make them useful as insulators. As discussed
earlier (Section 1.6.3), heat transfer processes involve conduction, convection and
radiation, contributing to the overall thermal conductivity of the material; due to their
highly porous texture, optimally structured RF xerogels can minimise the heat
transport via all above mechanisms owing to their highly porous texture.
Consequently, it is crucial to be able to carefully optimise the textural and physical
properties of these materials in order to improve their performance in particular
applications. These properties can be controlled by tuning the synthesis parameters,
and processing conditions use to manufacture RF gels, and their composites, thereby
allowing the final porous properties; hence the thermal conductivity of the final
material, to be tailored to the chosen application. Despite recent advances in the
controlled synthesis of RF gels, additional research is still required to fully understand
the link between synthesis and process changes and the resulting impact in various

final properties of the gels.

In order to report the issues highlighted above, this work aims to develop xerogel
materials exhibiting potentially useful thermal insulating capability concerning their
thermal conductivities; this will build on the previously published literature [42, 162,
228, 229, 232-236], who reported RF organic gels with extremely low thermal
conductivities, and thermal analysis will be used to estimate the thermal conductivity
of the xerogels studied here. While the synthesis of RF gels involves the formation of
cross-linkages, it should be noted that many of these materials, particularly those with
pores in the mesoporous range are weak mechanically; however, the strength of the
RF xerogels can be drastically enhanced by combining them with reinforcing fibres
[20, 230, 231, 236]. When creating these composite materials, it is essential to select
a suitable reinforcement that does not adversely affect the thermal conductivity of the

gel material.
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In order to enhance the thermal insulating properties of the polyester blanket, Razzaghi
et al. [230] investigated the effect of impregnation of this fibrous material into a pre-
prepared phenol-formaldehyde (PF) solution at different compositions. The
experimental findings show a substantial reduction in the thermal conductivity of the
polyester mat as the concentration of the PF solution increased. These findings

confirmed the notable insulator properties of these phenolic resins.

Recently, Berthon-Fabry eta al. [20, 231] have developed a light, natural to handle,
flexible superinsulating material. The novel hybrid organic-inorganic aerogel blankets
were produced using a synthesis approach with a PET fibrous network as
reinforcement, RF sol, and a silica precursor (MTES or MTMS). The final product
exhibits a desirable characteristic due to the materials utilised to synthesise it.
However, the production of these hybrid materials involves the handling of different

harmful and expensive materials, high cost, and time-consuming processes.

In the current work, the effort is focused on RF xerogel blanket synthesis with RF sol
and the PET fibre as core materials, and using subcritical drying to remove the solvent
entrapped within the gel structure. The advantages involve using highly reactive
precursor (resorcinol), elimination of expensive and hazardous materials (silica raw
materials) and processes (supercritical drying). However, the obtained products have

relatively higher thermal conductivities, which can be tackled by further investigation.

The products presented in this study included parent RF xerogels, and composite
materials, known as RF blankets. The overall aim of producing a thermally insulating
material is underpinned by the controlled manufacture and characterisation of RF-
based materials, with particular reference to their suitability as insulating materials.

This package of work is realised by focussing on the following objectives:

1) Synthesis of a wide range of RF xerogel products to provide data to understand
how synthetic parameters and process variables alter textural properties, and
their blankets, as determined in (2).

In order to obtain a varied range of products, different compositions of the
initial RF solution were studied. Sodium carbonate was initially used as the

catalyst in these systems, with a wide range of R/C ratios and solids contents.
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Alternative basic catalysts were also employed, in place of sodium carbonate,
thereby allowing examination of their impact on the gel texture and thermal
properties. These catalysts included potassium carbonate and sodium and
potassium hydrogen-carbonate.

2) Conduct low-temperature nitrogen sorption measurements to determine the
structural properties of RF xerogel materials synthesised in this study. The
results obtained allow correlation of observed changes in conductivity with
changes in synthetic variables.

3) Monitoring the thermal stability of the final materials via thermogravimetric
analysis (TGA); this allows the determination of reasonable working
temperature intervals and may indicate the need for additional drying process
or post heat treatment.

4) Perform heat flow meter (HFM) measurements to determine the thermal
conductivity of the blankets produced in this study. The variations in
conductivity can be subsequently compared across the series of samples, as
various synthesis parameters are altered, indicating the influence that these
changes have on the thermal conductivity of the final product.

5) Economic evaluation of RF blankets, based on underpinning sol-gel process,
allows gaining valuable data to be obtained, in order to assess the possibility

of introducing such blankets to the insulation market.

Overall, the findings of this investigation will provide information on the optimisation
of process parameters in gel RF xerogel, and associated blanket, production.
Additionally, the evaluation of these materials through synthesis to economic potential
will inform the future potential prospective marketability of these materials for thermal

insulation applications.
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3 Theoretical framework

In this chapter, various techniques and theories, used to study the morphology and
characteristics of RF gels, are presented. In general, the characterisation of porous
solid materials comprises two main routes: structural analysis and property
measurements. The structural properties can be investigated using a variety of gas
adsorption, microscopic and spectroscopic techniques. In contrast, the characterisation

of bulk properties requires consideration of the desired application of these materials.

3.1 Introduction to the porous texture of solid materials

Materials with porosity in the nanoscale are essential from the perspective of their
application in the field of emerging technologies [40, 164]. The term ‘porous solid’ is
qualitatively described by IUPAC as ‘any solid material which contains cavities,
channels or interstices, which are deeper than they are wide’ [237]. Porosity is among
the essential properties of RF gels. Understanding the relationship between the pore
structure and synthesis process is crucial to attaining tailored porosity [40]. As
mentioned previously, the initial reaction parameters and the successive processing
steps control the final pore structure, and the aggregation of small clusters and

subsequent cross-linking to form pores [238].

Closed pores

fThrough pores

™
=

Figure 40: Schematic showing different types of porosity [237].
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Based on their availability to an external fluid, pores can be categorised, as shown in
Figure 40. Open pores are bridged to the external surface of the material body, whereas
closed pores are voids and, thus, are not accessible [238]. Therefore, closed pores do

not contribute to the external surface area; however, they do influence the porous
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material properties such as bulk density, mechanical strength and thermal conductivity
(TC) [237]. Transport pores connect internal areas to the external surface and are also
known as through pores; some blind pores are connected to transport pores but not to

the external surface [238].

ITUPAC classified pores using a broader logic with relation to their diameter [152], the
standardised distinctions are shown in Table 4. Nowadays, the term 'nanopore’ is used
to describe both micropores and mesopores [239]. Gas adsorption is employed to
determine the internal pore size, so the pores must be accessible by the gas molecules

used for analysis [238].

Table 4: I[UPAC classification of pores.

Pore Classification Pore Width Range (nm)
Micropores <2
Mesopores 2-50
Macropores > 50

The external surface area takes into account the surface area of the outer shell of the
material including its roughness, as well as cavities that cannot be defined as pores as
they are wider than deep, while the internal surface comprises the pore wall area [237].
RF aerogels with a surface area of 400-900 m? g!' have been reported by Pekala [75],
further process developments have since been established, and this figure has been

extended to surface areas as high as 1200 m? g™! [43].

3.2 Gas adsorption in porous solids

In these systems, adsorption occurs when solute molecules diffuse from the bulk of a
fluid (gas or liquid) to the surface of a solid material (adsorbent) generating a different
adsorbed phase [240]. Recent industrial expansion in adsorption processes has been
concerned mainly with gas-solid and liquid-solid interfaces, where the adsorption
system is defined as ‘an equilibrium one including the adsorbent being in contact with
the bulk phase and the so-called interfacial layer’ [239]. The converse process of
adsorption is denoted as desorption [240].
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Figure 41: Schematic of adsorption process at the surface of a solid material [241].

Based on the nature of the interactions between the adsorbed state (adsorbate) and solid
surface (adsorbent), adsorption can be classified into two categories: physical
adsorption (physisorption) or chemical adsorption (chemisorption) [239]. Figure 41

illustrates a simple schematic of an adsorption process.

3.2.1 Physisorption of gases by porous solids

Molecules and atoms of a gas or vapour attach to the adjacent surfaces of a bulk porous
material, due to the existence of attraction forces, i.e. van der Wall’s forces, which
originates from molecular dispersion forces or a dipolar interaction between the
adsorbate and the adsorbent surface [242]. The inherent weakness of van der Waals
attractive forces allows a physisorbed molecule to retain its character, and on

desorption, it recovers its original form in the liquid phase [243].

Figure 42 indicates the stages encountered during physisorption. Initially, at low
pressure, adsorbate molecules are adsorbed on the isolated sites at the adsorbent
surface. Secondly, as the pressure increases, excess adsorbate molecules adsorb to
form a thick molecular layer (monolayer); followed by the formation of the multilayers
can be initiated by further increasing the pressure; finally, multilayer coverage is

complete, and all pores are filled as the pressure increases to the saturation level [244].
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Stage 2

Increasing gas pressure

Slag:a\]
Figure 42: Stages of gas physisorption process, depicting mono and multi-layer formation [244].

The extent of adsorption on a surface [242] is expressed in terms of the fractional
surface coverage, 0:

_ Adsorbent surface occupied by adsorbate Equation 6

Adsorbent surface available

It is common to denote the fraction of the surface covered by adsorbate as the volume

of adsorbate adsorbed:

A% Equation 7
e

Where Vy; is the volume of adsorbate required to complete monolayer coverage, i.e.
once the monolayer is complete and 6 =1.

Pore size plays a significant role, particularly in physisorption processes; because the
pore size of micropores is small, adsorbate molecules can be attracted to the surface of
the adsorbent. However, in the case of mesopores, the walls are created from a large
number of adsorbent molecules, and the surface area is higher than in micropores.
Since the adsorption forces are more active at a distance near to the adsorbent walls,
the surface area of mesopores attracts the adsorbed gas molecules less strongly, but
can form both mono- and multi-layers [9]. As the adsorbed layers reach a critical
thickness, the intermolecular forces increase, resulting in surface tension. The outer
layer will condense below its saturation vapour pressure; this known as capillary
condensation; this phenomenon occurs mostly with mesoporous materials, and leads

to differences in the adsorption and desorption isotherms, consequently forming

hysteresis loops in the isotherms obtained [239].
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3.2.2 Adsorption isotherms
For physisorption onto porous solids, the amount of gas adsorbed on the surface
depends on equilibrium pressure p, temperature T, and the physical properties of the
gas and the solid [243]:

0 = f (p,T,gas,solid) Equation 8

Adsorption equilibrium is achieved when the rate at which gas molecules are adsorbed
on the surface is equivalent to the rate at which they are desorbed. The fractional
coverage of the surface depends on the pressure of the covering gas. Variation of this
value (0) with pressure, at a fixed temperature for a known solid, is known as an
adsorption isotherm [242, 243], so the above equation can be simplified to:

=1 (p)T,gas,solid Equation 9

When the gas temperature is below its critical condition, the vapour pressure can be

introduced [243] as:

= Equation 10
9=1 (p/pO)T, gas, solid

where p/po is the relative pressure.

Adsorption isotherms of gas-solid systems reveal various shapes depending on the type
of gas used for analysis, the porous structure of the solid, and the nature of interactions
incurred. According to [UPAC recommendations, most of the physisorption isotherms

can be divided into eight categories, as shown in Figure 43.

Reversible Type I isotherms are characteristic of an adsorbent with microporous

texture and small external surface area. In Type I isotherms, micropore filling occurs
at extremely low relative pressures (p / po) . Because of the interactions between the

adsorbate and the narrow pore walls, the uptake process is influenced by accessible
microporosity. For nitrogen adsorption at — 196 °C (77K), Type 1(a) isotherms are
found in microporous materials having predominantly narrow micropores; Type 1(b)
isotherms are obtained for materials, having broadly ranged pore size distribution; that
comprise broader of micropores and possible some narrow mesopores. Typical
absorbents that exhibit Type I isotherms are activated carbon, zeolites and some porous

oxides [245].
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Figure 43: IUPAC adsorption isotherm classification [245].

Type Il isotherms are obtained for non-porous or solids with pore diameters larger than
macropore. At low relative pressure, monolayer coverage processes prevail, while
multilayer adsorption occurs at high relative pressure. In general, the mono- and
multilayer adsorption are overlapping processes, as shown in Figure 43 (part B of Type
IT). Materials with both micro- and mesopores demonstrate Type II isotherms [245-
247]. Type III isotherms are uncommon; they exhibit weak interactions between the
adsorbate and the adsorbent surface. The interaction within Type III isotherms is weak

compared with those between the adsorbate and adsorbed layer.

Type IV shows a hysteresis loop, caused by capillary condensation within a
mesoporous material. The early part of the isotherm represents monolayer-multilayer
adsorption; the uptakes are limited as the pressure increases to high (p/po). The
variation in a final saturation plateau is the main feature of Type IV isotherms. A Type
IV (a) isotherm shows that capillary condensation is accompanied by hysteresis; which

occurs when the pore diameter exceeds a specific critical width. When the adsorbents
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possess a small mesopore width, reversible Type IV (b) isotherms are perceived [245].
Type V is a different isotherm, that is related to Type III; as a result of the weakness
of the adsorbate-adsorbent interactions in porous solids. The Type VI isotherm shows
the sharpness in steps obtained, which correspond to stepwise multilayer formation on

a non-porous solid [248].

3.2.3 Adsorption isotherm hysteresis

Adsorption hysteresis occurs when the desorption isotherm follows a different path to
that for adsorption [249]. Hysteresis appears in the multilayer region of physisorption
isotherms and is related to the phenomenon of capillary condensation, which happens
in mesoporous structures. The shapes of adsorption hysteresis loops have been

classified by IUPAC, as shown in Figure 44.
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Figure 44: Classification of hysteresis shapes [245].

Pore shapes present within the materials studied (Figure 45) can be interpreted from
the type of hysteresis loop observed for the adsorption-desorption isotherm. Hysteresis
loop H1 occurs when the porous material consists of agglomerates of uniform spheres
in a regular array, and, thus, has a narrow pore size distribution. In contrast, Type H2
loops are observed for more complex pore shapes. They are attributed to condensation
and evaporation in materials with broad pore size distributions. H2 (a) loops exhibit
very steep desorption isotherms, which can be caused by either pore blocking in the

pore neck for narrow ranges or a high evaporation rate. These loops have been found
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in isotherms obtained for many silica gels. Type H2 (b) is also related to pore blocking,
but the pore size distribution is much broader. At high relative pressure, Type H3 loops
do not exhibit any limiting adsorption and are related to slit-like pore aggregation.
Similarly, Type H4 loops are obtained for narrow slit-shaped pores; however, the
adsorption trend of H4 loops is a combination of Type I and II isotherms. Type H5
loops are uncommon with contributions from both open and partially blocked

mesopores [245, 246, 250].

funnel
shaped ink bottle
shaped

uniform
size

Figure 45: Some typical pore shapes [246].

3.3 Determination of surface area

Adsorption methods are frequently used to characterise a range of porous solids. Of
particular significance is the utilisation of physisorption isotherms for the
determination of specific areas and pore size distributions of adsorbents, catalysts,
dyes, and other materials [251]. The publication of Langmuir’s model for monolayer
adsorption, in 1918, encouraged researchers to examine the probability of employing
gas adsorption for surface area determination. Williams and Benton conducted early
works, but these yielded indecisive results [239, 252]. The first major advanced studies
were achieved by Brunauer, Emmett, and Teller in 1938 [252]. Their developments in
adsorption methods paved the way to multilayer isotherm theory, the so-called

Brunauer, Emmett, and Teller (BET) theory [239].

3.3.1 The Langmuir isotherm
It is a simple method of surface area assessment used to derive an equation for
isothermal adsorption, and is based on three assumptions [242]:

e The solid sorbent has a uniform surface on a microscopic scale;

e Only a monolayer of adsorbed molecules is formed;
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e There is a lack of interactions between adsorbed molecules.

For an adsorption-desorption process, where molecule A is adsorbed molecularly from

the bulk gas at a surface site (M), the equilibrium can be described as [242]:

A(g) + M(surface) AM(surfaoe)
Rate of adsorption = k,[A][M] Equation 11
Rate of desorption = ky[AM] Equation 12

Rate constants k, and k4 are applied to adsorption and desorption, respectively. The
equation can be modified in terms of pressure p of the adsorptive and number of empty
sites N(1-0) on the surface of the adsorbent, where N is the total number of sites on

the surface:

Rate of adsorption to the vacant sites = k,pN(1-0) Equation 13

The rate of desorption is proportional to the number of adsorbed molecules NO:

Rate of desorption from a monolayer = kyNO Equation 14

At equilibrium:

Rate of adsorption = rate of desorption

k,p(1-6) = k40 Equation 15
K = E Equation 16
kg

solving for 0, the Langmuir isotherm can be expressed as:

Kp Equation 17
e =
1+Kp

Using 0 =V /V,, the above expression can be rearranged as:

p 1 N p Equation 18
V KVy Vyu

From Equation 17, a plot of p/V against p will yield a straight line with a gradient of
reciprocal monolayer volume (1/Vy;) moreover, from which the monolayer volume

(Vm)can be estimated.
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The specific surface area can then be calculated from [253] :

S VumALL Equation 19
Vsrpm

Where S= specific surface area (m* g!)
Amn= average area covered by one molecule during monolayer coverage
L = Avogadro’s number [6.02 x10? molecules mole™]
m = mass of adsorbent sample (g)

Vstp = molar volume of the gas at STP (22.414 x10~° m® mole™)

3.3.2 Brunauer-Emmett-Teller (BET) Model
BET theory is a generalisation of the Langmuir isothermal model to include multilayer
formation, assuming that multilayer formation is infinite and that Langmuir theory can
be applied to each layer in turn [254]. Also, the BET model was developed by
assuming [246] that:
o The first monolayer has a constant heat of adsorption, while the heat of
adsorption of all other layers is equivalent to the heat of condensation;
e Adsorbed molecules are considered to provide new sites for adsorption of
subsequent layers;
o The molecules of the second and upper layers are in equilibrium with the
adsorbate molecules (free gas molecules) rather than the adsorbent surface;
o There are no lateral attractions between the adsorbed molecules.
According to these assumptions, at any pressure below the saturation vapour pressure,
the fractions of the surface available for multilayer adsorption (0,,0;,0,,........ ,0;) are
covered by the adsorbed layers (0,1,2,........ ,1), where 0, represents the fraction of
uncovered surface. It follows that the adsorbed layer is predicted not to possess a
uniform thickness, but alternatively is formed from random stacks of molecules, as

shown in Figure 46.
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Figure 46: BET theory for adsorption [243].

From the kinetic theory of gases, desorption is dependent on the activation energy E,
because each molecule requires sufficient energy to overcome surface forces. Hence,
at the pressure p, the fractions of uncovered and covered surface sites 0, 0, constants

k, and kg, dynamic equilibrium can be related as:

E

1
kupO= Ky 0,xp (- =)

Equation 20

Likewise, at equilibrium pressure, the fractional coverage of the surfaces 6,, 05, .., 0;

must also be kept in constant and their equilibrium can be written as:

k.,p0,= ks 0,ex (_ E) Equation 21
a2PY1= KgpU€Xp RT
ka3p0,=kg303exp <_ E) Equation 22
RT
Continuing for all surfaces, up to layer i:
i Equation 23

K,ip0i_1 = Kg4i0iexp <— ﬁ)

where the terms 0;_; ,0; denote the fraction covered by layers i-1 and i, respectively,
the constants of adsorption and desorption are k,; and kg;, and the adsorption energy
E; applies for layer i.

The total fractional coverage over n layers is:

o]

Equation 24

Also, the total amount of adsorbed can be given as:
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V=V (10,+20,+...+i0;+...) Equation 25

The BET model depends on the fact that the activation energies after the first layer,
taken as the latent heat of condensation E; of the adsorptive, so that :

E,=E;=E=E, Equation 26

The multilayer thickness is infinite at p/ p, =1, and:

k;dz: kg3 _ & _ Equation 27

ka2 ka3 o kai

where g is considered as constant since all layers (except the first layer) exhibit the
same characteristics.

The fractions 04, 0,, 65,.., 6; can be expressed regarding 0,,:

0,=y0, , "o} (El ) Equation 28
h = 2 _
where y Ky p exp RT
0,=x0, , where x — gex (E) Equation 29
¢ “PART
0;=x0,= x20,= yx°0, Equation 30
and, similarly:
0.= Xi'l 91: yXi_l 0 Equation 31
1 (6]

If a constant C is used to rearrange rewrite Equation 26, this gives:

y ku E| E_ Equation 32
C===—gex ( )
X kdl RT
then:
0, = Cx'0, Equation 33

Equation 34

Equation 35
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hence:

Equation 36

as derived in Equation 24:

Equation 37

From Equation 33, the above relationship can be written as:

0,=1-C0, Z X
i=1

i) Equation 39
1-x

Equation 38

0,=1-C0, (

This equation can be rearranged as:
0 — 1 Equation 40
° 1+Cx/(1-x)

The value of 6, and the sum of the geometric series can be substituted in Equation 34
as:

v Cx Equation 41
Vi  (1-)2[1+Cx/(1-x)]
A% Cx Equation 42

Vu (10 (1x+Cx)

When the saturated vapour pressure is reached, p=p_and V/Vy — o, so Equation 20

can be expressed as:

0, kp E. Equation 43
x=e—l=k—d2 p,eXp (ﬁ) =1

kg EL Equation 44

o o0(x1) P

Equation 45

Equation 42 can then be expressed as:
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l_ C(p/po) Equation 46
Vu (]-p/po) (l-p/po +C(p/po))

This equation represents the standard BET model if it is plotted in the form of V/Vy,
against p/p, at a constant value of C >2, it gives a curve that is indicative of the shape
of a Type Il isotherm. When the value of C is positive but less than two, a curve of the
shape of a Type III isotherm is obtained [255].

From Figure 47, it can be observed that the shape of the curve depends significantly

on the value of constant C.

| |
0 0.2 0.4 0.6 0.8

Figure 47: Curves of V/V); against p/p_ calculated from the BET equation (40) for different value
of C. I: C =1, II: C=11, III: C=100 and IV: C = 1000 [243].

Equation 46 can be transformed into a linear BET equation as:
p 1 N C-1 p Equation 47
V(po-p) VM C VM Cpo

where C is the BET Constant and p_ is the saturation pressure. According to this
equation, a linear relationship is obtained if p/V (po-p) is plotted against p/p_. In this
case, the slope (C-1/Vy; C) and the intercept (1/Vy; C) can be used to determine Vy;,
but the linearity of this relationship is restricted to a limited part of the isotherm that
does not exceed 0.3 of the relative pressure (p/ p,) range [251]. Based on this

knowledge, Equation 13 can be used to calculate the BET specific surface area.
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3.4 Analysis of the porosity of porous materials

Nitrogen adsorption-desorption represents the most common method to characterise
the porous texture of nanostructured materials. The texture of these materials is
concerned with the geometry of the pores and available pore sizes. Porosity (g) is
expressed as the ratio of the total volume of open pores (Vp) to the apparent volume

of the adsorbent [249], this ratio can be given as:
Vp Equation 48
€= S
Vpt+V

where V¥ is the total closed pore volume, and the total pore volume can be obtained
from the amount of vapour adsorbed at a relative pressure p/ p, ~1 [256].

This characterisation model for porous solids depends on the geometry and dimension

of the pores to be investigated.

3.4.1 Barrett-Joyner-Halenda (BJH) Model

BJH theory is a computational method used to determine mesopore size and
distribution. This technique was published in 1951 and is based on the application of
the Kelvin equation for pore size estimation [257]. The BJH theory depends on the
assumptions that [258]:

e All pores are cylindrical;

o The adsorbent maintains the equilibrium between the adsorbate and the gas
phase through two sorption mechanisms: physisorption on the pore walls and
capillary condensation into the pores.

The BJH model centres on the Kelvin equation, which addresses the pressure at which
capillary condensation arises during nitrogen (N2) gas adsorption [257], expressed in
terms of the surface tension (y) of the bulk fluid and the molar volume of the liquid
adsorbate V. For cylindrically shaped pore, the Kelvin equation is generalised as
[245]:

p 2yVp Equation 49

P, gk RT

where 1 is the Kelvin radius (or capillary) radius, p_ is the saturation vapour pressure;

hence, T is absolute temperature, and R is the gas constant. The value of the Kelvin
radius depends on the contact angle @ between the adsorbed film (liquid) and the

capillary condensate on the walls, as shown in Figure 4.
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Figure 48: Cylindrical mesopore showing the relation between Kelvin radius and pore radius [259].

If the contact angle is assumed to be zero, the Kelvin radius can be expressed in the
main equation as:

rg = (rp — t.) Equation 50

where r, is the pore radius, and t, is the thickness of adsorbed multilayer.
However, when there is a finite contact angle () between the adsorbed film and the

capillary condensate, the relation between rp and rg can be given [260] as:

I'p Equation 51
cos @

k=

The thickness of the desorbed film (nm) as a function of nitrogen pressure at, 77 K,

can be estimated by using the Halsey equation [246]:
5 1/3 Equation 52
t.=0.354 [—l

) In(p,/p)
Barrett, Joyner, and Halenda proposed a simple method to characterise the pore size.
From nitrogen adsorption-desorption data, the distribution curve can be presented as
the volume of adsorbed gas (dVp/d dp) alternatively, specific surface area (dS/d dp)
as a function of pore size (diameter), dp . The cumulative BJH surface area is estimated

from this correlation [261] as:

> Vpi Equation 53

2 Tp;

Where Sg)y is BJH cumulative surface area (m?), Vp; is the pore volume (m?) at the

Sp= 2

pressure of stage i, and rp; is the pore radius (m) at the pressure of stage i.
Again, considering a cylindrical form of pores, the average pore diameter can be

calculated from:
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dpav=4 VP/SBJH Equation 54

where V5 is the total pore volume (m?)

The working BJH equation for pore volume distribution can be illustrated as:

2 n-1 Equation 55
Pn

13 Ipi-te;
AV, — —0 At ZM.APj

(I Kn'Atc) - I Pj
J_l

P (rn AL

where Vp,= pore volume (m?)
V,, = observed volume of desorbed gas at n'™ desorption step, m?
1p,= empty pore radius of a desorbed layer during n™ desorption step, m
ko= capillary radius, m

Apj= area from which the adsorbed gas is desorbed; Apj=2Vp/1p

At.= change in thickness of an adsorbed layer during n™ desorption step, m
Thommes et al. reported that the BJH method could not be used to achieve a reliable
pore size analysis of narrow mesopores; however, this technique is still utilised for

some industrial operating purposes [245].

3.4.2 t-plot method

The t-plot method was proposed by Lippens and co-workers in 1964 and is based on
plots of adsorbed volumes (Vags) of nitrogen at various relative pressure values as a
function of the thickness of the adsorbed multilayer (t). In the t-plot model, a simple
procedure is used to compare the shape of the given isotherm curve with that of the
standard non-porous solids (Figure 49). The slope of the t-plot (Vads/t) represents the
external surface area (slope of the dashed red straight line). The obtained external
surface area involves the areas of the mesopores, macropores and the outer surfaces of

the particles [246, 261, 262].
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Figure 49: The t-plot shapes of nitrogen adsorption isotherms [263].

In the figure above, the intercept of the dashed red straight line with the volume axis
gives the micropore volume, while the meso-/macropore volumes can be observed
from the intercept of the green line with the y-axis. Meso- and macropores can form
multilayers, while the micropores are first filled by adsorption fluid. The number of
layers of nitrogen adsorbed on the surface can be estimated merely via:

A% Equation 56

“Vu
where n = the number of layers
V = the amount of nitrogen adsorbed at a given pressure (m?)

Vum = the amount of nitrogen adsorbed in a monolayer (m?)

The micropore volume can be separated from the larger pores by [261]:

p p Equation 57
\% p_ :V(micr0)+ k SExt p_

o o

Lippens et al. defined the external surface area Sy, for nitrogen [262] as:

A% Equation 58
Sg=1.547 T

Also, they assumed that if there are no micropores within the structure, then the
external surface area would be equal to the total surface area, or BET specific surface
area. For nitrogen, a value of 16.27 x1072° m? can be taken as the surface area occupied

by one molecule. If the volume of the monolayer (V,,)is given in cm?; the BET

surface area can be calculated from:
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Sger=4.37 Vm (m? g™ Equation 59

by substituting this value into Equation 58, the thickness of the layer can be expressed

as:

t= 0354 l (nm) Equati()n 60
Vm

Comparing the above equation with Equation 51, gives:

t=0.354n Equation 61

Due to the nature of the interpretation, it is possible to have different correlations of

the value of t, such as that proposed by Harkins and Jura [261]:

t=[13.99/(0.34 — logp/p,)]'"* Equation 62

The t-plot model can also be used to calculate the total pore volume (Vp) as:

Vo= (V¢/22414) M/pL Equation 63

where V¢ = the amount of gaseous nitrogen required to fill the pores (cm®)
M= Molecular weight of nitrogen (28.014 g mole™!)

p, = Density of liquid nitrogen at given adsorbate temperature (g cm)

The surface area contributed by micropore can also be calculated, based on the BET
surface area and the external surface area obtained from the t-plot method:

SMicro = SBET — SEx Equation 64

3.4.3 Gas pycnometry and density analysis of porous solids
Gas pycnometry is an effective method used to measure the apparent volume of solid
particles. This technique is based on the main Boyle-Mariotte volume and pressure
relationship of a gas at a constant temperature. The literature reports three types of gas
pycnometer, including ‘constant — volume’, ‘variable volume’ and ‘comparative’
[264-266]. Gas pycnometry theory depends on several essential hypotheses:
e the gas used as a displacement medium behaves ideally (i.e. gas compressibility
is negligible, and it does not adsorb on solids at temperatures, generally used for
analysis);

e the sample and the pycnometer constituents are rigid;
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e the apparatus is gas-tight, and the expanding gas rapidly reaches a stable

equilibrium;

o the gas temperature is constant and uniform throughout the apparatus.
Although various inert gases could be used, helium (He) is preferred as a displacement
medium, because of its unique characteristics such as its small atomic size. The typical
constant — volume helium pycnometer is provided by sample chamber and reference
tank with premeasured volumes, a pressure observing device, and a controlled high-

pressure source of gas [265, 266] as shown in Figure 50.

Absolute pressure
transducer temperature
®

Valve 1 Valve 2
Gas supply
or vacuum
[~ ]
Sample
chamber
Tank mmanapmms
Solid

particles

Figure 50: Constant-volume gas pycnometer [265].

Before commencing measurement, it is essential to purge the pycnometer with helium
to remove any traces of entrained air. In order to determine the volume of a sample,
three steps [265, 266] are considered:

i. the chamber and reference tank is pressurised to the same moderately low
pressure; this pressure is denoted as the initial pressure (pi);
ii. the sample chamber is isolated, and the tank is pressurised to a higher pressure
value (pj);
iii. the sample chamber and reference tank are reconnected so the helium can expand
to the sample chamber and the pressure is equalised between them; the final
pressure is then measured (pf).

The sample volume (V) can be estimated using the following equations:

V= V‘C’+V? T Equation 65

79



Py =P Equation 66

where V¢ and V{ are the sample chamber and reference tank volume coefficients,

respectively, determined using a calibration procedure.

Gas pycnometry methods have been commonly utilised to determine the volume, and,
hence the density of the powders, porous rock pieces, salts, acrogels, plastic films, and

coals, etc. [265].

3.5 Infrared (IR) spectroscopy

Electromagnetic radiation (light) can be considered as an oscillation of electric energy
and magnetic field, travelling at the speed of light through space. There is a broad
range of the electromagnetic spectra including; visible light, ultraviolet, infrared
radiation, X-rays, microwaves, radio waves, cosmic rays etc.[267-270].These spectra
differ from each other in the wavelength and frequency, as shown in Figure 51. The
infrared (IR) is that part of the electromagnetic spectrum lies between the visible light
and microwaves. Virtually any organic or inorganic compound having a covalent bond
absorbs various frequencies of radiation in the infrared region [271]. Absorption or
emission of IR radiation can cause variations in the vibrational energy level within the
examined molecule. IR Spectroscopy focuses on the study of the interaction between
the infrared radiation and the vibrations of the chemical bonds of materials [242, 272,

273].

Figure 51: Illustration of the electromagnetic spectrum [274].
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Some porous solid surfaces are covered by different functional groups, which
influence the final properties of these materials [264]. Attenuated total reflectance
(ATR) method can reveal the presence of any of those groups. ART has been discussed
in the subsequent sections. It is based on the analysis of the vibrational behaviour of

the molecules or atoms, which exposed to infrared radiation [275].

3.5.1 Properties of Infrared spectrum

The typical IR spectrum is described as a relation between the infrared light intensity
and property of light (frequency, wavelength or wavenumber) [268, 272]. Either
absorption or transmission can measure the light intensity (Figure 52 ).

Absorbance spectrum (A ) can be calculated [272] as:

IO) Equation 67

A-1 (
og(7
Where [, = Intensity in the background spectrum (incident light)

I = Intensity in the sample spectrum (transmitted light)

Absorbance can also be influenced by the concentration of the molecules within the
sample, and can be determined using Beer-Lambert’s laws:

A=¢lC Equation 68

where & = molar absorptivity, L molcm™

C = concentration of molecules, mol L™

[ = path length of the sample, cm; Similarly, the infrared spectrum can be plotted
as transmittance (T), either as percentage or unity versus wavenumber. The

transmittance can be calculated [272] from:

=i or % T =100 (Il) Equation 69
I, o

From Equations 67 and 69, it can be noted that the absorbance and transmittance are
related to each other through:
1 ) Equation 70

A=log (f

As mentioned above, the property of light can be expressed as wavelength (1)
alternatively, wavenumber (W). As the unit of wavelength is distance per cycle, and

wavenumber is a cycle per distance, the relation between these two quantities is:
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1 Equation 71
W = e

A
The wavenumber is related to the energy of the light wave (E, in J) through:
E = hcW Equation 72

where ¢ = velocity of light (~3 x 10! cm s™)

h = Planck’s constant (6.63 x 103 J.s™)

Absorption band

Intensity of absorption

Intensity of maximum
absorption

}e— Wavelength or frequency of maximum
' absorption

<+——— Intensity of ransmission

3

Figure 52: Schematic showing absorption spectrum [268].

The wavenumber is proportional to the energy of light; at a high wavenumber, light
exhibits more energy than for low wavenumber light. Another essential property of the
light wave is its frequency (v). It is measured in cycles per unit time (s) or Hz. The

relationship between radiation frequency and wavelength is given as [269, 272]:

v = ¢ Equation 73
A

From Equations (72 and 73), the higher the frequency of radiation, the greater is its

energy.

3.5.2 Absorption and emission IR spectra

As the molecule absorbs electromagnetic radiations, they undergo energetic transitions
as a result of the energy transfer. The electromagnetic radiations in ultraviolet-visible
(UV/Vis) region are sufficiently active to excite bonding electrons into upper energy

orbitals. In contrast, the absorption of IR radiations can cause an increase in vibrational
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and rotational energy levels within the molecules [267, 268]. Therefore, promoting an
electron from a ground state to an excited state requires more energy than promoting
the vibrational state of a molecule which in turn needs more energy than promoting
energy for the rotational state. For a given electronic energy (Ee) level, there are
several probable vibrational energy (Eviv) levels; similarly, with the vibrational energy
level; many probable rotational energy (E:ot) levels exist [276], as presented in Figure

53.
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Figure 53: Energy level differences associated with molecular spectra [276].

When the molecules are irradiated with IR light, they absorb energies that correlate
with an energy difference between a particular energy level of vibration and another
energy level of vibration (excitement); while the unabsorbed light is transmitted [277].
In the absorption spectrum, any peak appears correlating to a specific frequency of a
molecular vibration [267, 278]. There are two modes of the vibrational motion in a
molecule that infrared excited, stretching and bending vibrations. These vibrational
motions occur because of the relative movement of the atoms in molecules to each
other, resulting in variation of the bond lengths (stretching) and atom displacements
(bending). In general, stretching vibrations occur at higher frequencies (higher energy)

than bending vibration (lower energy) [267, 271, 278, 279]. Several atoms can be
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regarded as balls with different masses and the covalent bonds between them as tiny
springs; with stretching and bending motions, as depicted in Figure 54.

Stretching vibration

G =0

Spring Ball
(covalent bond) (atom)

Bending vibration

NV,

Figure 54: Schematic showing stretching and bending vibrational modes [267].

The stretching mode can be either symmetric or asymmetric, and the bending mode is
denoted to as scissoring, rocking, twisting and wagging. A molecule consisting of
atoms possess the net number of fundamental vibration modes of 3n — 6 for the non-

linear system, while the linear molecule has 3n — 5 vibrational modes [267, 278-280].

At temperatures above absolute zero, the atomic weight and the nature of the chemical
bonding have significant effects on the vibration frequency of the atoms, and to the
region of the IR spectrum [275]. For practical purposes, the IR spectrum is often
classified into three regions [269, 279]:

e Near-infrared (NIR): 12500-4000 cm™

e Mid-infrared (MIR): 4000-400 cm’!

e Far infrared (FIR): 400-10 cm!

3.5.3 Mid-infrared (MIR) spectroscopy

The most valuable spectral region is the mid-infrared (MIR), as the majority of organic
compounds absorb the IR radiation within this region [269]. The MIR can be sub-
divided into three regions [281]: (i) from 4000 to 1400 cm!, (ii) from 1400 to 900 cm™
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!, and (iii) from 900 to 400 cm™'. A shortlist of frequencies of some typical chemical

groups is given in Table 5.

Table 5: Typical vibrational wavenumber for selected chemical groups [242, 281].

Chemical group Spectral range (cm™)
O — H stretch 3700 — 3200
N —H stretch 3500 — 3200
H — bonds 3750 —3200
C —H (aromatic) stretch 3065 — 3050
- CH; stretch 3020 — 2860
- CH; stretch 2960 — 2840
C = C stretch 2260 -2100
C = C stretch 1680 — 1620
C —H bend 1465 — 1340
C — C stretch, bend 1250 — 700
CO52 1450 — 1410
NOy 1250 — 1230
Silicates 1100 - 900

There are two types of mid-infrared devices: dispersive and Fourier Transform
Infrared (FTIR) spectroscopies, but the most extensively used ones are the FTIR

techniques [282].

3.5.3.1 Dispersive infrared spectrometers

Dispersive spectrometers are simple MIR instruments, used to obtain the spectral
information directly (Figure 55). The IR beam is divided into double parallel beams of
identical intensity radiation. The beams are then directed to a sample and a reference
inside the sample chamber. After passing the chamber, both beams are combined by
movable chopper mirror for the dispersion process in the monochromator (containing
grating). For the complete range of the MIR spectra, more than one grating is required.
Finally, the dispersed spectrum reaches the detector. All spectral elements are directed
to the detector by turning the grating. The obtained spectrum is recorded as the ratio

between the intensities of the sample (/) and reference (/,) beams. This ratio is used to
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estimate the absorbance or transmittance (Section 3.5.1). In this method, the detector

determines frequencies, which have been absorbed by the sample [271, 282, 283].

H |
i g !
i = Sample | = !
! Polig::;fr];?;gallc —+ and g Monochromator | Detector :
i Shtires reference : :
1 - | ]
TR [ooTTTTTTTTTmm T : o
1 + ¥
|
. i Special equipment Computer
Air dryer (microscope, etc.)

Figure 55: Schematic diagram of dispersive spectrometer [282].

However, the main issue of using the dispersive spectrometers to characterise the
materials is the limitation of the wavenumber ranges of the radiation. Also, the low
sensitivity of the detector (thermocouple or thermopile), prevents rapid measurements
by this type of MIR instruments. These constraints can be overcome through the use

of FTIR spectrometers [282, 283].

3.5.3.2 FTIR spectrometers

FTIR is non-destructive spectroscopy, and relatively superficial to alter the infrared
spectrum from absorbance to transmittance. It is a vital tool in the characterisation of
a varied range of materials [272]. Unlike the dispersion techniques, FTIR spectroscopy
involves an entirely different principle, which is based on the interference of radiation
between two beams to obtain single-channel spectra for sample and reference. The
main parts of an FTIR spectrometer are shown in Figure 56. The IR radiation emerging
from the source first passed through an interferometer to the sample before reaching a
detector. Signal to exit from the detector amplified (eliminating the high-frequency
contribution) and passed via data converter before transferring to a computer for

Fourier transformation [271, 282, 283].

‘ Source H Interferometer H Sample H DetectorH Amplifier l—Anaclgg::r_gE[ta]

Figure 56: Basic parts of FTIR spectrometer [283].
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FTIR spectrometers centre on the interferometer which modulates the wavelengths of
the IR radiation. The interferometer also allows a broad wavelength range of radiation
to pass through the sample with minimal absorption. This optical device comprises a
beam splitter, stationary and moving mirrors. The beam splitters are mainly made of
potassium bromide (KBr) optical crystal with a multilayer coating. They should have
no absorption within the MIR range of use. The interferometer divides the single IR
beam into two equal intensity IR beams. The two IR beams travel different paths; after
that, they are reflected by the stationary and movable mirrors back to the beam splitter.
As the beams return to the splitter, they recombine and interfere. The produced beam
emerging the interferometer passes the sample and reaches the detector. A Michelson
interferometer is the most common interferometer used for the measurement of
infrared spectra [272, 282, 283]. The basic principle of the Michelson interferometer

is shown in Figure 57.

Infrared Collimating
source IR beam mirror
_—

Beamsplitter «

Detector. P ” " \\ L
IJ % Moving
~ .
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O
R

Fixed mirror
Figure 57: Schematic diagram of Michelson interferometer [272].

During excitation of the different vibrational energy levels of molecules, the resulting
transitions can be observed using a variety of measuring techniques. As IR beam
interacting with a sample, the incident beam of intensity (/) can partly undergo a
reflection at interfaces (I), scattering (Ig) and absorption in the sample (I,), the
remaining part will be transmitted (I) (Figure 58). Based on the law of energy
conservation, the energy balance of the incident beam can be given as,

ly=Ig + g+ 1+ It Equation 74

The radiation intensities I, Iz, I, and I can easily be measured by insertion the

detector at the appropriate position. Absorbance intensity (I4) provides the essential
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chemical data about the studied sample. This intensity value cannot directly be
measured, but it can be derived from Equation 74. In the majority of spectrometers,
only a single detector used to measure specific two intensity values involving incident
beam either reflected, transmitted or scattered, as illustrated in Table 6. Sample
techniques are utilised to neglect the remaining intensities; however, disregarding

these fundamental values will result in measurement errors [284].

Sample
Reflected light (Zz) Transmitted
) light (7.
o ight (I7)
Incident light (Z,)
Absorbed
Scattered light (Z)

Figure 58: Energy balance of incident beam as interacting with a sample [284].

Table 6: Measured intensities of light [284].

Measured Aim of sample . Measuring

X . . Evaluation !

mntensity preparation Technique
Iy, It Ir=1,=0 Li=1,—1Ir Transmission
Iy, I Iy =I=0 Li=1I,— I Reflection
Iy, Is Iy =1 =0 Iy =1,— I Diffuse reflection

For transmission measurement, solid samples can be prepared in the form of thin-film
or powder. The thin films are mainly made by polymer solution casting process. The
mechanical pressing under high temperature is also used to prepare some polymeric
films. For analytical purposes, the powder samples are made by grinding solid to
powder, and then diluted with IR-inert materials. The powder sampling process is
based on one of the two methods: pelletising or making mulls processes. Pellets are
mainly used for solid samples which are difficult to dissolve or melt in solvents. The
sample is ground into a fine powder and mixed with a dry alkali halide powder. The

mixture is then subjected to compression pressure of ~ 0.6 GPa in an evacuated die to
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produce a transparent pellet. The most commonly used alkali halide is potassium

bromide (KBr), because of its high transparency in the mid-infrared region.

On the other hand, the mull method for solid samples involves suspending the solid
powder into a mulling agent such as Nujol (paraffin oil). This suspension is then spread
between two windows (IR transmitting materials) and pressed to form a thin film.
Liquid and gas samples do not require complicated preparation methods, but it is

essential to used special cells to contain these samples [272, 281, 283, 285].

However, the spectral range covered by these techniques is limited by different factors.
In KBr pellets, it is challenging to produce homogenous pellets, and the transparency
of the alkali halide (KBr) could be cut off at 500 cm™'. The KBr pellets technique is
not recommended for water-sensitive sample and samples that interact with the KBr.
While in the mull method, the spectra exhibit a strong absorption around 3000-1400
cm’! in case of using Nujol as mulling agent [281, 286, 287].

Reflectance techniques are used for obtaining the IR spectra by reflecting IR radiations
from the surface of solid and liquid samples. These techniques are especially preferred
for solid samples that are difficult to examine by the conventional transmittance
methods, and for fast sample measurement. Various types of reflection can occur

depending on the nature of the reflecting surface (Figure 59).

As an IR beam strikes a rough surface, diffuse reflectance takes place, resulting in
many reflectance angles. The diffuse reflectance can be used to investigate a sample
with an extremely low mass. It is also utilised to measure the spectra of intractable
objects. The specular reflection occurs when the incident beam encounters a smooth
surface of the sample (e.g. mirrors and shiny metals). It can also be called external
reflection, in which the beam propagates within the rare optical medium. The
observations show that the angle of reflectance is the same as the angle of the incident
beam. The reflection-absorption is applied to examine thin films adsorbed on IR

opaque substrates [272, 283-285].
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Figure 59: Reflectance types (a) Specular reflection, (b) Reflection absorption, (c) Attenuated total

reflectance (internal reflection) and (d) Diffuse reflection [284, 285].

Internal reflection is another type of reflectance, which is illustrated in Figure 59C.
The internal reflectance examinations can be performed by using an attenuated total

reflectance (ATR) method, which employs the phenomenon of total internal reflection.

3.5.3.3 Attenuated total reflectance (ATR)
ATR is a versatile, non-destructive method for obtaining IR spectra of the surface of a
sample. Unlike several other sampling methods utilised in IR spectroscopy, radiation
is not transmitted through the sample; thus, there are no further sample preparations as
mentioned above in section 3.5.3.2. In the ATR, the infrared beam transfers within a
dense optical medium (crystal), and is reflected from its internal surface when the
incident angle (8) on the interface between the sample and the crystal exceeds the
critical angle (8;). The critical angle is a function of the refractive indices of the two
media; crystal (n;) and sample (n2) , and is given as [272, 283, 284, 288],

0. = sin"! ng Equation 75

nq

During the total reflection, the IR beam wave propagates through the optical interface
creating an evanescent wave, which penetrates the rare crystal surface (Figure 60a).
As the sample absorbs a small fraction of energy and the evanescent wave becomes
attenuated. The decay rate of this evanescent field depends on the wavelength of the
IR beam. The evanescent wave intensity decreases exponentially with the distance
above the surface of the internal reflection element (ATR crystal). The depth of
penetration (Dp) is a distance at which the strength of the evanescent field is decayed
to 1/e (where e is the base of natural logarithms) of its initial intensity at the interface.

The depth of penetration can be calculated by the following equation [272, 276, 277,
281, 283, 287, 288]:

90



b A Equation 76
P 2m(n2Sin20 — n2)1/2

Where A is the wavelength of IR radiation within the ATR crystal, and it can be

expressed in the form of wavenumber for absorption spectrum (W = 1/2).

It can be observed that the depth of penetration is directly related to the wavelength of
the incident radiation. At longer wavelength (low wavenumber) radiation, the
evanescent penetrates further into the sample (D, increases); as a result, in the ATR
spectra at lower wavenumbers are more intense (high peaks) than those in at higher
ones. The depth of penetration is also dependant on the angle of the incident; therefore,
the angle of 45°, which allows deeper penetration, is commonly used for bulk samples
of the organic substances, rather than the larger angles (e.g. 60°), which result in
weaker spectra due to the shorter depth of penetration. The refractive index of the ATR
crystal is another critical factor controlling the depth D, so it is crucial to select the
correct ATR crystal for a specific application. The crystals used in the ATR-FTIR
devices are made from different materials such as zinc selenide (ZnSe), germanium
(Ge), thallium—iodide (KRS-5), and diamond [272, 276, 283, 287]. Hardness tests on
materials could be advised before ATR measurement to avoid scratching the crystal
surface. For example, ZnSe is prone to scratches at hardness knoop more than 130 kg-
f.m? [289]. Properties of some common materials used for the fabrication of ATR

crystals are shown in Table 7.

Table 7: Common materials used as ATR crystals [272, 288, 289].

. Refractive ~Wavenumber ranges  Critical angle”  Hardness Knoop
Material

index (cm™) (0°) (kg-f. m™)
Si 341 8900 — 600 26 11150
KSR-5 2.37 20,000 — 250 40 -
ZnSe 2.40 15,000 — 600 40 130
Ge 4.00 5500 — 600 22 550
Diamond 2.41 3%888:2380 40 9000

* Critical angel when Refractive index of the sample (n=1.5)

91



Since the sample absorbs some IR radiations, the intensity of the evanescent wave is
changed, and the beam loses energy. The resultant attenuated IR beam is internally
reflected and then directed to the detector, as illustrated in Figure 60b. The detector
measures the changes in the intensity of the evanescent wave to produce the IR

spectrum [272, 276, 290].

evanescent wave

bulk sample

ATR crystal
()

n;

Pressure

(b)

C Sample )

To detector IR beam

/ ATR Crystal

Figure 60: Schematic of typical ATR technique showing (a) evanescent wave, and (b) multiple

reflection ATR [272, 276].

Implications for how the ATR spectra can be used and interpreted are due to the
dependency of the ATR intensities on the wavelength (wavenumber) of IR radiation.
In this context, it is rigorous to compare the ATR spectra to spectra obtained using
other sampling methods, because the spectra of the same sample will look different.
The ATR technique has several issues that mainly related to ATR crystal. The crystal
must be clean and high surface polish. Scratches could interfere with sample/
evanescent wave contact. Weak spectra are obtained as a result of improper contact
between the sample and the crystal. As the evanescent wave propagates above the

crystal, any dirt or residues on the surface of the crystal could contaminate the resultant
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spectrum. Another drawback is the wavenumber ranges of the crystal materials.
Several ATR crystals absorb in the mid-IR, for example, diamond absorbs in the
wavenumber range of 2200-2000 cm™ and ZnSe absorbs below 600 cm™ (Table 8).
However, the lack of sensitivity is the most significant issue of the ATR technique,

which caused by the limitation of the depth of penetration [272, 290].

3.6 Scanning electron microscopy

Scanning electron microscopy (SEM) is mainly used for analysis and characterisation
of the microstructural and characteristics of bulk materials. The SEM depends on the
release of the electron beam to produce a magnified image of the object. The electrons
interact with atoms on the material, generating a various form of signals (Figure 61)
that are spotted by a detector, and the varying intensity of the signal is imitated on a

screen [275, 291, 292].

When the incident electron beam hit a sample, some electrons lose most of their initial
energy and are scattered from the surface with low energy due to the absorption. These
electrons are known as secondary electrons (SE), which can escape only from the low
depth of the sample providing topographic information. With no loss of energy, the
friction of incident electrons undergoes a large deflection as a result of a positive
charge of the nucleus. These electrons are reflected backwards as Backscattered
electrons (BSE), which are employed to perform a quantitative image analysis of the
material morphology. Some absorbed electrons into the sample lose energy resulting
in x-ray fluorescence or Auger electron emission, which can be used for element

analysis [293, 294].
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Figure 61: Form of electron beam-sample interactions [295].

The SEM instrument comprises different components; electron gun, condenser lenses
which are utilised to de-magnify the electron beam, objective lenses that focus the
probe onto the sample surface, a control system for the beam movement, sample stage,
electron detector, signal amplifier and a display unit. The schematic of the design
principle of the SEM instrument is shown in Figure 62. The electron gun generates a
broad beam of electrons, with accelerating energy via an electrical potential (anode)
to a range of 1-40 keV, down the evacuated column, allowing the path of the electrons
to travel without obstructs. A condenser lens focuses this resulting electron beam to a
fine electron probe. It is then directed onto a specific cross-section of the sample by an
objective lens and bitmap-scanned over the sample by the scanning coils [292, 296,

297].
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Figure 62: Schematic diagram of the SEM instrument [298].

When the primary electron probe strikes the sample, many types of signal are produced
as described above. The SEs with lower energies are collected by Everhart -Thornley
detector, which converts these signals to a voltage, and then amplifies to create the
images. The obtained images are displayed on a Cathode Ray Tube (CRT) screen. The
intensity of the collected SE signal is displayed versus the position of the primary beam
on the sample (synchronising). The samples for SEM observation must be either
conducting or coated with a thin metal layer to avoid charging effects. Also, the
scanning occurs at low pressure, so that the gas molecules do not scatter the electrons

as they travel inside the instrument chamber [291-293].

3.7 Heat transfer in porous solids

Heat transfer in porous media is more complicated than in conventional solids, because
it occurs not only through the solid but also in a gas phase. Figure 63 depicts the
involved heat transport modes schematically. Resistance to thermal conduction of
these materials (i.e. acrogels, composites, etc.) depends on their structural properties,
such as pore size, pore morphology, and porosity, along with properties, including the
TCs of the solid backbone and fluid (gas) in the pores, as well as emissivity and

transmissivity of the solids [299].
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Figure 63: Heat transfer mechanisms in porous solids [300].

The heat transfer equation focuses on the physical properties of a porous material and

its TC. The equations for heat transfer can be presented as:

Va4 b= oT Equation 77
G+ ®=pec.—
qg=—-kVT Equation 78

with q = heat flux (W m), k = thermal conductivity (Wm™.K™!), p = density (kg m™)
, ¢ = specific heat (J kg'!.K'!), ® = heat generated (W) and T = local temperature (K).
Equation 77 considers the first law of thermodynamics (energy conservation) and
equilibrates the heat flux across the boundaries of a finite volume. Equation 78
represents Fourier’s law, which reveals that the heat transfer rate is proportional to the
temperature gradient. The heat source ® involves processes that occur within the
porous solids such as the release or absorption of reaction enthalpies, and the gain or
loss of thermal radiation, which is crucial when studying the thermal radiation in
infrared optically transparent materials, for example, silica aerogels [220]. The

generated heat term @, which relates thermal radiation, is illustrated by:

®=Vyg, Equation 79

where q, is radiative heat flux, it denotes transportation of thermal energy through an
electromagnetic field, and appears in the forms of reflection, absorption, and
scattering, all of these are vital factors in the heat transfer phenomena observed in

superinsulation [301]. For a homogenous porous material, and if the heat transfer is
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based only on the temperature gradient [220], in the absence of the internal heat

generation [299], Equation 77 can be simplified as:

1 oT Equation 80
Ca ot
where the thermal diffusivity is:
k Equation 81
a —
(p-c)

From this definition, it can be noted that TC is a property of the material. The term p.c
is designated as the volumetric specific heat and is related to non-stationary heat
transfer where the temperatures and heat fluxes vary with time. For porous media,
conduction via the solid backbone structure and gaseous phase, convection by the gas
flow, and radiation, all contribute to the heat transfer process. However, for the
material of this study, the average size of the pore is sufficiently small to mean that the

influence of natural convection is negligible [220, 299].

3.7.1 Solid conduction

Conduction of heat through the solid backbone (i.e., the primary chains of material
molecules) of a porous material depends on its mainstay structure, particle
connectivity, and chemical composition. Studies have indicated that heat conductance
via the solid phase, which is termed as solid TC, has a considerable impact on the
thermal insulation capability of material [232, 233]. Fricke et al. derived an expression

for the solid TC (k) of silica aerogels by measuring their sound velocities [28]:

p v Equation 82
Kse = Kgo — —

OUO

where p and p_ are the corresponding densities of the aerogel and the full solid from

when synthesised (backbone material), v and v, are their average sound velocities
respectively, and kg, is the backbone TC.
From the phonon diffusion model, developed by Debye, the TC of the backbone

material, at a given temperature, is described as [220]:

1 Equation 83
Ko = § PoCy 1phvo
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where c, is the specific heat at constant volume, and /,, is the phonon mean free path
in the backbone material.

According to Gross et al., the sound velocity of porous materials (aerogels) can be
given by [302]:

Equation 84

1
v( ) — (Cll +x pgas H)l /2
Peas (p + Mpgas)

Here, cy; is the elastic modulus, IT is the porosity of the aerogel, p_._ and Pas ATC the

gas
pressure and density of the gas occupying the pore, respectively, and x is related to the
specific heat of the aerogel. Gross and co-workers measured the sound velocities for
the aerogels at different densities. Their results indicate that the sound velocity
decrease linearly with decreasing density, but it is influenced by the pore gas for
aerogels with densities less than 100 kg m™. This relation can be illustrated by the
scaling law [302]:

v X pa Equation 85

with a.=1.3 at density higher than 100 kg m™ (non-evacuated aerogel).
It can be noticed (Equations 78 and 80) that the density of the porous material is the

most crucial factor for the solid TC. For aerogels [198]:

K¢, o p“ Equation 86

Here, a =1.5, at densities ranging from 70 to 300 kg m™

A key objective in the design of thermal insulation is to reduce the contribution of
solid conduction. This process cannot be easily achieved without affecting other heat
transfer modes, specifically radiative heat transfer, as well as many other mechanical

properties [301].

3.7.2 Gaseous heat conduction

In nano-porous solids, the characteristic pores exhibit dimensions of 1-100 nm, which
results in the fact that gas heat conduction through the network structure is reduced
compared with the free gas. Thus, at ambient pressure and temperature, the gas trapped
within the low-density nano-porous solid has a significant influence on the total TC

[198, 220, 233]. Some porous materials, such as silica aerogels show total TC values
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far lower than the TC of the free air (0.026 Wm™'K™!) at ambient conditions. In addition

to the sharply reduced solid TC, these are the main reasons for the selection of aerogels
as typical thermal insulation materials [220]. The TC of a pore gas ( kgc) in aerogels

is given by [232]:

K = Kgo I Equation 87
8 1+ 2BK,

where kg, is the TC of non-convective free gas in the pores, IT is the porosity of the
material, B is a constant depending on the gas (~2 for air), and K, is the Knudsen

number, which is the ratio of the mean free path of the gas atoms or molecules (lg)

and the average pore diameter or size (dp):

Equation 88

Heat within the gas phase is transferred via interaction of the gas molecules with each
other and with the adjacent solid backbone via molecular collisions. As a result, the
gaseous heat conduction depends on the Knudsen number. For K, >>1, the average pore
diameter is considerably smaller than the mean free path of the gas molecules. In this
case, collisions mainly occur between the gas molecules and surrounding solid pore
walls of the porous material, which results in a TC effect proportional to the number
of gas molecules (i.e. gas pressure). Contrarily, when the mean free path of the gas
molecules is much smaller than the average pore size (K,<«1), the gas molecules
collide with themselves, causing the thermal conductivity of the gas phase system to
equal the TC of the free gas. This regime is independent of gas pressure and is
classified as diffusive heat transfer. For K, ~1, the gas molecules strike both the pore
walls and each other [303].

Equations (87) and (88) show that pore size is a predominant factor in reducing the
gaseous heat transport contribution to conductivity. Pore size reduction could lead to
the lowering of the gaseous conductivity and, as a result, reduce the total TC of the
material. Another critical factor in controlling gaseous heat conduction is the gas

pressure within the pore; the effect of this factor can be illustrated [233] as:
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kgo I Equation 89

ge = P1/2
1+=22
Pg

here, p, P is the gas pressure at which the value of the gaseous TC is one-half of the
value of the free gas (kgo). The influence of gas pressure on the total TC of the aerogels
has been extensively studied [28, 301, 304-306]; the obtained results demonstrate that
the gas pressure could affect both solid and gaseous TCs. Solid conduction can be
lowered by reducing of the gas pressure, which plays a significant role in reducing the
contact area of the chain particles (small contact area will increase the resistance to

heat transfer within the material) as shown in Figure 64 [220].

medium gas pressure:  high gas pressure:

evacuated:

high Re medium Re low Re

Figure 64: Coupling effect between the heat transfer in the gas and solid phases of an aerogel [220].

3.7.3 Radiation

Radiative heat transfer denotes the transport of energy by electromagnetic waves, and
attenuation of radiation occurs in the form of scattering and absorption processes.
Radiative transfer within porous materials such as aerogels, is noticeable in the
significant difference between diffusive and non-diffusive radiation, depending on the
optical thickness of the material(t). This property can be expressed concerning the

geometrical thickness (d) [220, 301], as:

d Equation 90
T(A) =—=E"(A)d=¢€"(A) pd
lpht
where E’ (A) is the average extinction coefficient and /;,, is the mean free path of

the photons of the wavelength (A).This relation shows the degree of the interaction
between the photon and the mean free path (lp,¢) and the material thickness (d). The
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wavelength-based specific extinction ¢"(A) is a material characteristic, and depends
on the chemical nature and structure of the medium [220]. Figure 65 shows the specific

extinction of non-opacified and opacified aerogels as a function of the wavelength.
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Figure 65: Specific extinction of different aerogels with the normalized Rosseland weighting

function, showing the maximum thermal radiation for 300 K at a wavelength of 8 pm [220].

For optically thick media, e.g. organic, opacified or carbon aerogels, radiative transport
is described by the concept of diffusion of photons. As long as the mean free path ()
of a photon is very short compared with the geometric distance (d), the thermal
radiative transfer can be derived analogously to solid conduction, as [307]:

dr = _kr(T) VT Equation 91

where k. is the radiative conductivity [220]:

16n%cT? Equation 92
" 3per(T)

Here, n is the average index of the refraction of the porous material (for low-density
aerogels ~ 1), o is the Stefan-Boltzmann constant (5.670367 x 10 kg s K#), T, is
the mean radiative temperature, p is the density of the material, and e (T) is
temperature-dependent specific extinction. The term ¢ (T) can be calculated using the

Rosseland weighting function f5(2)[220]:
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1 foo 1 f(2) d Equation 93

= —_— Z Z

(M J e ™
with

15 el/z Equation 94

fr(2) = ——- 1/ 2

4mtz® (el/2 - 1)
A.T.B Equation 95

7 =

h.c

Where h: Planck constant, c: velocity of light and B: Boltzmann constant.

The radiative temperature T, can be calculated from the boundary temperatures T,
and T, (K)[198]:

T3 = %(le N Tzz) (T, +Ty) Equation 96
3.7.4 Determination of thermal conductivity in porous solids
Thermal conductivity (k) is defined as the capability of a material to transport heat. In
general, Fourier’s law for heat transfer can be used to determine the TC of the material
as [308]:

K = q 'i Equation 97
A AT

where q is the rate of heat transfer, A is the cross-sectional surface area of the
conducting material, AT is the temperature difference, and x is the thickness of the
conducting material separating the two temperatures. In other words, TC can be
defined as the rate at which the heat is transported by conduction through a unit cross-
sectional area of the material when the temperature gradient vertically spans the area.
The SI units of TC are Wm™'K"!. There are several techniques for measuring the TC of
porous materials. Each technique has been designated for a particular range of TC
values (Figure 66).TC measurement techniques can be classified into two groups:

steady-state methods and transient methods [309].
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Figure 66: Measurement techniques for thermal conductivities [310].

3.7.4.1 Steady-state methods
The steady-state techniques are applied when the thermal condition of material reaches

equilibrium; this condition can be achieved as the temperature at each point of the
sample is constant and time-independent. The main drawback is that it is a time-
consuming method to reach equilibrium, and requires a significant specimen size. The
determination of TC is generally based on the measurement of heat flux and a
temperature difference according to Fourier’s law (Equation 97). The primary steady-

state methods consist of either guarded hot plate (GHP), heat flow meter (FHM), axial

flow, or pipe method [309, 311, 312].

Guarded hot plate
The guarded hot plate method is commonly used for testing materials with low TC. It

can be utilised efficiently to determine the TC of various nanomaterials such as
polymers, porous ceramics, glasses, and thermal insulations (Figure 66). The GHP
instrument comprises one or two cold plates, a hot plate, a system of guard heaters and
thermal insulation. In this technique, the thermal gradient across the sample is formed
by exerting a heat flux on one side of the slab-like sample and allowing heat transport
through the tested sample to a cold plate on the other side of the sample. The
temperature difference (AT) between the two plates is measured when the system

reaches a steady-state. The TC can be then calculated, based on the applied heat flux
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and temperature difference, as well as the thickness and surface area of the sample.
There are two types of GHP: two-specimen and single-specimen device [291, 309,

311, 312], as shown in Figure 67.
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Figure 67: Schematic of the guarded hot plate method: (a) two-specimen device, (b) single-specimen

device [291].

In the two-specimen system, heat losses can be controlled more efficiently as a result
of the symmetrical arrangement of the specimen. Unlike the single-specimen
apparatus, only the solid material can be measured because of the effect of convection
on the TC measurement [291, 312]. The GHP method can be used in conjunction with

international standards, including ASTM C177, ISO 8302 and EN 12667 [309].

Heat flow meter method

The concept behind the heat flow meter is based on the same principles as the guarded
hot plate method, with a difference in that the main heater is replaced by a heat flux
sensor (transducer). The temperature gradient is measured across a thermal resistor,
which is equipped with a series of thermocouples. The advantage of the heat flow
meters is that they are more accurate and faster than the GHPs. The typical maximum
temperature limits are approximately 473 K for the heat flow meter technique and
roughly 373 K for practical applications. The HFM method is compliant with different
standards such as ASTM C518, ISO 8301, DIN EN 12664, DIN EN 12667, and DIN
EN 13163 [309, 312].

The design of the HFM resembles the single-specimen GHP apparatus. The method
determines the heat flux passing through the test sample by measuring a temperature
drop across a thermal resistor, which is in correlation with the determination of a

current by the measurement of the voltage drop through an electrical resistor. As
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illustrated in Figure 68, the sample is placed between two plates held at different
temperatures; with the upper plate being heated and the lower one being cooled.

Heat flux transducers (sensors) provide an electrical output signal. The measured
signal is a thermovoltage related to temperature drop occurring across the plate. In
order to reduce measurement duration and determine radial heat losses, another heat
flux is applied at the cold plate. The temperature of the plates is determined and
regulated to the desired set-point when reaching a constant value. Steady-state
conditions occur when the heat flux at each point of the layered system is the same.
The TC can be calculated as in the gauged hot plate method. The heat flux sensor is
calibrated with a reference standard of a known TC [291, 312].

Heat Flux Transducer

Test Direction of
Sample Heat Flow

Heat Flux Transducer

Figure 68: Principle design of heat flow meter [312].

Heat flow (q) passes through the sample and is measured by the (calibrated) heat flux
sensors; the calibration factor is characteristic of the device. In the case of one
calibration standard, this factor can be determined according to ASTM C518 as:

c(T, — T.) Equation 98

N
cal (E; + Ep)

where S, is the calibration factor (Wm™? pV-'), E;, E, are heat flux transducer signal
outputs (uV), T, and T, are the temperature of the upper and lower plates,
respectively, and c is the thermal conductance of the reference material (Wm?2K™),

given as:

_ KRef Equation 99

XRef

Here, kr.r and xgs are the TC and thickness of the standard material, respectively.
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It is crucial to maintaining the mean temperature and the plate temperature equal to
those used in the calibration process [313]. The calibration factor is used to calculate

the TC of the test sample ( ki) as:

Xtest Equation 100

k =S.q E ——
test cal (ATtest)

where E is the total signal output of the heat flux transducers, X 1S the thickness of

the specimen, and AT, is the temperature difference across the specimen.

3.7.4.2 Transient methods
Non-steady state or transient methods are applied to determine thermophysical
properties using transient sensors. In transient heat conduction, the temperature field
T(x, t), is in a one-dimensional geometry, and dependent on the location (x) and time
(t) as [291]:
0T 02T Equation 101
ot Y ox?
Here, a is the thermal diffusivity (m?s™!), which can be estimated from the specimen
thickness and the time required for the temperature rise to reach a percentage of its
maximum value. The TC (k) is given as a product of the density (p) and the
thermophysical properties (a C,) as:

k=a Cp p Equation 102

Where C, is specific heat (J kg'K™!), these measurements can be made more quickly
than for steady-state techniques. However, transient methods usually give lower
accuracy and require more complicated data processing. The main transient techniques

include laser flash and hot-wire methods [309].

Laser flash method

The most commonly used method for measuring solid thermal transport properties is
the laser flash method. The method can be used for a wide range of temperature and
TC. The concept of the laser flash method is based on heating a small disk specimen,
which is placed in a vacuum furnace, by a low laser beam on the front side of the
sample, and on measuring the temperature change at its rear side [291, 309, 314].

Figure 69 shows the schematic and theory of this method.

106



Laser power Temperature
[ 4

5 ms—
o 500 psfe 5 ms—10s

Time L4T7] Time

Radiation
Laser Furnace Specimen thermometer

Figure 69: Schematic design and principle of laser flash method [291].

Under the adiabatic condition, the thermal diffusivity is calculated from [314]:

d? Equation 103
a=0.1388—
ti o

where d is the thickness of the specimen (~2mm), and t; , is the time needed for the
rear specimen surface to reach half of the maximum temperature after pulse heating,

as shown in Figure 69. In order to obtain the TC, the specific heat (C,) of the test

sample can be measured using a differential scanning calorimeter.

3.8 Thermal analysis

In materials science, the term thermal analysis is concerned with any method involving
characterisation of material as the temperature is changed or maintained under
controlled conditions [315]. Several techniques of thermal analysis are used to analyse
and study solids (e.g. porous solids), and these are differentiated from each other by
the property that is measured [275]. For the characterisation of sol-gel based materials,
the most frequently used methods are thermogravimetric analysis (TGA) and
differential scanning calorimetry (DSC). These techniques can be employed in the
field of aerogels to determine their degradation, glass transition temperature (Ty),
specific heat, and other properties [316]. The coinciding applications of TGA and
DSC, or any other technique to the same specimen in a single apparatus, can be referred
to as a simultaneous thermal analysis (STA).In STA, the test conditions are ideally

uniform for DSC and TGA (or another technique) signals [275].
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3.8.1 Differential scanning calorimetry

With DSC, the difference in the amount of heat required to increase the temperature
of a specimen being analysed and reference material is measured as a function of
temperature. In this technique, the physical changes within the sample are monitored
and recorded over time. A test sample undergoes physical transformation such as phase
transition, which can be observed as an additional or reduced heat amount to flow to
the sample than the reference in order to retain both at the same temperature (Figure
70). The output DSC systems output represents the amount of this additional heat [275,
291].

- \ /
R“"““‘i 2o

Figure 70: Heat flow DSC principle [291, 317].

Measured Heat flux

The DSC measures the difference between heat flow into a sample, and the heat flows
into a reference inert sample. The net heat flow rate (Q") is given as [291, 318]:
Q= dQ Equation 104
dT
This proportional difference in the heat flow rate (Q') is caused by the difference in
temperature (AT) between the sample and the reference. The extent of the heat flow
rate can be expressed as a function of thermal resistance (R) using Fourier’s law for
heat conduction [318, 319]:
Q = AT/R Equation 105
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When a solid specimen melts to a liquid, it will require more heat to raise its
temperature to the same extent as the reference, which due to the endothermic phase
transition from solid to a liquid, where heat is absorbed. Similarly, less heat is required
to increase the sample temperature as it undergoes exothermic processes (e.g.,
crystallisation). By monitoring the difference in heat flow between the sample and
reference, DSCs are capable of measuring the amount of heat absorbed (endothermic
transition) or omitted (exothermic transition) during these phase transitions. DSC may
also be applied to observe other physical changes such as glass transition temperature,
the heat of fusion, and kinetics of reactions. As the temperature of a molten polymer
is decreased, it reaches its glass transition temperature (Tg) at some point. At the Ty,
the mechanical properties of the polymer change from those of an elastic material

(rubber) to those of a glassy [102, 275, 320, 321].

Figure 71 shows the most frequently transitions obtained from the DSC measurement.
A plot of heat flow either exothermic (Exo) or endothermic (Endo) as a function of the
sample temperature. For example, in thermoplastics (e.g. polyethylene), the most of
these transition temperature could be detected, while in the thermosets (e.g. RF gels)

the glass transition, curing, and decomposition temperatures could be observed [319].

In DSC measurement, both a transition temperature and a heat of transition can be
determined. The transition temperature can be derived from the extrapolated onset
temperature, while the enthalpy of transition is determined from the peak area of the
heat flow curve. There are two modes of DSC instruments: Heat flux DSC and power-
compensated DSC. The heat flux DSC is based on the measurement of the difference
in heat flow rate to, as mentioned above. There are two different design principles of
the heat flux DSC type, these being disk-type and cylinder-type DSC systems. In the
power compensation DSC, the sample and the reference are heated separately in two
micro-furnaces according to a given temperature programme. The difference in
temperature between these micro-furnaces is measured and controlled to acquire the
same profile of temperature versus time. This instrument type is also based on

measuring the heat flow rate difference [291, 321].
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Figure 71: Schematic of typical transitions in DSC curve [275, 319].

DSC method is also widely used to determine the specific heat or heat capacity (C,)
of materials. The specific heat is the total heat required to raise the temperature of a
unit of mass of a material by 1 K. It is a property of the material that indicates its ability
to store heat at constant pressure. Specific heat can be derived from the heat flow and

heating rate [320]:

heat q Equation 106
Heat flow =——= —
time t

and:

. AT Equation 107
Heating rate = e

where AT is the change in temperature. The specific heat can be obtained as:

Co = (q/0/(AT/D) = AiT Equation 108

At constant Cp for a material, over a range of temperature, the plot of heat flow versus
temperature will be a straight line with a slope of zero, as shown in Figure 72. While,
at a constant heating rate, the distance between the line and the x-axis would be
proportional to the heat capacity. If the heat is plotted against temperature, then the
heat capacity is obtained from the slope [320]. The specific heat measurement is

usually conducted at adiabatic conditions [291].
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Figure 72: Plot of heat flow against the temperature for a system with no change [322].

As the sample properties, the temperature, heating rate, sample holder and pans are
critical parameters for reliable DSC measurements, and it is essential to calibrate the

instrument at conditions identical to those for actual measurement [318, 319, 321].

3.8.2 Thermogravimetric analysis

TGA is one of the most common tools for thermal analysis. It is applied to measure
the amount and rate of change in mass of a sample as a function of temperature or
time, under a regulated temperature programme, in a controlled environment (e.g. air,
nitrogen, or argon). TGA is used to evaluate and characterise the materials that reveal
mass loss or gain as a result of their decomposition, oxidation or impurity content [275,
291, 323]. Mass losses can be classified as volatile components that typically evaporate
at a temperature range of 298-573 K, such as absorbed moisture, remaining solvents,
low-molecular-weight additives or oligomers, residual reactants, reaction
intermediates and by-products; for example, phenolic resins have been characterised
by mass loss and volume change during thermal decomposition; the small mass loss
(1-2%) at 573 K, which has been ascribed to the release of water and unreacted
compounds (phenols and formaldehyde) trapped within the material structure. Mass
losses also involve the generation of volatile degradation products resulting from the

chain scission that generally require temperatures between 473 K and 1073 K.

Typical applications of this method involve analysis of thermal stability, oxidative
stability, extent cure, moisture and volatile content of materials such as polymers [275,
316, 324]. The combination of the TGA and DSC allows acquiring the simultaneous
TGA-DSC measurements for the sample. In the TGA-DSC, the heat changes can be

correlated with the mass variations [317].
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4 Methodology

This chapter describes the various experimental techniques and methods used to
manufacture RF impregnated blankets. Beginning with the preparation of an RF sol,
on through the subsequent procedure to create an RF xerogel or RF blanket products.
Furthermore, the different characterisation and measurement techniques required to

study the core material properties are also detailed.

4.1 Sol-gel synthesis of RF xerogel

Altering the critical processing parameters has significant effects on the final textural
characteristics of the RF xerogels, so it was essential to making various samples
(specimens) at different compositions. These formulations can be categorised by the
type of an individual variable to construct several comparison criteria. All synthesis
processes used in this study were based on the same basic sol-gel route with slight
variations, as required, allowing investigation of the effects of changing specific

parameters.

4.1.1 RF hydrogel formation

Standard RF hydrogels were synthesised via polycondensation of resorcinol (R) with
formaldehyde (F) according to the method proposed by Pekala (Chapter 1). A series
of samples were prepared with slight modifications as adopted in previously
established works [112, 325]. It is essential to verify consistency between the samples
made during this study, to allow a proper comparison with those prepared by other gel
makers either working within the broad research group or the published works in the

open literature.

4.1.1.1 Nomenclature for hydrogel samples

Preparation of several gel formulations requires the standardisation of a sample
identification (sample ID) system. The sample ID could potentially contribute to the
reliability and uncertainties of the obtained results by reducing the errors associated
with sample measurements. Thus, before performing these experiments, a defined
naming practice was implemented; which took the form of X R/C R/F Y Z, where
X is the metal carbonate species used as catalyst, R/C is the resorcinol to catalyst ratio,
R/F is the resorcinol to formaldehyde ratio, Y is the solids content percentage

(weight/volume %) of reagents (R+F+C), and Z is the date of preparation of the RF
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hydrogel. For example, Na;CO3 300 0.5 20% 14/10/16 would indicate an RF
hydrogel produced on 14" October 2016 using sodium carbonate as a catalyst, at an
R/C of 300, 0.5 is the molar ratio of resorcinol to formaldehyde, while the solids

content is 20 w/v %.

4.1.1.2 Parameters and composition

As previously mentioned in Section 4.1, different series were allocated for processing
the RF hydrogels. Each series was based on changing a critical variable, while all other
parameters remained constant. For instance, to investigate the effects of catalyst
concentration on the final gel properties, the R/C molar ratio was altered, while R/F
molar ratio and solids content were kept constant at a chosen metal carbonate, 0.5, and
20 wt.%, respectively. When synthesising the RF xerogel, a fixed volume of 60 ml
solvent per sample was used to prepare all hydrogels. This amount allows the total
solids mass and individual masses of each solid required to be calculated, using the
information on the molar ratios of the reactants and the solids content percentage.
Table 8 depicts the method employed to estimate the composition of each formula for
the hydrogel synthesis, using NaxCOs at R/C of 200 as an example; (solids content of
20 wt%, and R/F of 0.5). Other series compositions used are shown in Appendix A.

Table 8: Hydrogel parameters for Na,CO3; 200 0.5 20%.

Equivalent Equivalent Percentage Required

Moles Mass (g) solids % Mass (g)
Resorcinol 1 110.11 64.5079 7.7409
Formaldehyde 2 60.0524 35.1817 4.2218
Catalyst 0.005 0.5299 0.3104 0.0373
Totals 170.6923 100.0000 12.0000

According to the previous works [112, 325-327], in this table, the actual mass of
resorcinol (R) is used as a basis from which to calculate the exact masses of

formaldehyde (F) and the selected catalyst (C) as:

(mass % of F xactula mass of R) Equation 109

Mass of F(g) = mass % of R
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(Mass % of C xactual mass of R) Equation 110
mass % of R

Mass of C(g) =

Formaldehyde was used as received from the supplier, as an aqueous solution
(formalin) containing 37 wt% formaldehyde and 10-15 methanol as a stabiliser. As the
density of formalin is 1.09 g/l, the corresponding volume of formalin was calculated

using:
1 ml Formalin =1.09 g Formalin=37 % %1.09 =0.4033 g Formaldehyde
Volume of Formalin required (ml)=mass of F(g)/0.4033
The density of formaldehyde is 0.815 g/ml, therefore:
Volume of F in Formalin (ml) = mass of F/0.815

Water and methanol (H,O/MeOH) constitute the remaining volume of formalin

solution, therefore:
Volume of H,O0/MeOH (ml) = Volume of Formalin required-Volume of F in Formalin

The volume of water and methanol in the formalin contributes to the total volume of
solvent required for gel preparation, so the required amount of deionised water to give

the desired total volume of solution is, therefore given by:
Volume deionised water (ml) = total volume of solvent -Volume of H,O/MeOH

Table 9 illustrates the values calculated for the reactants required to produce a

NaCO;_200 gel, as previously outlined in Table 8.

Table 9: Reactants and solvents quantities required for Na2CO3 200 0.5 20% hydrogel formation.

Reactants and solvents Volume" (ml)
Formalin 10.47

Due to Formaldehyde 5.18

Due to water/methanol 5.29
Additional deionised water 4.71

"Calculations are based on Table 8 (Formaldehyde quantity)

These calculations were repeated for all hydrogels prepared in this study, with details

presented in Appendix B.
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4.1.1.3 Hydrogel preparation

Based on the selected parameters for the specific gel to be synthesised, the appropriate
mass of resorcinol [white chips] was first added to 50ml of deionised water into a clean
500ml sealed-glass jar. A magnetic stirrer bar was placed into each jar, and by using a
magnetic stirrer plate, the solution was stirred to dissolve the resorcinol. The required
mass of a catalyst was accurately weighed into an antistatic weighing boat. After the
resorcinol was dissolved, the catalyst then added to the mixture in the jar with
continued stirring. Once the complete dissolution of the solids was achieved, the
additional deionised water and the required volume of formalin were added to the jar,
which was firmly sealed and the reaction mixture allowed to stir for 30 min to ensure

proper mixing. All reagents are outlined in Table 10 and were used as received.

Table 10: Reactants and metal carbonates (catalysts) used for hydrogel preparation in this study

Catalyst Formula Description

Resorcinol CsHeO2 Merck, ReagentPlus 99 %
Formaldehyde CH,O Merck, Formalii}:)}ﬁi Bg/turtril(é?hzzl"o/i)(stabilized with
Sodium carbonate Na,COs3 Merck, ACS anhydrous, 99.5 %
Potassium carbonate K>CO;s Merck, ACS anhydrous granular, 99.99 %
Sodium hydrogen carbonate =~ NaHCO; VWR, granular

Potassium hydrogen

KHCO; Merck, ACS reagent granular, 99.7 %
carbonate

During this period (30 min), a Hanna Instruments pH20 benchtop pH meter equipped
with a HI 1110-B pH electrode probe (Figure 73) was calibrated using buffer solutions
(Fluka Analytical) of pH 4 and pH 7. After 30 min mixing, the stirrer bar was removed
from each jar, and the initial sol pH was measured and recorded. The jar was resealed,
and subsequently placed in an electric oven (Memmert ULE-500), preheated to 85 £ 5
°C, for three days.
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Figure 73: Hanna instruments pH Benchtop Meter [328].

4.1.1.4 Gelation and curing

As the RF reaction solution was heated up to 85 + 5 °C, it could potentially lose its
fluidity during the reaction phase. In this stage, the gelation point was determined for
the sol-gel based on its composition. Gelation time for each sample was determined
visually by tiling the jars to a 45° angle at preselected time intervals with continued
heating in the oven [38, 92, 113]. This tilting was conducted at first intervals dependent
on the solids content and R/C. For example, low R/C ratios require shorter gelation
times, hence, shorter intervals. However, as the sample approached the gelation point,
and its viscosity started to increase, these time intervals were decreased to ~ 30 s for
all conditions [325]. Gelation was determined to have occurred when the viscous fluid

transformed into an elastic solid.

4.1.2 Solvent exchange for synthesised hydrogel

As previously described (Section 1.4.3), extraction of the water trapped within the
cured gel structure, and its replacement with another solvent of lower surface tension,
will reduce shrinkage and collapse during drying. The solvent used for this process in
this study was acetone, because of the combination of low surface tension and
relatively low cost, as well as its pervasive use within the open scientific literature.

Using this solvent allowed a greater comparison to RF gels prepared in other studies.

After three days, the cured hydrogels were removed from the oven and allowed to cool.
Once cooled, any extra water was drained from the bulk material, and the monolithic
hydrogel was cut into several chunks. A100ml of acetone (VWR Chemicals, ACS

Reagent, > 99.8 %) was discharged into the jar to initiate the exchange process. The
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gel was shaken briskly for a few minutes. Subsequently, the waste acetone was drained
off and replaced by a further 120ml of fresh acetone and the jar resealed. The solvent
exchange process was performed via daily replacement of any extracted water with
pure acetone for at least three days. The contaminated acetone was managed as a waste

material according to local safety regulations.

4.1.3 Drying of wet RF gel (RF xerogel synthesis)
Subcritical drying was implemented to produce RF xerogels, due to the simplicity,

cheapness, and reduce time requirements of this process.

Once the solvent exchange process was complete, the gel system was removed from
the shaker, the jar was unsealed, and the acetone drained off. A piece of aluminium
foil was to cover the open jar, and several holes pierced in the foil. The jar was then
placed in the chamber of a vacuum oven (Towson and Mercer Vacuum Oven 1425-2),
with connected Vacuubrand MZ 2C NT vacuum pump. The samples were heated
under vacuum to 85 °C, while two solvent traps containing ice-water were used to
condense the acetone vapour released from the chamber. The solvent traps were
checked at regular intervals and emptied as required. For safety purposes, the oven
was cooled down and held at full vacuum overnight, whereafter the gels were heated
to 130 °C for the second day to ensure more significant removal of acetone from the

porous network.

Once the drying cycle was complete, the samples were taken out from the vacuum
oven and transferred to labelled vials for further analysis and characterisation. To

donate that the sample had been dried, D was added to the sample ID.

4.2 Fabrication of RF xerogel blanket

In thermal insulating applications where excellent mechanical properties are required
alongside the intrinsic properties of the material, RF xerogels can be combined with
reinforcements to enhance these features. Processing of RF xerogel blankets is
analogous to the concept of fibre-reinforced polymer (FRP) composites, which are
composed of fibres (e.g., glass fibre, wool, polyester) embedded in matrix materials
(e.g., silica aerogel, phenolic resins, epoxy) to ensure that the composite material

exhibits a consistent performance. There are several methods for manufacturing FRP
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composites, including hand lay-up, filament winding, moulding, and pultrusion [316,

329, 330].

Coronado et al. invented a practical method to produce a flexible aerogel blanket
[331]. This patented technology, as shown in Figure 74, relates to the fabrication of
aerogel type insulation where the aerogel reaction solution (inorganic, organic, or
hybrid) is moulded with fibres and allowed to gel. Subsequently, the wet gel-fibre
structure is processed by supercritical drying or conventional air drying. Similarly, an
RF xerogel blanket combines RF gel with reinforcing fibres to produce a high

performance, simple to handle insulating material.

Figure 74: Fabrication steps of a flexible aerogel composite [331].

4.2.1 Reinforcements for RF-based blanket

Once a composite (RF blanket) undergoes a special force, the matrix (RF xerogel)
transfers the load to the reinforcing material via the interface. The critical function of
the reinforcement is to convey the load along its dimensions. The criteria applied to
select the type, amount, thickness and other properties of the enforcing agent depend

on the matrix characteristics, and the desired application [316].

Nonwoven fabrics are well-known as reinforcements, due to their light-weight, high
porosity, low-price, chemical resistance, and mechanical properties [332]. The most
commonly utilised nonwovens used as reinforcing agents include glass fibres, carbon

fibres, polyethene terephthalate (PET), etc.
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4.2.2 Hydrogel-fibre composite preparation

The reaction solution of resorcinol-formaldehyde was prepared as previously
described in Section 4.1.1.3 (hydrogel preparation) but for a larger total reaction
volume of 180 ml. A non-woven fibrous PET mat (Figure 75) received from Cytec
Process Materials Keighley (Breather fabric type AB10) was used in manufacturing
the blankets.

Figure 75: PET mat (AB10) from Cytec.

The desired size of the PET mat (180 mm x 180 mm % 6 mm) was prepared for RF
blanket fabrication. After 30 min mixing was achieved for the RF solution (see Section
4.1.1.3), the volume of 180 ml of RF solution was made from three separate jars. The
PET mat was transferred into a square silicone mould and then placed in the
polypropylene (PP) container. The obtained RF mixture was poured into the mould,
impregnating and covering the PET fibre, then the PP container was tightly closed and
placed in the oven to gel and cure at 85 °C for three days. Figure 76 illustrates the main

steps of hydrogel-fibre composite preparation.
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Figure 76: Hydrogel-fibre composite preparation steps.

4.2.3 Hydrogel blanket nomenclature

According to the composition of the RF sol, the resulting hydrogel blankets were
categorised into different series. The first group was based on an altered R/C ratio with
constant solids content and the R/F ratio of the RF gel. The second set correlates the
RF sol prepared at different solids content at constant R/C and R/F ratios, while the
third series involved RFgels synthesised at different R/F ratios with constant solids
content and R/C ratio. The nomenclature of hydrogel blankets is similar to that
established for the RF hydrogels, but the abbreviation of the fibre (i.e. PET) was added
to the label.

4.2.4 Solvent exchange for hydrogel-fibre blanket

After the three-day incubation (gelation and curing) period, the samples were removed
from the oven and allowed to cool to ambient temperature. Then, the obtained hydrogel
blanket was transferred from the mould to a second PP container. The workpiece was
soaked in 4 times the gel volume of acetone (Figure 77), after which, the container was
sealed completely. The indicated volume of acetone was replaced every day with a
fresh solvent for three days. It is essential to remove the lower surface of the workpiece

during the solvent exchange process to attain a smooth surface of the final product.
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Figure 77: Photograph of an RF hydrogel blanket undergoing solvent exchange.

4.2.5 Subcritical drying for the wet blanket

Following the solvent replacement step, the wet workpiece was placed on the stainless
steel plate to avoid the adherence of the gel material to the plate material and
maintaining regularities on the surfaces. After that, it covered by punched aluminium
foil to reduce the rapid removal of solvent from the hydrogel blanket. Subcritical
drying was carried out in an oven chamber under vacuum at 85 °C for the first day.
The process was paused overnight, as mentioned above. In the second day, the
temperature was increased to 130 °C, again under vacuum. Finally, the dried RF
blanket was removed from the oven chamber, and packaged in a labelled plastic bag

and D added to the naming code.

4.3 Structural properties analysis
Structural analysis of solid materials is commonly performed using a variety of gas

adsorption, spectroscopic and microscopic techniques [275], as outlined below.

4.3.1 Surface area and porosity measurements

Textural properties of the synthesised materials (RF gel and blanket) were determined
by the analysis of nitrogen adsorption/desorption isotherms. In this study, nitrogen
sorption isotherms were measured at — 196 °C (77 K) using a Micromeritics ASAP
2420 Surface Area and Porosity Analyser (Figure 78). The analysis theories described

previously (Sections 3.3.2 and 3.4.1) were applied to characterise these materials.
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Figure 78: Micromeritics ASAP 2420 surface area and porosity analyser [333].

BET specific surface area was estimated from nitrogen-adsorption isotherms. The total
pore volume was determined from the volume of N> adsorbed at the highest relative
pressure (~ 1.0). In contrast, the pore size distribution was obtained by applying the
BJH model to the desorption branch of the isotherm. The t-plot method and the

Harkins-Jura model were used to analyse the microporosity of each sample.

Prior to analysis, all samples were pre-treated to remove any adsorbed impurities,

which would affect the accuracy of measurements.

4.3.1.1 Samples degassing process
As the surface of the analysed material could be contaminated with residual acetone

or moisture, it was essential to subject the samples to additional heating under vacuum.

Approximately 0.5 g of the gel sample was accurately weighed into a sample tube. The
tube was then fitted and secured to a degassing port on the ASAP analyser. A heating
mantle was wrapped around the bulb of the sample tube, ensuring that the internal
thermocouple was in contact with the glass tube. Moreover, to prevent the heating

mantle from moving during this process, it was held in place with a clip. The degassing
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process involved initial heating of the samples to 50 °C while reducing the pressure
first from atmospheric to 5 mmHg, followed by a further decrease to 10 pmHg. Once
this pressure was achieved and maintained, the samples were held at 50 °C for 30 min

before heating to 110 °C and holding for 120 min.

Upon completion of the degassing cycle, the treated samples were cooled to ambient
temperature and backfilled with the analysis gas (N2). However, inadequate degassing
could lead to insufficient removal of impurities from the surface of the material,
resulting in an apparent reduction in the surface area, and potential filling or blocking

of pores within the gel structure.

4.3.1.2 Nitrogen physisorption analysis

Upon termination of the backfilling, the sample tube was removed from the de-gas
port and reweighed, with the value recorded. The liquid nitrogen level in the cooling
dewar was checked to ensure that it met the required criteria for analysis. A volume
displacement glass rod was inserted into the analysis tube (see Figure 79), and an

isothermal jacket was attached over the sample tube neck before the whole assembly

B

Figure 79: Glass sampling tube with a volume displacement glass rod [334].

was and secured on an analyser port.

4

The analysis was conducted at -196 °C (77 K), using a dewar filled with liquid N to
surround the sample tube and maintain the analysis temperature. Adsorption of
nitrogen gas from the mixture of He/N, was considered for 40 steps between the
relative pressures of 0.01 — 1.0, followed by 30 steps of desorption, performed in the
relative pressure range of 1.0 — 0.1. The measurements were repeated three times for

each sample with the disposal of a tested material after each analysis trial.
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4.3.2 ATR-FTIR analysis

As seen in the theory section (Section 3.5), the infrared (IR) spectroscopy is a dominant
tool to characterise the surface of the materials (functional group identifying). The
challenge with this technique is the spectral interpretation, although, is that with
various of known functional groups that absorb IR radiations at the mid-infrared region
and the resultant broad ranges of peaks, it becomes difficult to understand what peaks
correspond to what functional groups. Subsequently, the right process is followed; the

IR spectra can be interpreted successfully.

The spectral interpretation depends on the quality of the spectrum obtained during the
experimental work. There are some features of a remarkable IR spectrum (Figure 80)
involving low noise, inconsequential or no baseline offset, a plane baseline, lack of

spectral artefacts, and peaks on the scale [335].
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Figure 80: An example of good IR spectrum [335].

The too-large noise level in the spectra reveals that more scans need to be carried out
or repeating the sample preparation process. The distance from the spectral baseline to
the zero of the intensity scale is referred to as baseline offset. The spectrum baseline
should be as near to zero as possible; however, running a plain background spectrum
could overcome this issue. The IR spectrum peaks should be in a range of 0 to 2
absorbance unit or, 10% to 90% transmittance. Off the scale, peaks require a reduction
in the depth of penetration (a high-refractive-index material for the ATR crystal and a
high incident beam angle are used) or sample concentration. The spectral artefacts are
peaks not originated by the sample. Water vapour and CO; peaks are the most common
types of artefacts prevailing in the IR spectra. These peaks can also be minimised by

running plain background scan (no sample in the path). The system memory then stores
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the background spectrum. After that, the system subtracts the background spectrum
from the sample determined spectra, to remove these artefacts peaks. Cleaning the
surface of the ATR element and purging by nitrogen can also be used to reduce the

effects of artefacts [271, 272, 285, 287, 335].

ATR-FTIR measurement can be conducted under severe conditions (high pressure,
temperature, or corrosive environment). Most of the internal reflection elements (ATR
crystals) cannot tolerate these conditions, for example, the zinc selenide (ZnSe)
crystals exhibit a low absorbance at wavenumber less than 1000 cm™ (wavelengths
>10 um), but they are not resistant to scratches. Therefore, the design of the ART
crystals has been modified to overcome these disadvantages (e.g. coating the ZnSe

with a thin film of a diamond)[284, 288§].

4.3.2.1 IR Sample preparation

Dried xerogels and unreacted solid samples were ground into fine powders before
performing the FTIR measurement. The solid sample was placed into a mortar which
was carefully ground by a pestle (Figure 81), to uniform particles approximately.

While the liquid sample was transferred directly into the measurement cell.

Figure 81: Agate mortar and pestle used in solid samples preparation [336].

4.3.2.2 Methodology

Prior to commencing measuring IR spectra of the samples, it was essential to collect
the background spectrum with no sample (clean ART crystal, sample holder, cell etc.)
in the beam path. This background spectrum could be a convenient indication of the
cleanliness of the ATR crystal; absorbance line close to zero (transmittance line of

100%) should be acquired with no spectral attributes.
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Determination the nature of the functional groups (chemical bonds) present on the
surface of the analysed materials, the IR spectra were recorded over the range 4000 —
600 cm™!, using FTIR ABB MB3000 spectrometer (see Figure 82). A small spatula
was utilised to transfer the powder onto a single reflection diamond crystal on the
spectrometer, in which the IR spectra were collected. It was crucial to maintain good
contact between the sample and the crystal surface in order to ensure the occurrence
of total internal reflectance. For the practical purpose, the ATR accessories include a
clamp to apply pressure on the sample. The IR analysis was performed on a small

amount of each selected dried gel.

Figure 82: FTIR ABB MB3000 Lab spectrometer (used in the study)

The sample was scanned 32 times with a detector resolution of 4 cm™'. The signal
strength value should be set to below 85%, which can be optimised by adjusting the
detector gain value. For solid samples, the air set as background, while de-ionised
water used for liquids. All measurements were performed at room temperature. The
sample was irradiated, and the reflected beam was then transformed into an absorbance
or transmittance, which was presented as a function of the wavenumber. The data
collected and processed using the Horizon MB FTIR software, in which the baseline
correction can be applied for multiple points.

Baseline correction is mainly used to encounter the baseline problems such as offset

from zero, sloped spectrum, and curvature [272].
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4.3.3 SEM imaging

Selected RF gel and RF blanket samples were examined via SEM to investigate the
surface morphology, structural properties, and the interaction between the RF gel and
the fibre (PET). A Keysight 8500B Field-Emission Scanning Electron Microspore was
utilised (Figure 83), run at 1000 V at different magnifications of 450, 900 and 1300.

AV KEYSIGHT

Figure 83: Keysight 8500B field-emission scanning electron microscope.

The cross-section of the sample was attached to the aluminium stubs with carbon tape
and coated with 20 nm gold layer using a Leica EM ACE200 sputter coater (Figure
84) before analysis. Such a coating can enhance the conductivity of the sample because

imaging can be affected by surface charge.

Figure 84: Leica EM ACE200 sputter coater.

Upon the completion of the coating, the vacuum was switched on, and an incident
electron beam hit the sample allowing surface morphology to be investigated. SEM

images were recorded in secondary mode.
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4.4 Thermal conductivity measurements

There is no particular measurement method to determine all thermal conductivity (TC)
of porous materials. The physical properties, and other factors, mainly restrict the
accuracy of any method used. The selected TC measurement technique has to be
chosen based on sample sizing and shaping, applicable temperature range, and
appropriate TC range as shown above (Section 3.4.6 ), because a material with low
thermal conductivity such as silica aerogel or RF gel requires different techniques than
for the high conductivity materials. The methods must be approved and defined in
order to analyse the thermal behaviour of the materials. During this study, different
techniques were used to determine the thermal conductivity of both RF gels and RF

blankets, which are based on the criteria mentioned above.

The crucial factors in selecting the appropriate TC measurement method were the

sampling requirement and the minimum TC value that could be measured.

4.4.1 Determination of RF xerogel thermal conductivity

For TC measurements, it is difficult to obtain RF xerogels of sizes compatible with
specific measurement techniques, due to the brittleness, cracks, and shrinkage of these
materials. Therefore, steady-state methods would not be applied in this case. Thus, the
thermal conductivity, k, for the RF gel was calculated using the thermophysical
properties, thermal diffusivity (a), specific heat capacity (C,), and bulk density via
Equation 102:

k=aCp,p

Thermal diffusivities were derived using laser flash analysis (LFA) under argon, using
a Netzsch LFA 427 (Figure 86). According to ASTM 1461 [337], the required sample
is a thin circular disc with a front faced area less than that of the laser beam. Typical
sampling sizes are of 10 to 13 mm in diameter, and the thickness can range are between
1-6 mm (as an opacified material, a thickness of less than 2 mm was used during this

study).

As previously described (Section 4.1.1.3) after mixing all raw materials on the
magnetic stirrer plate for 30 min, RF sol samples were transferred into different size

glass culture tubes and placed in the oven to gel and cure at 85 = 5 °C for 72 h. The
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moulded hydrogel was cut manually by scalpel into discs, with a thickness between 3-
8 mm, and then immersed in fresh acetone for three days, changing the spent acetone
with fresh solvent daily. The gel discs were placed in the vacuum oven and dried using
the same procedure illustrated above (Section 4.1.3). Figure 85 shows the preparation

steps of disc-shaped RF gel samples.

! | :‘ i i !f.

Figure 85: Preparation of disc-shaped RF gel samples for LFA.

With relatively low R/C ratios of 400, the dry disc-shaped RF xerogels with 12.7-13
mm diameter were carefully polished into smooth surface discs with thickness 1.5-2
mm; the sample was then sandwiched between two aluminium square plates and
coated with a thin layer of POCO Graphite spray on both sides. A thin coat of graphite
is applied on the sample surface, in order to enhance the absorbance of the flash energy

used in this technique [338].

At the high R/C ratios, samples were ground into powders, because of that, the gel
structure is weak, so it is difficult to form into a disc-shaped sample. The gels at high
R/C ratios could absorb the glue material used for attaching the sample to the
aluminium plate. Before commencing the analysis of any material, it is crucial to
calibrate the device by testing one or more materials of known thermal diffusivity. The
importance of this calibration is to verify the performance of this apparatus. However,
calibration is affected by issues such as non-uniformity of the sample thickness during
surface polishing, which disturbs the heating process through the tested material. Also,
the presence of trace solvent within the gel structure contributes to uncertainties in the

obtained diffusivity of the RF gel; hence, the final thermal conductivity.
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Figure 86: Schematic of RF gel sample loading to Netzsch LFA 427

Heat capacities were measured using Differential Scanning Calorimetry (DSC) under
nitrogen using a Netzsch STA 449F3 thermal analyser (Figure 87). As the specific heat
capacity is a quantitive measurement of energy as a function of temperature, it was
essential to perform a calibration of the device before sampling. The most common
methodology applied for acquiring the specific heat capacity by DSC measurement is
a continuous heat flow method [318, 339]. It is essential to ensure that the weight,
temperature and enthalpy have been calibrated before commencing the DSC

measurements.

The heat flow rate of the zero baselines (®o) was firstly determined by conducting
measurement, using two empty and pre-weighed alumina (Al2Os3) crucibles in the
sample (front) and reference sides, as shown in Figure 87. These crucibles should be
equal in weight and covered with lids, and the chamber was then closed to begin the
measurement. As the isothermal heat flow at the initial temperature (Tin;) had been
constant for at least one minute, the temperature programme could be performed from
2510 200 °C (289 to 573 K) at the heating rate () of 10 °C min-1 under a dry nitrogen
gas flow (10 to 50 = 5 mL per min). The scanning was carried out from the initial
temperature to the final temperature (Trinal). The Trinat Was also subjected to isothermal
heat flow rate before ending the temperature programme. The zero baseline reveals the
probable irregularity in the DSC. Calibration of a reference substance (Cal) of known
specific heat capacity (Ccal) was placed into the sample crucible. In contrast, the
crucible in reference side remained empty as in the zero baselines. The Heat flow

calibration (®ca) was performed using synthetic sapphire (a-aluminium oxide;
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alumina) with a mass of meca as a standard material. The probes were heated the same
as in the experimental procedure for the zero baselines; the following equation can be
used to describe the process [340]:

Ceal Mcqy B = ch(T) (Cbcal — CDO) Equation 111

where K4 (T) is a temperature-dependent calibration factor, and m,; is the mass of

Sapphire (mg).

Figure 87: Schematic diagram showing sample (front) and reference sides in the STA analyser [341].

For RF gel samples, a weighed sample (mg) was placed on the sample crucible (s), the
heat flow rate can be expressed as [340],

Cs mg B = Ko (T) (Pg — D) Equation 112

By comparison of two identical heating rate performed for the sample and reference

material (Sapphire), the specific heat capacity of the sample ( Cg ) is given by:
Meq Ps— Dy Equation 113
mg chal - cI)0

Cs = Cear

All three measurements were carried out under identical conditions, and masses of
approximately to 10 £+ 0.5 mg were used. For optimum results, it is necessary to ensure

good thermal contact between the sample crucible and heat-flux sensor. Issues such as
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sensor contamination, uncleaned pans, and improper position of the sample in the

crucible have a significant impact on the accuracy of the DSC measurements.

4.4.2 TC measurements for RF xerogel blanket

For RF blankets, the thermal conductivity measurements were directly performed in
air at atmospheric pressure using an HFM 436 Lambda heat flow meter (Figure 87)
from Netzesch, housed within the Advanced Materials Research Laboratory (AMRL)
at the University of Strathclyde. The validity and performance of this apparatus had
been confirmed by testing reference materials of well-known thermal conductivities
using the same conditions applied to the RF blankets. The accuracy of this apparatus

is in the range of 1 —3%.

The tested blanket (180 x 180 x 6 mm) was inserted between the two plates of the
apparatus, the temperatures of the upper and the lower plate were held at 30 °C and 10
°C, respectively. The heat flux transducer measured the heat flow created by this
temperature difference. Prior to the measurement, the pre-defined parameters such as
applied compression and heat flux sensor calibrating conditions were imported into
the system. The TC measurement was repeated until the status result of the HFM
displayed Fine. At this point, the measurement was terminated, and the thermal

conductivity was recorded.

W]

Figure 88: Heat flow meter HFM 436 Lambda AMRL at the University of Strathclyde

It is essential to test the RF blanket under the same conditions applied to those of super-

insulating materials to attain a proper comparison.
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4.5 Density measurements

For the RF gels, gas displacement pycnometry was used to determine the skeleton
density as described above (Section 3.4.3). Densities of selected samples were
measured using a Quantachrome MicroUltrapyc1200e pycnometer (Figure 86). The
RF gel was subjected to a degassing process before performing the density
measurements in order to remove any residual moisture from the gel structure. The
empty sample cell (1.8 cm?®) was weighed, filled with small sample pieces ( ideally at
least % of the cell volume), and re-weighed to calculate the actual sample weight. The
sample cell was then placed in the sample chamber and sealed with a cover. The
calibrated amount of helium was inserted, and the resulting pressure was recorded.
The pressure difference between the reference chamber (tank) and the sample chamber
was equivalently related to the volume occupied by the solid backbone of the sample
present as of the gas will diffuse into the open pores. The solid backbone volume was

calculated from Equation 65, as illustrated in Section 3.4.3.

Figure 89: Quantachrome MicroUltrapyc1200e pycnometer used in this study

4.6 Thermal analysis (TGA/DSC)

Thermal behaviour and decomposition (degradation) profiles of selected samples of
both RF gels and blankets were acquired using TGA/DSC analysis, as described
previously (Section 3.7). TGA/DSC measurements were conducted using a
simultaneous thermal analyser NETZSCH STA 449 F3 Jupiter (Figure 87) to

characterise these materials.
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The validity of achieved measurement is the most significant aspect of the TGA/DSC
operation. Regular calibrations for both mass and temperature scales are prerequisite
for the confidence data collected via this analysis technique. These calibrations must
be conducted according to the standard test methods of the ASTM. However, there are
some crucial experimental factors can influence the TGA results. Interferences in the
measurement of mass arise from three main sources: atmosphere effects, secondary
reactions, and electrical issues [323, 324, 342, 343]. TGA experimental conditions
such as temperature variations, flowing gases, and evolving gases can also affect the
accuracy of the sample mass through the bouncy effects. In the TGA, the bouncy is an
upward force on the sample caused by different factors (surrounding atmosphere
conditions) [324, 344]. Bouncy correction can be performed by running the TGA test
with empty crucibles in both sides (sample and reference) under the same experimental
conditions. Furthermore, bouncy effects can be compensated by adjusting the inert gas
flow rate on both sides identically [317, 324]. Major sources of error in The TGA are

summarised in Table 11.

Table 11: Potential artefacts affecting TGA results [324, 344].

Mass Temperature

Bouncy effects and thermal expansion (in balance) Heating rate

Condensation and secondary reactions Thermal conductivities of purge gases
Atmosphere changes Enthalpy changes

Effects of electrostatic and magnetic fields Chamber components configuration
Sudden loss of sample mass Electronic implication

Electronic implication

As mentioned above, before starting the TGA measurements, it was essential to carry
out TGA test on the empty alumina crucibles in both sides with the experimental
condition as stated below. This step is essential to encounter bouncy and baseline

issues [324].

Approximately 10 £3 mg of sample was weighed into an 85 pL alumina crucible (pan)

and placed onto a thermobalance, within the TGA. It was essential to ensure that the
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sample pieces were settled at the surface of the crucible, to minimise buoyancy during
the gas purge process. The measurements were performed under a nitrogen
atmosphere, at a constant gas flow rate of 50 mL/min on the sample, and a flow of 20
mL/min was set to protect the balance. The purge step was included to avoid oxidative
processes. The sample was heated from 25 to 600 °C ( 289 to 873 K) at a rate of 10 °C
min’!, and the mass loss behaviour was monitored at four isothermal temperatures:
100, 200, 300, and 600 °C (each temperature was held for 15 min). When the sample
undergoes a thermal decomposition involving a mass alteration, that change could be
observed by departure from the initially originated baseline of the mass record. The
isothermal temperature steps used here follow those applied by Frollini ef al. to study
the decomposition of phenolic thermosets [316]. The authors investigated the residual
curing stage between 100 and 200 °C. They indicated that the decomposition of
material began from 300 °C. While, above 600 °C, a release of the remaining

components and gases was observed.

Once the isothermal stage at 600 °C was complete, the gas atmosphere was switched
from N to air for a further isothermal step, resulting in the strongly exothermic

decomposition of all sample contents.

Figure 90: Netzsch STA 449 Jupiter F3 combined TGA-DSC instrument used in this study.

Once the analysis was complete, the system was allowed to cool down to the room
temperature before commencing a subsequent measurement. Each sample was

analysed three times, and the average values were recorded.
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Most TGA curves show the mass losses, which are typically caused by the chemical
reactions ( e.g. curing, decomposition, combustion, pyrolysis), and physical transition
(e.g. evaporation, drying, sublimation). While the mass gain can be observed as a result
of the chemical reactions ( e.g. reaction with purge gas components such as O and
CO, to form non-volatile compounds), and physical changes (e.g. hydration,
adsorption of gaseous constituents on the surface of the sample such as active charcoal)
[317]. In case of uncertain TGA effects, the DSC data can be used to gain additional

information [345].

For the quantitative evaluation of TGA data ( Figure 91), it is essential to divide the
TGA curve into step heights, in which several changes occur one after another and
sometimes partially overlap. The change in mass before and after the effect determines
the step heights (Figure 91a). The total of all steps and residue (using the air to burn
out the remaining content) at the end of the last step is equal to the original mass of
the sample (no oxidation). The limitation of the step evaluation depends on the sample

material investigated under specific conditions [345].

Mass changes produce steps in the TGA curve or peaks in the derivative of the TG
(DTG) curve. The DTG curve shows the rate at which the mass changes concerning
the temperature or time. It is a useful tool to differentiate overlapping mass loss steps,
determine the shape and maximum of mass-loss processes, and to detect the minor loss
steps. The overlapped transitions, which are observed as a tenuous slope, changes in
the TGA curve, appear more obviously (Figure 91b) shown as DTG peaks. In contrast
with the TGA curve, the DTG curve indicates more than one process, physical
phenomenon, and chemical reaction occur as the mass changes observed. It is a
sensitive measurement and provides the information on relative vaporisation rates of
the volatile components and polymer decomposition. The noise produced by this curve
is more than that in the DSC curve. Therefore, the DTG curve should not be used in

the kinetic measurement [323, 324, 345, 346].
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Figure 91: Quantitative evaluation of TGA data showing individual steps of TGA curve. Additional
DTG curve (b) showing the temperature with maximum mass loss [345].
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5 Results Part 1 — RF gel synthesised at varied parameters

Because of its foreseen contribution to various applications, it is essential to elucidate
the effects of the synthesis variables on the RF xerogel properties. Several RF xerogels
of varying solids contents, at different R/C molar ratios, were investigated. The
gelation times of standard solutions were monitored to evaluate the influence of this
parameter on the structure of the gel. The dried gels were analysed using nitrogen (N2)
sorption at — 196 °C (77 K), in order to determine the structural characteristics,
including the specific surface area, average pore diameter, total pore volume, and pore
size distribution. These results have been presented so that trends can be evaluated and
compared to those observed in the literature. IR spectroscopic analysis was performed
on the dried gel to understand the impact of synthesis conditions on the nature of the

chemical bonds present in the obtained gels.

5.1 Gelation time observation

The gelation time monitoring process was conducted for gels synthesised using sodium
carbonate catalyst at different concentrations. At a constant solids content of 20% and
gelation temperature of 85 °C, a total of 6 samples of chosen R/C ratio (100, 200, 300,
400, 500 and 600) were visually monitored to determine their gelation times. All

gelation times were measured as described in Section 4.1.1 and given in Table 12.

Table 12: Gelation times for sodium carbonate catalysed RF gels (20% solids content) with a

different R/C ratio.

R/C Gelation time (tg) (s)
100 2280
200 2820
300 3180
400 3840
500 4740
600 7500

In general, the gelation time (tg) determined by visual observation is based on the

gelation rate. The synthesis conditions have significant impacts on the gelation rate,
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hence, influencing the experimental error in the visual determination of the gelation
time. For quick gelation processes (< 5000 s), the sol-gel transition is rapid and easy
to detect visually. While, for the longer gelation time (> 5000 s), the transition occurs
gradually and is sometimes difficult to determine accurately. On the other hand, the
accuracy of the rheological measurements relates to the consistency of experiments. It
has been stated that there is a logical difference in gelation time between both methods
for similar RF synthesis systems. The observations indicated that the gelling times
obtained via the visual method were 5-45% longer than those measured rheologically.
The time intervals for the visual observation increases with increasing the gelation
time, therefore, the gelation times can be determined within + 60 s if the t;< 5000 and

+ 120 s if the tg > 5000 [38].

Gelation time is essential to perform further investigations on the RF reaction mixture,

such as the mechanisms of gelation and polymerisation [68, 325].

Table 12 shows that decreasing the R/C ratio leads to a noticeable reduction in the
gelation time. These results agree with those of Job et al. [38], who also found that
the effect of R/C ratio on gelation time, at a constant temperature, was an increased
time for increased catalyst concentration. Moreover, the gelation time has a significant
impact on the formation of a crosslinked gel network; at prolonged gelation time, the
condensation reaction is dominant resulting in larger particles, while at shorter gelation
times, a large number of branched clusters leads to the formation of small

interconnected gel particles.

Gaca and Sefcik [92] also reported an increase in the gelation time with decreasing the
concentration of sodium carbonate at constant temperature and solid contents. They
have also investigated the effect of R/W molar ratio ( solid contents), the observations
show that the gelation time decreases as R/W increases. The dependency of the

gelation time on R/C is also in agreement with an earlier study conducted by Hwang

and Hyun [347].

5.2 Xerogel characterisation
One of the most crucial aspects of RF gels is the change of structural features with

various synthesis conditions. In order to illustrate the effects of these parameters, a
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range of xerogel structural characteristics and other experimental outputs were

investigated.

5.2.1 Structural properties

N2 adsorption-desorption analyses were performed on all the synthesised RF gels
synthesised in this study to determine their textural properties. These porous structure
measurements allow the evaluation of the specific surface area (Sger), total pore
volume (VTot.pore), micropore volume (Vwmic) and average pore diameter (d,) from BJH
analysis. Table 13 shows a summary of the structural properties obtained for different
RF xerogels. These results indicate that the porous structures of the RF xerogel differ
from those of the RF xerogel-based blanket. This deviation complements the technique
proposed by Al-Muhtaseb and Ritter [43], in which the RF gels could be reinforced
with organic fibres to reduce the shrinkage and fragility of the final product. Various
formulations of RF xerogel are presented in Table 13. It can be seen that the
composition of the initial sol governs the final structure of the products, hence their

thermal performance as RF xerogel blankets.

N2 sorption is not capable of detecting pore diameters larger than 200 nm, so the total
pore volume appears smaller in the blanket. Observing the variation in pH of the initial
RF solution, this quantity appears to be influenced by both the catalyst concentration
and the total mass of solids. As mentioned above (Section 1.5.4), the pH of the initial
RF solution can be adjusted by altering the R/C ratio. At the constant R/C ratio,
increasing the solids content leads to a decrease in the pH value. As the percentage
solids content is proportional to the quantity of formaldehyde, the pH of the initial sol
would be lowered in the presence of excess formaldehyde (acidic nature) quantity

[348].
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Table 13: Porous characteristics of RF xerogels synthesised using various R/C ratios and percentage

solids contents.

R/C pH! Seer? (m?g!) Vg (cm?g!) Vi (cm’g™) dp (nm)

Solids 10%

100 7.34 4947+£1.2 0.32 0.04

300 7.06 366.4+2.3 0.85 0.02

400 6.84 272.6+1.3 0.84 0.02 12

500 6.61 167.8+2.4 0.64 0.01 16
Solids 20%

100 7.25 490.8 £3.8 0.36 0.05 3

300 6.86 477.1£2.5 0.92 0.04

400 6.67 406.6 £ 4.9 0.98 0.04 11

500 6.56 3453+£2.0 1.09 0.04 14

600 6.50 2748 +£2.2 1.00 0.03 18
Solids 25%

100 7.06 537.2+4.6 0.42 0.04 3

300 6.81 404.7+£4.2 1.00 0.03 10

400 6.65 3448 +£2.5 1.17 0.03 15

500 6.51 264.1+£23 1.44 0.03 24

600 6.47 179.0+ 1.1 1.07 0.02 32

700 6.38 85.8+4.9 0.22 0.01 16
Solids 30%

100 6.95 565.8+3.6 0.46 0.04

300 6.79 479.0£2.4 1.08 0.04

400 6.64 3953+0.5 1.31 0.04 15

500 6.49 329.7+1.2 1.54 0.04 24

600 6.41 2484+ 1.5 1.17 0.03 28

700 6.25 1649+ 1.2 0.34 0.02 14

800 6.17 100.5+£0.3 0.17 0.01 13
Solids 35%

100 6.95 557.5+6.7 045 0.03

300 6.64 438.1 £4.5 0.98 0.03

400 6.44 375.0+4.3 1.28 0.03 14

500 6.36 315.0+2.8 1.65 0.03 23

600 6.24 2475+24 1.23 0.02 27

700 6.15 190.5+£0.3 0.47 0.02 16

800 6.01 128.6 + 1.7 0.26 0.01 14

900 593 79.3+0.8 0.16 0.01 15

' pH error is £ 0.02 from the instrument. ? Error estimation was based on 3 repeats of measurement.
Error was obtained using the standard deviations. Error bars are included in Appendix C.
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For the dried RF xerogels, the results reveal that the total pore volume and average
pore diameter increase with decreasing Na2CO3 concentration (higher R/C ratios) till
near the gelation limit value. On the other hand, the decreasing in the amount of
catalyst results in a decrease in the specific surface area and micropore volume. This
marked tendency agrees on the gel properties reported by Pekala [35]. As the
micropore volume represents a small fraction of the total pore volume, the meso-
macroporosity is dominant within the gel structure. At the lowest catalyst level that
near the gelation limit, a reduction in total pore volume and pore size is observed,

which is due to shrinkage and collapse of the gel structure during the drying stage.

Analysis error was performed for the results of three trails of physisorption analyses.
The errors associated with the BET surface area showed high figures at low R/C ratios,
which could be due to the microporosity of these formulations of RF xerogels. It was
observed that the time taken to analysis these compositions is much longer than at
those with high R/C ratios. This could lead to an increase in the error values. The error
values of RF formulated with high R/C ration are much lesser than that of the device
errors. The repetition of these measurements could improve the confidence and quality

of the obtained results

5.2.1.1 Effect of R/C ratio

R/C ratios between 100 and 800 were used to investigate the influence of catalyst
concentration on the textural characteristics of the final gel. The adsorption-desorption
isotherms obtained for all dried RF xerogel samples exhibited Type IV character. This
trend is similar to the findings reported by Horikawa ef al. [155] and Oyedoh et al.
[208]. The Type IV isotherm is an indication of the presence of porous structures,
which are mainly mesoporous, and it can be seen that the hysteresis progresses from
Type H2 to Type H1 as R/C ratio increases (Figures 92a and 92b). Also, the isotherms
show that, at low pressure, the adsorption capacity is low before rising with increasing
relative pressure. The change in hysteresis type occurs at higher R/C ratios and leads
to the improved thermal performance of the material. Therefore, the RF blanket
prepared with R/C 500 provides the lowest thermal conductivity of the 25% solids

content xerogel series.
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From Figures 92a and 92b, it can be seen that the increase in R/C ratio corresponds
with the higher N> uptake of the gels. It can be seen that the R/C 100 xerogel shows a
significantly decreased N> uptake, resulting from its low pore volume, and shrinkage
of the material. As a result of undesirable properties of the R/C 100 xerogel, it was
excluded from the subsequent RF blanket fabrication phase. While, xerogels obtained
under the synthesis condition of the R/C ratio, which could proceed to gel, the isotherm
can be classified of Type L. It is different from the other ratios as the adsorption occurs
at low pressure as a result of micropore filling. This threshold R/C value can be

increased by increasing the total mass content of the initial RF sol (Figure 92b).

As shown in Table 14, the BET surface areas obtained from these sorption isotherms
decrease as the micropore volumes decreases, which results from an increase in
particle size formed during the sol-gel transition process. However, the N> adsorption
method used in this study is not capable of detecting larger pore sizes that may be
present in the more macroporous structures. Hence, it appears that the total pore
volume at R/C 600 decreases as the average pore diameter increases, after which both

characteristics decline with increasing the R/C ratio.

Pore size distributions (PSDs) of selected RF xerogels are depicted in Figure 93. It can
be observed that the pore width (diameter) peak shifts to a larger range of sizes, and
the PSD becomes broader as the R/C ratio increases. The samples with R/C of 100
have the narrowest PSDs and an approximate pore size peak of 3 nm. For samples
synthesised with R/C ratios of 500, at a solids mass of 25% or 30%, the PSD curves
are broader and exhibit pore size peaks that are shifted to the right (wider pores), sitting
at 24 nm. This trend shows the effect of the R/C ratio on the mesoporous structure of
the gel. In the RF xerogels, PSDs are narrower compared with those of the RF blankets.
Also, the pore diameter peaks observed, at various R/C ratios, are smaller in the gel
than in the blanket. It should be noted that the PET fibre has a considerable impact on
the gelation process of the RF solution and therefore, the final texture of the RF
blanket.
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Figure 92: Nitrogen adsorption/desorption isotherms for (a) 25% and (b) 30% solids content RF
xerogels, at R/C ratio of: 100 (H), 300 (@), 400 (A), 500 (#), 600 (@), 700 (*) and 800 (V).
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Figure 93: Pore size distributions for (a) 25 % and (b) 30% solids content RF xerogels, at R/C ratio
of: 100 (H), 300 (@), 400 (A), 500 (¥), 600 (@), 700 (*) and 800 (V).
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The morphological analysis of xerogel samples prepared with R/C ratios 100 and 600
are shown in Figure 94, which exhibits apparent differences in the textural structure.
It can be seen that the sample synthesised with R/C ratio 100 (Figure 94a,b) shows a
compact textural feature at this scanning level, which is expected according to the
results obtained from nitrogen sorption measurement. The pore width for this sample
is small, not observable at the given magnifications, and it was not possible to attain
higher magnification without increasing the thickness of the gold coating, which would
shroud any narrow textural feature. In contrast, reduction of the catalyst concentration
(R/C 600) resulted in a typical porous structure, composed 3D network of the cross-
linked clusters (Figure 94c and 94d). This higher R/C ratio leads to xerogels revealed
some of the macropores visible. The observation is in agreement with the textural data

from nitrogen sorption analysis.

Figure 94: SEM images of RF xerogels at different R/C ratios : (a,b)100, (c,d) 600, at 6000 and
20000 x magnifications respectively.
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5.2.1.2 Effect of the solids content
N2 adsorption-desorption isotherms and PSDs of some of the samples prepared with

different solids contents at R/C ratios of 300 and 500 are shown in Figures 95 and 96.

One can see that the RF xerogels exhibit Type IV isotherms. For the same R/C (300),
the amount of N, adsorbed is large at high relative pressure except for the 10% solids
content sample (Figure 95a). While at a higher R/C of 500, the N> uptake is substantial
at high relative pressure and increases with an increased solids content (Figure 95b).
Table 14 also shows that V1o exhibits very little change with solids content at the low
R/C ratio compared to the higher R/Cs. It can thus be observed that the gelation time
influences the textural properties of Na,COs-catalysed RF xerogels. Increasing the
solids content at a high R/C ratio (long gelation time) could affect the number and size

of cluster particles formed, thus the pore volume and pore size of the produced gel.

As seen in Figure 96, pore size distributions (PSDs) obtained for selected xerogels
synthesised in this part of the study. The xerogels made using R/C 300, at different
solids contents, have well-defined PSDs, and the diameter peak of PSD remains
relatively constant (~ 4 nm) for most of the solids content series (Figure 96a). Notably,
it can be observed that at R/C 300, there is no significant change in the average pore
diameter as the solids content rise from 10 to 35 % (Table 14). Conversely, for xerogels
prepared using R/C 500, at different solids contents ( Figure 96b), the PSDs are wider
and shift to larger pore diameters with increasing solids content. 10% solids content is
an exception in this case, which is potentially due to the collapse of the gel structure
during the drying process as a result of low reactant concentration (a small number of
particles). The diameter peak values of xerogels range from 4 to 40 nm as a result of

changing the solids content at the same R/C value (500).

RF xerogels exhibit different PSD trends than for the RF blankets. At low R/C (300),
the xerogels exhibit sharp PSDs with constant diameter peaks. Broader PSDs and
different diameter peaks are observed at an R/C of 500. In contrast, the blankets

show marked changes, narrow PDSs and different diameter peak values at R/C 300.
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Figure 95: Nitrogen adsorption/desorption isotherms for (a) R/C 300 and (b) 500 RF xerogels, at

percentage solids contents of: 10% (®), 20% (@), 25% (A),30% (®) and 35% (@®).
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Figure 96: Pore size distributions for (a) R/C 300 and (b) 500 RF xerogels, at percentage solids

content of 10% (W), 20% (@), 25% (A),30% (®) and 35% (®).
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5.2.1.3 Effect of the catalyst type

For the investigation, the effect of the type of catalyst on the textural characteristics of
the gels, the commonly used Na,COs catalyst was replaced with alternative catalysts
from Group 1 metal carbonates, such as NaHCO3, KoCO3 and KHCO3. The xerogels
were synthesised using a standard gel solids content of 20%. Table 14 displays
information obtained for the porous structure of the gels using various catalysts, based

on different R/C ratios.

Table 14: Porous Characteristics of RF xerogels with alkaline catalysts at varied levels.

Equivalent

Actual (carbonate) Sget Vot Vmic dy
RIC bon mgh)  emg)  emg)  (m)
NaHCO;
50 100 511.33 0.34 0.05
150 300 501.94 0.82 0.04
200 400 450.69 0.94 0.04 10
250 500 383.15 1.03 0.03 13
300 600 332.42 0.91 0.03 14
K>COs
100 100 529.30 0.39 0.04 3
300 300 466.77 0.91 0.04 9
400 400 340.24 1.03 0.03 15
500 500 330.76 1.05 0.03 17
600 600 253.46 0.72 0.03 16
KHCO3
50 100 495.76 0.32 0.05 3
150 300 494.90 0.81 0.04 7
200 400 465.15 0.94 0.04 9
250 500 403.18 1.01 0.04 12
300 600 344.90 0.89 0.03 14
Na2C03
100 100 490.80 0.36 0.05
300 300 477.10 0.92 0.04
400 400 406.60 0.98 0.04 11
500 500 345.30 1.09 0.04 14
600 600 274.80 1.00 0.03 18

* For the catalysts, The error has not been estimated as the measurement conducted one time.

From the viewpoint of the deprotonating ability of the catalysts used in RF sol-gel

process, the carbonate bases possess the ability to deprotonate R twice (hydrogen
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abstraction). In contrast, the bicarbonate bases can deprotonate R once, at the same
catalyst concentrations [112]. Therefore, the bicarbonate base concentration assumed
to be double of the concentration of carbonate base, to attain similar protonating
ability. As depicted in Table 14, the actual R/C ratios of the bicarbonate base

corresponded to the equivalent R/C ratios of the carbonate base.

Again, a general trend is observed for an increase in R/C ratio, an increase in average
pore size and total pore volume, as well as a decrease in the specific surface area. Also,
Table 14 shows that the average pore size increases almost linearly as the R/C ratio is
increased for all catalysts used in the synthesis process. However, at the highest R/C
ratio used (600), it was observed that, for K-CO3, the average pore size decreased. This
effect may occur as a result of the shrinkage of these gel pore structures. Figure 97
shows that the isotherms belong to the Type IV category with hysteresis loops of Type
H1 and H2. One can see that the amount of N> adsorbed on the KoCOs-based gels is
slightly higher than on the Na or K hydrogen-carbonates analogues at a high relative
pressure (Figure 97a). However, at R/C 500; all gels tend to have similar N> uptakes.

PSDs of these different catalysed gels are presented in Figures 98a and 98b. The PSD
diameter peak values of the xerogels are sharp for the hydrogen-carbonates and

broader and shifted to the right for the potassium-carbonates at an R/C ratio of 300.

As mentioned above, PSDs shift to larger pore diameters with an increasing R/C ratio.
At an R/C ratio of 500, the PSD becomes more complex as the KHCOs-based gel
exhibits a narrow distribution, while for the other catalysts the distributions tend to

cover a broad range of pore diameters.
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Figure 97: Nitrogen adsorption/desorption isotherms for (a) R/C 300 and (b) 500 RF xerogels, at
different catalysts: NaHCO; (W), KoCO; (@) and KHCO; (A).

152



dV/dlog(w) Pore Volume (cm?3/g)
w
|

0.1 1 5 10 25 50
Pore Width (nm)

(b)

(o))
]

(&)
]

N
]

N
]

RN
|

dV/dlog(w) Pore Volume (cm?3/g)
w
|

o

1 5 1|o 25 50
Pore Width (nm)

o
—_—

Figure 98: Pore size distributions for (a) R/C 300 and (b) 500 RF xerogels, at different catalysts:
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5.2.2 Study of the structure of RF xerogels using ATR-FTIR

FTIR analyses were conducted to identify the various functional groups of the RF
xerogel synthesised in this part of the study. Prior to measuring the IR spectra of the
gel samples, it was vital to probe the reactants used in the preparation of the gel
materials. The spectra of these reactants could be used to determine the traces of the

unreacted resorcinol, formaldehyde and sodium carbonate within the RF xerogels.

Figure 99 shows the ATR-FTIR spectrum of these unreacted substances, including
resorcinol (solid-state), formaldehyde (37% formaldehyde aqueous solution), and
sodium carbonate (solid-state). For pure resorcinol, the spectra reveal different
absorption bands. The broad absorption band at 3200 cm™ observed in the spectrum
indicates the O — H stretching vibration. The peaks at 1604 and 1481 cm™ are
associated with the aromatic C=C stretching vibrations. The energetic band due to C —
O stretching vibration of the phenolic compounds was assigned at 1140 cm™. The O —
H bending was detected at bands of 1373 and 1296 cm™'. The band at 957 cm! is
attributed to the C — C stretching, while the aromatic C — H out-of-plane bending can
be observed at 771 and 732 cm.
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Figure 99: ATR-FTIR spectra of reactants used in RF xerogels production: resorcinol (—),
formaldehyde (—), and sodium carbonate (—).
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The spectrum of the stock formaldehyde solution exhibits characteristics absorption
peaks due to the presence of the methylene glycol, methanol, and water. The ATR-
FTIR analysis indicated broad bands at 3340 cm™! representing — OH group. The weak
band observed at 2977 cm! could reflect the C — H stretch of methyl or methylene
group while the band at 2908 cm™! corresponded to C — H bend overtone. The bands at
1434 and 1273 cm’! were assigned to C — H bend and C — O stretch frequencies,
respectively. The strong peak observed at 1643 cm™ could result from a prominent
C=O0 stretch of aldehydes. The methylene glycol peaks of C — O, O—H, and C —H bends
could be observed at 1103, 987, and 910 cm’!, respectively. A weak band at 1018 cm™
! was assigned to methanol. Similar IR spectra for formaldehyde and other aldehydic
compounds were reported previously in the literature [68, 279, 349, 350]. The sodium

carbonate spectrum revealed two sharp peaks at 1420 cm™, and 880 cm™ corresponded

C — O stretch and O — C — O bending of carbonate ions (CO3™), respectively.

Selected xerogel samples were examined to determine the functional surface groups
present (Figure 100). The IR spectra of the representative xerogels (25 and 30% solids
contents) indicate that both formulations incorporate similar chemical character.
Significantly, the spectra of these materials exhibit characteristics bands due to the
aromatic C=C stretches (1600-1620 cm™"), C=C stretches (benzene ring) obscured by
—CH; — methylene bridge (1450-1465 cm™), and broad stretching O-H band (3270-
3350 cm™!). Two bands, observed around 1090 and 1220 cm™!, corresponding to the C-
O-C stretching vibrations caused by the methylene bridges between resorcinol rings
[35, 82, 351, 352]. The C=0 stretches were observed at a range of 1720-1740 cm™,
which corresponded to the saturated ketones (acetone) or formaldehyde. The carbonyl
group indicated to the presence of traces of unreacted formaldehyde (H(C=0) H) or
the acetone trapped within the pores during the gelation or solvent exchange process,

respectively.
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Figure 100: ATR-FTIR spectra for (a) 25 % and (b) 30% solids content RF xerogels, at R/C ratio of :
100 (—), 300 (—), 400 (—), 500 (—), 600 (—) and 700 (—).
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5.3 Thermal conductivity of RF xerogels via the physical properties

For determination, the thermal conductivity (TC) of the RF xerogels, the thermal
diffusivities (a) were determined using the Laser Flash Analysis (LFA) in argon, and
heat capacities (Cp) were measured using Differential Scanning Calorimetry (DSC) in
N2. As described in Section 3.7.4, the sampling requirement of the LFA apparatus
indicates the xerogel composition and final forms. At high R/C ratios, the samples
could not be moulded into a disc shape during preparation. Also, the low solids content
gels showed similar behaviour, due to the narrow window of monolithic disc-shape,
and the radial shrinkage (Figure 101) of xerogel samples; the formulations for analysis
were, therefore, chosen as two R/C molar ratios of 400 and 1000 at different solids
contents of 30 and 40%. The two solids contents for a solids content of 30 and 40% at
R/C 400 were disc-shaped samples, while the same solids content at the higher R/C
ratio of 1000 were ground to a fine powder. It has been observed that the disc-shaped
samples for RF gels with lower than 30% solid contents result in brittle and cracked

samples, so they were excluded from any further measurements.
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Figure 101: Dependence of the radial shrinkage rate of the monolithic RF xerogel on the catalyst

concentration using solids percentage of 30% (H) and 40% (A).

157



The total thermal conductivities (k) were estimated using the thermophysical
properties; thermal diffusivity and specific heat capacity, and the bulk density through
Equation 99 (Section 4.4.1).

The bulk densities (p) were calculated for disc-shaped and granulated RF xerogels
(Table 15) using data obtained from the dimensions and mass, and water pycnometry,

respectively.

It can be seen that the density of disc-shaped samples is lower than that of granulated
gels. Therefore, the sampling condition can influence the total thermal conductivity of
the RF gels obtained using this method. One-off measurement has been performed for

each physical and thermophysical properties.

Table 15: Densities of selected samples of RF xerogels.

Sample Density

R/C _Solids%_ Form (kg m'3)
400_30_Disc 462
400_40_Disc 478
1000 30 Powder 1269
1000 40 Powder 1325

For the thermophysical properties, the measurements were conducted starting at room
temperature (298 K) and heating up to approximately 473 K. Figure 102, and Figure

103 show the results obtained for these selected xerogel samples.

Figure 102 shows the heat capacity as a function of temperature for the four samples.
It shows that at the same R/C ratio, the heat capacity tends to increase with decreasing
solids content on a disc-shaped form and increase with the solids content of the
powdered gels. As expected, the heat capacity increases with temperature. It can be
noted that the heat capacity is influenced by the release of water vapour and residual

acetone between the temperatures of 50 and 100 °C (323 and 373 K).
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Figure 102: Heat capacity of RF xerogels prepared with different compositions and forms (R/C_%
solids content_shape): 400 30 _disc (H), 400 _40_disc (@), 1000 30 powder (), and
1000 40 powder (®).

The thermal diffusivity, as presented in Figure 103, increases with an increased solids
content in the powdered material. At the same time, it remains relatively constant for
both solids contents in the disc-shaped samples at the same R/C ratios. The diffusivity
of the xerogels diverges with the results obtained by dos Santos et al. [353] study, as
it increases within the reasonable range applied. A significant decrease in thermal
diffusivity was reported with increasing the temperature from 20 to 100 °C for
different polymeric materials ( e.g. for polyvinyl chloride (PVC), the diffusivity
declined from 1.36 x107 to 0.97 x107" m s™! when the temperature was increased from

25 to 100 °C).
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Figure 103: Thermal diffusivity of RF xerogels prepared with different compositions and forms
(R/C_% solids content_shape): 400 30 disc (M), 400 40 disc (@), 1000 30 powder (), and
1000 40 powder (®).

Figure 104 shows the plots of calculated thermal conductivity data; for the disc-shaped
xerogels at a constant R/C molar ratio of 400, it can be seen that the thermal
conductivities of the gels with a solids content of 40% are lower than in the sample
with 30% solids content. However, in granular form, the higher R/C ratio of 1000,
shows thermal conductivities that tend to decrease as solids content decreases. The
values of thermal conductivity at 25 °C (298 K) are very low, which is due to the lower
detected signals when using LFA and DSC measurements at room temperature. The
methods used to determine thermal conductivity are affected by various factors, e.g.

standard sampling requirements and moisture content of the samples examined.

Sample preparation for the different testing and measurement methods has a
significant impact on the accuracy of the obtained thermal conductivity. For heat
capacity, the observations indicated that the residual moisture could affect the heat
capacity results. In contrast, the sampling procedure of the laser flash instrument could

cause deviation in the obtained diffusivities.

160



N
o
|

w
()]
|

w
o
|

N
o
|

Thermal Conductivity (mW m™ K™)
o &
| |

T T T T T T T T T

250 300 350 400 450 500
Temperature (K)

Figure 104: Thermal Conductivity of RF xerogels prepared with different compositions and forms

(R/C_% solids content_shape): 400 30 disc (H), 400 40 disc (@), 1000 30 powder (), and
1000 40 powder (®).

The shape of the sample could affect the results obtained using these methods. The
powder characteristics, including particle shape, particle size distribution, and the
tendency for segregation represent issues to be addressed when adapting the powder
sampling procedure. During the measurement of powder samples, fine particles move
as a result of the inrush of nitrogen gas into the sample container, causing instability
in signals detected by the instrument; hence the accuracy of the final results. Also,
handling the powder samples is another issue to be considered, as the potential of dust

formation has health, safety, and environmental impacts.

5.4 Solid backbone density

As previously discussed (Section 1.5.5), the catalyst concentration and the solids
content have a significant impact on the particle size and the number of clusters formed
during the sol-gel transition process. Therefore, the skeletal density of materials can
also be influenced by altering the xerogel composition, as presented in Figure 105. As

can be seen, the solid backbone of the xerogels becomes denser with increasing R/C
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ratio and changes slightly with the solids content of the initial RF sol. At low R/C
ratios, small polymeric particles are formed with largely interconnected necks. On the
other hand, high R/C ratios result in large particles with narrow, interconnected necks

[43].

A previous study provided further insight into how the R/C ratio affects the solid
backbone density, the work conducted by Taylor ef al. [126] investigated the growth
of particles during the RF sol-gel transition, using Dynamic Light Scattering (DLS). It
was reported that lowering the R/C ratio led to high cluster number concentration and
smaller pore sizes, while at the high R/C ratio, lower cluster number concentration and
larger pore sizes formed. As demonstrated by Hsu et al. [354], the particle size
significantly influences the interaction between the particles. The findings show that
small particles tend to coagulate more than the larger particles. These all agree with
the observation that of the density of the solid backbone of the xerogel changes as a

function of the R/C ratio.

Skeletal density (g/cm?®)

1.32

1 30 I 4 I 4 I 4 I 4 I 4 I 4 I
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R/C Ratio

Figure 105: Skeletal density measured by helium pycnometer for RF xerogels at different

compositions: 25 () and 30 % (@) solids content.
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For the xerogels produced using an R/C level close to the gelation limit for the
particular solids content, the skeletal density begins to rise as the R/C ratio increases
(e.g. 25 % solids content series). One can see that the higher R/C ratios for xerogels at
30% solids content are stable event until R/C 700. Hence the solid density continues
to decrease. It can also be noted that the micropore volume of the xerogels (Table 14)
increases as the skeletal densities increase. The bulk and skeletal densities (p, and py)
of the material can be used to calculate its porosity (II) as follows [29]:

1/p, —1/p, Equation 114

Y Py

The total pore volume is inversely proportional to this form of density since the total

pore volume can be obtained as [234]:
1 1 Equation 115
vTot. pore — p_b P,

Hence, the porosity of RF xerogel can be estimated by combining the results obtained

using physisorption analysis and pycnometer method. The total porosity is also
expressed as the ratio of the total pore volume (Vrotpore) to the specific total, or bulk
volume of material (Vy) [355]:

_ Vrotpore Equation 116

I1
Vb

The specific bulk volume (Vy) of material can be related to the bulk density, total pore
volume and skeletal density [356]:

V. V. Equation 117
— = Vp = Vrotpore T —
Pb Ps

The bulk density measured using the macroscopic methods (pycnometer), revealed a
significant deviation in the calculated porosity of the studied RF xerogels. From the
Table included in Appendix C, the specific bulk volumes are remarkably lower than
the value of total pore volume derived by the physisorption analysis. Which could be
due to the presence of adsorbed gases and trapped solvent within the closed pores;
therefore, the density showed high values. Conversely, the specific bulk volume is
much higher than the total pore volume, indicating that apart of sample pores is not

accessible as described above, and insufficient equilibrium during the analysis [356].
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The variation between the total pore volume derived from the BET analysis and the
bulk density measured by other techniques can be observed in the results presented by

Rey-Raap et al.[229] for RF xerogel materials.

As discussed previously (Section 3.7.1), the density of the porous materials influences
their solid heat conduction properties, which contributes to the total thermal
conductivity of the product. Therefore, the skeletal density has an impact on the

thermal performance of the RF gels.

5.5 Thermal stability

Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) was
performed to examine the thermal stability of the RF xerogels at elevated temperatures.
Figure 106 shows the results obtained from the TGA/DSC experiments for selected
formulations of xerogel samples. All gel samples reveal relatively similar thermal

behaviour.

The results of TGA indicated a total mass loss of about 40-45 % during heating of the
samples in N>. Based on the TG curves obtained, the thermal decomposition of the RF
xerogel samples can be divided into three steps specified by the mass loss. In the first
step, 2-3% of the initial mass loss was observed between 25 (298K) and 100 °C
(373K), which occurred as a result of the release of the residual moisture and volatile
compounds (e.g. acetone) and. Mass loss of about 10% occurred between 100 and 300
°C (573K), due to the release of unreacted species and residual moisture trapped into
the pores of the dried xerogel. The third step determined the changes occurred between
300 and 500 °C (773K), which characterised by about 20% mass loss. During this
stage, the percentage mass loss corresponds to the breakdown, release of the remaining
unreacted monomers, and decomposition of the functional groups within the xerogel
network. [87, 95, 152, 316]. The DSC results show no significant thermal peaks.
However, the DSC curves indicated that a noticeable exothermic heat flow beginning
at 200 °C. It can also be observed that the samples with lower R/C ratio were more

stable at high temperatures.
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Figure 106: TG and DSC curves for (a) 25 % and (b) 30% solids content RF xerogels at R/C ratio of
100 (—), 300 (—) and 600 (—).
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5.6 RF xerogel — summary of findings

The effect of synthesis parameters, on the final properties of RF xerogels, has been
studied in detail, through the characterisation and analysis of gels prepared using
various R/C ratios, solids contents, and different types of catalyst. N> adsorption-
desorption method, FTIR spectroscopy and helium pycnometry ware utilised to
characterise the nanostructure of the RF gels. The thermal efficiency of the gel, as an
insulator, was evaluated using LFA and DSC techniques, while, the stability of the

material was analysed using thermogravimetric methods.

In order to investigate the influence of R/C ratio on the porous structure of RF gels, a
series of samples were prepared using sodium carbonate as a catalyst at R/C ratios of
100, 300, 400, 500, 600, 700, 800, and 900, depending on the level of constant solids
content applied. Another suite of samples was based on the solids content as a
processing variable, and the effect of 10, 20, 25, 30, and 35% solids content was
examined at two different R/C ratios (300 and 500; these R/C ratios can be used at all
chosen solids content). To further investigate the effect of synthesis conditions,
alternative Group I catalysts were used to prepare gels. Potassium carbonate and
sodium and potassium hydrogen-carbonates were utilised at a standard solids content
of 20% (offering a material saving during gel production) and R/C ratios of 100, 300,
400, 500 and 600.

To summarise, the main findings from the studies of RF xerogels synthesised at varied

conditions are:

e Average pore size and total pore volume typically increase with increasing R/C
molar ratio at all solids content levels and for all catalyst types, with a
corresponding decrease in micropore volume and specific surface area.

e R/C ratio significantly influences the skeletal density of RF gels, which affects
the thermal conductivity via solid thermal conduction.

e (elation times increased sharply with increasing R/C ratio, which affects the
degree of crosslinking in the polymer network.

e At constant, relatively high R/C ratios, an increase in the solids content leads

to an increase in pore size and total pore volume of the gels.
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e Sodium and potassium hydrogen-carbonates show a similar trend at any given
R/C. In contrast, potassium carbonate shows increased average pore size and
total pore volume compared to the sodium counterpart.

e Results obtained from FTIR reveal that the functional groups are independent
of the R/C ratio and solids content, except R/C 100.

e The OH group presents in the IR spectra indicates that trace water is still
present within the gel structure of gels despite solvent exchange.

e The bulk materials at high R/C ratios were not suitable for the LFA
measurement, because of their brittleness and high porosity.

e Thermal conductivities, calculated using the thermophysical properties of
limited gel samples, show that the RF gels can be considered as promising
insulating materials.

e Thermal decomposition of RF gels occurs at different stages, involving the
release of water, solvent, and unreacted precursors, followed by removal of the
hydrogen and oxygen atoms as CO», CH4, and other organic forms.

Overall, RF xerogels can be prepared with a tuned pore size by systematic selection of

R/C ratio, solids content, and a basic catalyst.
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6 Result part 2 — Reinforcement (PET) characteristics

Air-bleeder polyester (AB 10) is a lightweight fibre with good all-around stretch. As
mentioned above, this fibre matrix (PET nonwoven fabric) is used in an RF xerogel-
type blanket as a reinforcement material. Physical properties of this material are
provided in Table 16. The HFM 436 Lambda instrument measured the thermal
conductivity of the PET fibre, as 39.5 mW/m.K. This value represents the highest
thermal conductivity to which any RF gel blanket should perform. This result also
shows that the reinforcement materials possess 50% higher thermal conductivity
compared to the produced blankets. The high porosity of this PET fibre allows the
percentage of the solids content of the gel with the blanket to be increased to 75%.
Hence the total thermal conductivity of the blanket depends mainly on the thermal

performance of the RF gel.

Table 16: Physical properties of PET non-woven polyester (AB10) [357, 358].

Maximum use temperature (K) 478
Maximum cont. use temperature (K) 343
Colour white
Thickness (nominal, uncompressed) (mm) 6
Tensile Strength (Mpa) 2.5
Bulk density (kg/m%) 101
Thermal conductivity” (mW/m.K) 395
Linear thermal expansion coefficient K 70x10°¢
Melting point (K) 523
Resistance to chemicals Good

* Thermal conductivity at a mean temperature of 283K, 13.8 kPa compressions, and ambient pressure using

HFM 436 Lambda.
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6.1 Optical characterisation

Optical microscopic images of blank PET fibre show spaghetti-like strands of PET, as
illustrated in Figure 107 at three different focus levels. It can be seen that the random
three-dimension pattern of the strands was distributed in-plane. The observation shows
that the structure of PET fibre exhibits several contact points between the strands,
which provide additional adhesive nodes to incorporate the RF material.

SEM imaging of the blank non-woven PET fibre (Figure 108) confirmed the random
distribution of the individual strands into the fabric plane, which is in agreement with
the findings reported by Soltani et al.[359]. The images also showed relatively smooth
strand surfaces with visible flacks and scratches, which could be related to the effect
of impurities or resulted from the sampling procedure (e.g. cutting by scissors). It can
also be observed that the fabric material reveals different contact points between the

strands as described above.

Figure 107: Optical micrographs of PET fibre used for RF composite blanket synthesis.
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Figure 108: SEM images for blank PET fibre at different magnifications : (a) x100 , (b): x450, (c)
x1000, and (d) x2000.

6.2 ATR-FTIR analysis

The ATR-FTIR spectra of the blank non-woven PET fibre are shown in Figure 109.
The characteristic peaks of the PET fibre appeared at 1712, 1404, 1242, 1095 and 725
cm’!. The energetic absorption band at 1712 cm™! attributed to the stretching vibration
of the carbonyl groups. The C — C interaction of the aromatic rings (phenyl) was
observed as C = C stretching vibrations at a wavenumber of 1404 cm!, while the strong
and most informative of the aromatic ring, resulted from out-of-plane C —H bending
occurred at 725 cm™!. There were two strong absorption bands at 1242 and 1095 cm™,
indicating the common C — O stretch bonds in esters. Other peaks were observed at
2960, 1018 cm™ come from the weak C — H and sharp C — C stretching vibrations.
These results are consistent with the observations reported in the previous studies

about the PET fibre [360-364].
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Figure 109: ATR-FTIR spectra of pure PET fibre.

6.3 Thermal degradation behaviour of PET fibre

Using simultaneous thermogravimetric (TG) and differential scanning calorimetry
(DSC), anon-woven PET fibre was studied. Figure 110 shows the TG and DSC curves
of PET fibre. Upon heating the sample to 600 °C (873 K), one mass-loss step of 86%
was observed. This mass change occurred at 550 °C(823 K), with the decomposition
was initiated at around 383 °C. The endothermic DSC peak at 256 °C (529 K) can be
attributed to the melting of the PET sample, which is in agreement with the findings
reported by Bozaci et al.[363]. On the other hand, the exothermic DSC is due to the
decomposition of the functional groups, releasing gaseous products such as water,

carbon monoxide, carbon dioxide or hydrocarbons [365, 366].

The plain PET fibre is thermally stable up to around 523 K, after that it begins to
decompose, with mass loss of about 85% at 873 K. Therefore, the PET fibre can be

used for thermal insulation where the service temperatures up to 473 K (200 °C).
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Figure 110: TG and DSC curves of non-woven blank PET fibre.
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7 Results part 3 — Fabricated RF composite blanket

Formulations of RF blanket-type samples synthesised for the present work are outlined
in Section 4.2. These were prepared at a size of 180 x 180 X 6 mm; using an
appropriately scaled volume of sol-gel. The composition of the sol was systematically

changed to obtain gel-blanket systems with different characteristics.

7.1 Blanket characterisation

The synthetic route of the sol, used in the construction of the composite, influences the
morphology of the final material (blanket). An image (Figure 111) of representative
RF blanket samples, produced with various R/C molar ratios at increased solids
content, shows a discernible difference at the macro scale. As mentioned in Section
1.5, catalyst concentration is a dominant factor affecting the final properties of the RF
gel. At the same time, the solids content could change the density of the gel and control

the R/C ratio limiting point.

Figure 111: Samples of RF blanket-type xerogels synthesised using different R/C ratios and
percentage solids contents from left to right: 400-20, 500-25, 300-30, 600-30, and 800-30,

respectively.

In the manufacture of aerogel blankets, it has been suggested [230] that the reactant
concentration of the initial solution is a very crucial parameter, which strongly affects
the uptake of gel into the substrate, hence, the thermal performance of the blanket.
Figure 112 demonstrates the effect of increasing the solids content of the RF reaction
solution (sol) on the amount of gel incorporated into the fabricated blanket. It can be

seen that the mass fraction of the RF gel within the blanket increases sharply as solids
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content is increased from 10 to 20%, followed by a steady increase up to 35%. Where

after higher solids content (>35%) results in a constant loading fraction.

1.0
0.9 -
0.8 -
0.7 1 _—

0.6

0.5 4

0.4 1

Loading fraction

0.3
0.2

0.1+

0.0 T T v T T T T ! '
0 10 20 30 40 50
RF Sol-gel solids content (%)

Figure 112: Influence of percentage solids content on the uptake of RF gel into fibrous PET.

RF blankets fabricated using RF sol at solids content higher than 30% solids, were
excluded, because the products show adverse features, such as high rigidity, shrinkage

and density (Figure 113).

Figure 113: RF blanket fabricated using an RF sol of 40% solids, showing a high level of shrinkage

after gelation and curing stages.
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When using R/C ratios lower than 300, the blankets subsequently obtained were also
excluded due to the lack of flexibility, irregular surfaces, and high shrinkage. Figure
114 illustrates the effect of the low R/C ratio on the morphology of the blanket.
Blankets with low R/C cannot be practically folded to insulate a pipeline or other
cylindrical equipment. Also, they show lower thermal resistance compared with the

higher R/C ratio based blankets (Section 5.2.1).

Figure 114: RF blanket prepared with a low R/C ratio (200) showing shrinkage and surface

irregularities.

It is also notable that, at the higher R/C ratios, which are near to the gelation limiting

value, dusty and brittle blanket structures are obtained.

7.1.1 Textural properties

Nitrogen sorption at 77 K (=196 °C) was applied to investigate the textural
characteristics of RF-PET blankets. Porosity and surface area measurements were
performed on each of the dried blankets. The structural characteristics of the dried RF-
PET blankets (RFBs) compared to the parent RF xerogels (RFXs), including BET
surface areas (Sger), total pore volume (Vrot), micropore volumes (Vwmic), and average

pore diameters (dp) are outlined in Table 17.

The data allow comparison between the various RF blankets prepared with different
formulations of the RF sol-gel. As can be seen, a decrease in the concentration of the
catalyst (Na2CQO3) leads to an initial increase in the total pore volume and average pore
diameter, before these parameters decrease at R/C ratios of 400 and 500 for the same
solids content, respectively. It can also be seen that the micropore volume decreases
as catalyst concentration decreases (higher R/C ratios), which strongly influences the
specific surface area, which decreases. It can be observed that there is a substantial

difference between the total pore volume and the micropore volume, which
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corresponds to the contribution of the mesopore and macropore volume to the porous
structure of the material. It would be expected that the total pore volume decreases as
the average pore diameter increases; this means that not all of the porosity is detected
when using nitrogen adsorption measurements. Alternative techniques can be used to

probe these larger pore diameter ( See Future Work).

Table 17: Textural properties of RF xerogels (RFXs) and blankets (RFBs) synthesised using

a range of R/C ratios and percentage solids contents.

R/C Sper (m’g™!) Vror (cm’g!) Vumic (cm’g™) dp (nm)

RFXs RFBs RFXs RFBs RFXs RFBs RFXs RFBs

10% solids
300 366.4 124.4 0.85 0.39 0.02 0.01 9 15
400 272.6 69.4 0.84 0.35 0.02 0.01 12 26
500 167.8 21.0 0.64 0.12 0.01 <0.01 16 30
20% solids
300 477.1 181.2 0.92 0.52 0.04 0.02 8 13
400 406.6 142.0 0.98 0.70 0.04 0.01 11 23
500 3453 82.0 1.09 0.43 0.04 <0.01 14 27
600 274.8 13.9 1.00 0.05 0.03 <0.01 18 21
25% solids
300 404.7 218.7 1.00 0.59 0.03 0.02 10 13
400 344.8 173.8 1.017 0.58 0.03 0.01 15 16
500 264.1 140.1 1.44 0.56 0.03 0.01 24 21
600 179.0 89.0 1.07 0.18 0.02 0.01 32 11
700 85.8 34.0 0.22 0.06 0.01 <0.01 16 10
30% solids
300 479.0 249.2 1.08 0.68 0.04 0.02 9 13
400 3953 203.8 1.31 0.98 0.04 0.02 15 26
500 329.7 168.2 1.54 0.49 0.04 0.02 24 16
600 248.4 136.1 1.17 0.28 0.03 0.02 28 12
700 164.9 78.2 0.34 0.15 0.02 0.01 14 11
800 100.5 23.6 0.17 0.04 00.01 <0.01 13 10
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Table 17 shows that the RF gel has a larger surface area and total pore volume than
the gel materials contained in any of the RF blankets (RF-PET composites). In
contrast, the average pore size is lower than that of the blanket, because of the low

level of shrinkage and collapse within the reinforced gel structure.

7.1.1.1 Effect of R/C ratio on blanket structure
The N> adsorption isotherms and pore size distributions for RF blanket samples
prepared using Na>COs as a catalyst at various initial solution R/C ratios and a solids

content of either 25 or 30% are shown in Figures 115 and 116, respectively.

Type IV isotherms, categorised using the IUPAC classification scheme, are observed
for N> adsorption on the xerogel blankets of the aerogel blankets; demonstrating the
mesoporous nature of the materials by the presence of capillary condensation. The
hysteresis character varies between H1 and H2 loops as R/C ratio increases. From
Figure 110, it can be seen that the amounts of N> adsorbed on RF blankets synthesised
with a solids content of 30% is consistently larger than for those blankets synthesised

with 25 % solids.

Figures 115a and 115b, present the pore size distributions of the RF blankets
synthesised with various R/C ratios at 25% and 30% solids contents, respectively. As
shown in Figure 68, the mean pore size distribution varies from 5 to 50 nm in the
mesopore range. For R/C ratios higher than 400, the blanket exhibits a combined meso-

macropore structure with the pore size distribution shifting beyond 50nm.

The diameter peaks of the pore size distribution vary with the R/C and mass content,
for the mass content of 25%, the width of peak sits at ~ 15 nm at an R/C of 300, in
blankets prepared with a solids content of 30%, and R/C 400, the peak shifts to 25 nm.
This deviation could be due to the effect of solids content on the solubility of the

catalyst [84].

The effect of R/C ratios on the nitrogen sorption isotherms and pore size distributions

of the RF blankets at other solids contents are displayed in Appendix D.

177



700

3 600 -

ST

g
N
o
o

]

N
o
o

|

Quantity Adsorbed (cm?3/

0.0 0.2 0. .6 0.8 1.0
Relative Pressure (P/Po)

N
o

[8)]
o
o

|

Quantity Adsorbed (cm?g STP)

0.0 0.2 0.4 0.6 0.8 1.0
Relative Pressure (P/Po)

Figure 115: Nitrogen adsorption/desorption isotherms for (a) 25 % and (b) 30% solids content RF
blankets, at R/C of: 300 (W), 400 (@), 500 (A), 600 (), 700 (#) and 800 ().
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Figure 116: Pore size distributions for (a) 25 % and (b) 30% solids content RF blanket, at R/C of: 300
(m), 400 (@), 500 (A), 600 (v), 700 (®) and 800 ().

179



7.1.1.2 Influence of reactants concentration (solids content)

The effect of solids content on the final structure of the RF blanket was examined at
R/C ratios of 300 and 500. The results presented for the initial sol mass content, Figure
117 and 118, indicate that, although the concentration of the reactants is an essential
parameter in determining final character, the RF-PET composite properties seem to be
more dependent on the R/C molar ratio. As stated in Section 1.5.5, the solids content
of the RF reaction solution (sol) influences the pore diameter and density of the RF
gel. As shown in Table 17, for the same R/C ratio (300 or 500), the average pore
diameter decreases with increasing solids content, which in turn, leads to increasing

the surface area of the blanket.

Figure 117a shows that the RF blankets exhibit Type IV isotherms and the amount of
N> adsorbed increases with increasing solids content at higher relative pressure.
However, there is no significant effect from solids content at higher R/C ratios (low
catalyst concentration) as depicted in Figure 117b, which is due to the limited catalysis

of the high reactant concentration during the sol-gel reaction.

It can be observed that at 10% solids with an R/C ratio of 500, the blanket exhibits
very low Ny adsorption as a result of the weak, porous structure of the fabricated
material. Pore size distributions of the blankets, synthesised using various solids
contents are given in Figure 118. For the same R/C ratio of 300, the samples show a
narrow pore size distribution. A shift towards smaller pore diameter is observed, which
can be ascribed promotion of a higher number of the small particles, as a result of
increased reactants concentration (see Section 1.5.5) in the presence of an alkaline
media [126]. It can be seen that the pore width peak of 15 nm occurs at the highest

solids content of 30%.

At low solids content, the RF blankets possess relatively high porous structure, which
decreases the solid backbone thermal conductivity, resulting in lower total thermal
conductivity. In contrast, low porosity (dense) RF blankets obtained via using higher
solids content. Low porous blanket exhibits higher solid thermal conductance resulting
from the increasing connectivity of the particles within the gel backbone. However,
thermal insulating applications of the high porosity blanket could associate with some

limitations such as poor mechanical properties and health issue (e.g. dust release).
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Figure 117: Nitrogen adsorption/desorption isotherms for (a) R/C of 300 and (b) 500 RF blankets, at
10% (W), 20% (@), 25% (A) and 30% () solids content.
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Figure 118: Pore size distributions for (a) R/C of 300 and (b) 500 RF blankets, at 10% (W), 20% (@),
25% (A) and 30% () solids content.
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At higher R/C ratios, the pore size distribution shifts toward the larger pore diameters
as a result of increasing the concentration of the RF reaction solution. With an
insufficient amount of catalyst to activate the polycondensation reaction, large
particles form, which leads to an increase in the pore diameter towards the
macroporous scale. However, the largest pore diameter detected by N> adsorption is
76 nm, and additional modes may be required to characterise the macroporous

properties of these materials fully.

Large pore structure, along with the hydroxyl groups on the gel surface influence the
water adsorption on the RF blanket. Therefore, it is vital to coat or laminate the final

product with water-resistant materials, to minimise the water intake by the blanket.

7.1.1.3 Type of Catalyst

K>CO3, NaHCO3, and KHCO3; were used as catalysts, in place of Na>COs, to
synthesise RF xerogel-type blankets. The properties of selected KoCOj3 catalysed RF
blankets are shown in Table 18. These blanket were prepared using an RF sol with
30% solids and different R/C molar ratios.

Table 18: Textural properties of RF - K,COs-based catalyst xerogel blankets synthesised using

various R/C ratios.

R/C Sger (M?g!) Vror (cm’g!) Ve (cmPg™h) dp (nm)
K>CO;

400 171.8 0.87 0.02 22

500 131.1 0.28 0.01 16

600 78.7 0.19 <0.01 14

700 13.1 0.03 <0.01 13
Na,COs

400 395.3 1.31 0.04 15

500 329.7 1.54 0.04 24

600 248.4 1.17 0.03 28

700 164.9 0.34 0.02 14

Type IV isotherms were observed for the produced blankets (Figure 119), typical for

micro-mesoporous materials, except at the relatively high R/C ratio of 700, which

183



exhibited a Type II isotherm, corresponding to a macroporous material. As described
above (Section 1.5.2), potassium salts contribute larger counter-ions (cations) than for
sodium salts, which leads to an increase in gelation time. Hence the particle sizes
formed are increased, producing a gel structure with a broader pore size distribution,
as shown in Figure 120. It can also be seen that the pore size distributions shift towards
larger pore diameters compared with those of the RF blankets catalysed with Na;CO;
(Figure 116b). The pore width peak can be seen at 25 nm for a relatively high catalyst
concentration (R/C 400), while materials synthesised using the lower catalyst
concentration show broader pore size distributions with pore width ranging from 2 to

73 nm.

By comparing the results of RF xerogels and RF blankets synthesised using KoCOs3 as
a catalyst, the isotherms obtained for the xerogels show higher N> adsorption capacities
than for the blankets. At high R/C ratios, the blankets have broader PSDs than the
xerogels. Again, this deviation indicates that the PET fibre contributes to altering the

final structure of the RF blanket.

600
=~ 500
= 1
n
= 400 -
€
8 -
3 3004
O
—
O -
2}
< 200 ~
2z . /'
1=
¢
S 100 - o0 0S¥ L A2Y
C 1 5ias,.ééé¢.xé§§?"*‘§&v A A A MMM
0 ’;;_A“éé.é‘: ji- j:-A :-A 2 2 a . 40600 O OOV
0.0 0.2 0.4 0.6 0.8 1.0

Relative Pressure (P/Po)

Figure 119: Adsorption and desorption isotherms of N> on RF xerogel blankets using an R/C ratio of:
400 (@), 500 (A), 600 (v), 700 (®), K,CO;3 used as catalyst.
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Figure 120: Pore size distribution of RF blanket prepared using RF solutions with 30% solids content
at an R/C of: 400 (@), 500 (A), 600 (¥), 700 (®).

7.1.2 RF gel-Fibre interaction — SEM image

Scanning electron microscopy (SEM) shows the morphology of the RF xerogel-type
blankets synthesised with different of both the R/C ratio and solids content (Figure
121). Observations confirmed that the RF gels had been adhered to the PET strands,
as shown in Figure 121(b and c¢). At low R/C ratio of 300, the RF gel incorporated with
the fibre strands as a bulk of gel on the surface fibre, while at the higher R/C ratio of
600, the blanket showed a lower amount of gel adhered to the fibre surface as layers
or coating ( Figure 121d). It can be seen that the amount of RF gel in the blanket
increases as the solid contents increased (Figure 121b and c). As described in Section
6.1, the multiple contact points between the strands provided additional adhesion
nodes for the RF gel, as shown in Figure 121c. However, the amount of gels between
the fibre strands has been affected by the preparation procedure of this scanning

method.
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Figure 121: SEM images of RF blankets prepared using initial RF solutions with R/C — solids
content of (a) Blank PET, (b) 300 — 20% and (c) 300 — 30% and (d) 600-30%.

7.2 Thermal performance of RF blankets
For samples of RF xerogel-type blankets prepared using a tuned composition of the
initial RF reaction solutions, the thermal conductivities of blankets range between

0.023 and 0.032 Wm™'K!, at standard atmospheric pressure and room temperature.

7.2.1 Influence of catalyst concentration and solids content on the effective
thermal conductivity of RF xerogel blanket

As mentioned previously (Section 3.7), in porous solids, the thermal conductivity
depends on four possible paths, which contribute to the total heat transport: conduction
through the solid, conduction through the porous medium (gas molecules), convective
transfer via the pore medium and radiative transfer from the solid surfaces. Therefore,
the textural properties and the composition of RF xerogel-type blankets determine their
thermal performance. The results obtained for the four series of blankets are shown in

Figure 122, with values provided in Table 20.
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Figure 122: Thermal conductivity of RF blankets produced with different formulations: 10% (®),
20% (@), 25% (A) and 30% () solids content.

The pore size has a significant influence on the thermal conductivity by modifying the
conductive and convective gas heat transfer processes, as these are dependent on the
porous structure. It can be observed that the average pore diameter depends on both
the R/C molar ratio and solids content (Table19). As the mean free path of the pore
medium (air) is about 77 nm, it is essential to maintain an average pore diameter lower
than this value. However, decreasing the pore size within the gel of the blanket leads
to an increased density of the material, which contributes to increasing the total thermal

conductivity.

Figure 122 shows that the RF blankets synthesised using RF sols with 30% solids at
R/C 500 and 600 have the optimum thermal performance among these series of
blankets. These formulations offer an average pore diameter, obtained by N>
adsorption-desorption, in the range of 11 to 15 nm. Also, the mass fraction of the RF
gel within the blanket has a significant effect on the thermal characteristics of this

material (Section 5.1). Because of that, the solids content increases the uptake
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percentage of the gel into the PET fibre, so the conductivity of the blanket can be

reduced with increasing the solids content of the initial RF sol.

Table 19: Thermal conductivities of different series of RF xerogel blankets synthesised using various

R/C ratios and percentage solids contents.

Solids percentage

10% 20% 25% 30%
300 31.37 31.28 31.67 32.07
400 28.53 28.44 28.33 26.49
500 28.96 26.14 25.14 23.58
600 27.4 24.47 23.47
700 28.2 26.54
800 31.31

%
Thermal conductivity at a mean temperature of 283K, 13.8 kPa compression, and ambient pressure using HFM436 Lambda

At lower R/C ratios, the thermal conductivity remains relatively constant with a slight
increase at 30% solids, while ratios of 500 and 600, show a considerable decrease in
conductivity with increasing solids content. For a further increase in the R/C ratio, the
RF hydrogel blanket will lose some gel during the solvent exchange process reducing

its mass fraction, which increases the thermal conductivity of the dried blanket.

7.2.2 Influence of resorcinol to formaldehyde molar ratio (R/F)

As described above (Section 1.5.1), the crosslinking of the RF gel could be enhanced
by increasing the amount of formaldehyde within the polycondensation reaction. The
promoted crosslinking can decrease the pore width of the RF gel to a micropore scale.
To investigate the effect of altering the R/F molar ratio on the thermal properties of
the blanket, RF blankets with various levels of this molar ratio were prepared and
tested. For consistency during the comparison, the solids content and R/C ratio were
held at constant values of 25% and 500, respectively. This composition was chosen to
reduce the amount of formaldehyde used compared with 30% solids, as there is a small
difference in performance but a significant potential saving in materials costs. The

results are displayed in Figure 123, with corresponding values given in Table 20.
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Figure 123: Thermal conductivity of RF xerogel blanket (25% solids and R/C 500) at various R/F

molar ratio.

The modified formaldehyde content in the RF sol results in an increase in thermal
conductivity (TC) with increasing R/F ratio, i.e. reduced quantity of formaldehyde,
which relates to the weakness of the gel crosslinking as a result of the lack of
formaldehyde to complete the reaction as the standard stoichiometric ratio is 0.5. In
this case, large pores formed during synthesis lead to an increase in gaseous

conductivity and hence increase the total TC.

Table 20: Thermal conductivity values of RF xerogel blanket (25% solids and R/C 500) synthesised

using various R/F molar ratios.

R/F molar ratio

0.25 0.40 0.50 0.60 0.75

25.56 25.95 25.14 27.46 35.27
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7.2.3 Influence of catalyst species

In order to further lower the thermal conductivity of the fabricated blankets, alternative
metal carbonates were examined to catalyse the RF reaction. These metal carbonates
include potassium carbonate (K>CO3), sodium hydrogen carbonate (NaHCO3) and
potassium hydrogen-carbonate (KHCO3). For allowing comparison between all
catalysts, used in this study, the overall solids content was kept constant at 30%. The
results of this evaluation are presented in Figure 124. The actual values of TC are

provided in Table 21.

As can be seen for samples prepared using sodium carbonates or hydrogen carbonates
(Figure 124), the results obtained at R/C 500 or 600 are relatively identical. At the
same time, at a ratio of 400 or 700, they are markedly different. For K.CO3, it can be
observed that the TC of the blanket is only similar to those of blankets produced using
NaxCO3 with R/C 500. The use of KHCO3 as a catalyst at R/C 600, results in the
blanket tending to behave thermally identical to of the blankets produced by sodium

carbonate.

35

w
o
1

N
a
1

Thermal Conductivity (mW/mK)

N
o

T T T T T T T T T
300 400 500 600 700 800
R/C Molar Ratio

Figure 124: Thermal conductivity of RF xerogel-type blankets (30% solids) prepared with RF sol
catalysed by: Na,CO; (®), NaHCO; (@), K,CO; (A) and KHCOs (V).
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As described above, the counter-ion size influences the gelation time in sodium and
potassium carbonates-based blankets. The difference in gelation time between these
blankets has a significant impact on their final structures, thus their thermal
efficiencies. The blankets produced by RF sol catalysed with low concentrations of
potassium carbonate show cracks and brittle features, which might contribute to this

deviation in their thermal performance (Figure 125).

Table 21: Thermal conductivity of RF xerogel-type blankets prepared using different catalyst species.

R/C Molar ratio
400 500 600 700
Na,COs3 26.49 23.58 23.47 26.54
NaHCO:; 24.74 23.48 23.57 29.06
K>COs 24.6 233 26.39 31.92
KHCO3 26.35 243 23.36 25.78

Figure 125: RF blanket is showing the structural effects of using K,COs as a catalyst.

7.2.4 Influence of bulk density on blanket thermal performance

As illustrated above, the bulk density of the blanket can be affected by both the catalyst
concentration and solids content of the initial RF solution. The bulk densities of the
synthesised blankets were obtained from HFM measurements. For the parameter range
studied, Figure 126 shows that the bulk density decreases with increasing the R/C

molar ratio in the RF sol while maintaining a constant solids content. This tendency
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differs if the solids content is modified at constant catalyst concentration, where
density is found to increase with increasing the percentage of solids content. However,
it can be seen that at low solids content values, the density of the blanket is influenced
by the low mass fraction of the RF gel and limited gelation at higher R/C ratios. The
densities of 40% solids blankets are significantly high compared to those of the super-
insulating materials, i.e. silica aerogel blankets exhibit an extremely low density of <

150 kg m>[231].

For the two series of gels, presented in Figure 127, a decrease in thermal conductivity
(from 32 to 24 mW/m.K) can be observed when the bulk density decrease from 328 to
280 kg m™. The thermal conductivity begins to rise as the density decreases beyond

this value.
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Figure 126: Effect of RF blanket composition on bulk density: 10% (), 20% (@), 25% (A), 30%
(v) and 40% () solids content.

It can be seen that the thermal conductivity of RF blankets is not lowered further as
the density decreases. However, the optimum density can be achieved at the minimum

thermal conductivity value. Lu ef al. [4] showed a similar trend for organic aerogels.
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Figure 127: Total thermal conductivity as a function of density at 293 K (20 °C) for two series of RF
blankets: 25% (®) and 30% (@) solids content.

7.3 Thermal stability

Thermal analyses were performed on selected RF blankets, to investigate the
degradation behaviour and the temperature range in which the blanket can be used for
insulation. Figure 128 shows the TG and DSC curves for both the RF composites and
blank PET fibre. The phenolic thermosets are resistant to high temperature, which

influences the formation of a high amount of char during pyrolysis [316].

The TG curves showed that the initial mass loss temperatures of various RF blanket
samples are lower than that in the blank PET fibre, which could be due to the
evaporation of the volatile materials (acetone). Above 523 K (250 °C), the DSC curve
showed a melting point of the PET fibre within the composite blankets, which was
confirmed by the similar thermal behaviour of the pure fabric material. At 773 K (500
°C), the weight percentage of the remaining RF-PET composites is about 27-45%,
which is more than 15% PET. These results indicate that the RF gel exhibits relatively
high thermal stability and intense interaction with the PET fibre.

For the blankets made with constant solids contents at different R/C ratios, the catalyst
concentration could affect the thermal behaviour of the blanket. The findings revealed

that the mass loss at low R/C is slightly higher than in the high R/C ratio, this figure
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increased with increasing the solid content from 25 to 30% (w/v). The total mass loss
of'around 10 % was observed at 673 K (400 °C). The degradation phenomena of these
blankets have one step up to 773 K (500 °C).

Above 673 K, the RF gel within the blanket begins to decompose with the release of
water, carbon dioxide, methane and resorcinol derivatives, as illustrated in the heat
flow change in the DSC curves. The significant decline in the mass of the material
occurs at temperature ranges between 673-773 K.The final mass loss was recorded at

823 K (550 °C), and ranged between 55-70 %, for the tested RF blankets.
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Figure 128: TG ( solid line) and DSC ( short dots) curves of blank PET fibre (—) and RF composite
blankets prepared with various RF solutions of (R/C — percentage solids content): 300 — 25 (—),600

~25(—),300 — 30 (—) and 600 — 30 (—).

Since the physical properties of the blank PET fibre changed with increasing the
temperature above 523 K (250 °C) in an inert gas (nitrogen), the RF-PET blankets
could be used safely as thermal insulator up to 473 K (200 °C). It can be seen that the
PET has enhanced the thermal stability of the RF blanket. This could be due to the
effect of the fibre on the crosslinking of the gel network [43].
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7.4 RF blankets — summary of findings

Several RF blankets were manufactured using various initial RF sol compositions. The
synthesis parameters, including catalyst concentration (R/C), percentage solids
content, resorcinol to formaldehyde (R/F) and type of catalyst were altered in a
systematic pattern, to study their effects on the final properties of the blanket. For
characterisation and testing these synthesised samples, methods and techniques such
as Ny sorption analysis, scanning electron microscopy (SEM), heat flow meter (HFM)

and thermogravimetric analysis (TGA) were used.

The influence of R/C ratio on the structural properties of the blankets was examined
through catalysed the samples, using Na;COs at an R/C of 300, 400, 600, 700 and 800
at a constant solids content. Whereas the effect of percentage solids content was
investigated using different levels like 10, 20, 25, and 30% at the R/C ratio of 300 or
500. Another catalyst of KoCO3 was used in place of Na,CO3 with the R/C ratio of
400, 500,600, 700 at a solids content of 30%.
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Figure 129: Effects of critical synthesis conditions on thermal conductivity of RF composite blanket.
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The interaction between the RF gel and PET fibrous structure was characterised by
analysing different samples: varied R/C at constant solids content and constant R/C at
changed solids content. The thermal conductivities were measured for the blankets
prepared using the similar formulations described above. Later, the thermal stability

of both the plain PET fibre and fabricated RF blankets was analysed.
Based on the discussed results, it was found that:

e Average pore size increases with increasing R/C ratio at all percentage solids
contents and the alternative alkaline used, with a corresponding decrease in
micropore volume and specific surface area. However, near the limited
gelation value, the pore size begins to decrease,

e Pore volume unexpectedly decreases at R/C 500 upwards; surprisingly, the
pore size increases at R/C of 500, before decreasing as the value becomes close
to the limited gelation,

e At constant relatively high R/C, an increase in the solids content leads to an
increase the pore size and total pore volume of gels,

e Pore size decreases with increasing the percentage solids content at the same
R/C ratio (300 or 500), while the pore volume increases with increasing the
solids content at a constant R/C, before declining at the solids content of 30%
upward,

e Potassium carbonate exhibits a different trend, the pore size/volume decrease
with increasing the R/C ratio.

e Images obtained from an SEM show that the RF gels are well-interacted with
the PET fibre,

e The morphology of gels on the blanket structure varies with an R/C value.

e The thermal conductivity of the blanket is strongly affected by an R/C ratio
(Figure 129), with higher R/C giving low TC, but at value closes to their
limited gelation, the conductivity begins to rise, while the increasing of
percentage solids contents up to 30 %, at constant R/C, results in decreasing
conductivity of the blanket,

e Atalower R/C ratio, there were no effects of increasing the solids content on

the conductivity,
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The thermal conductivity remains relatively constant when an R/F decreases
below the standard stoichiometric value of 0.5, while it increases with an
increasing R/F ratio above this value,

Sodium salts and potassium hydrogen-carbonate show very similar thermal
conductivities for a given R/C at the same solids content of 30%,

Potassium carbonate exhibits one of the lowest conductivity for the R/C 500;
however, with further an increase in an R/C, the conductivity increases
suddenly,

The bulk density of the blankets is dependent on R/C ratio at a constant solids
content, with lower catalyst concentrations giving a notable low bulk density.
RF blanket exhibits the lowest thermal conductivity with a bulk density of
around 280 kg m™, and

Results from TGA showed that a small mass loss occurs as a result of releasing
the water and acetone, while a higher degradation stage starts from the

temperature of 673 K, reaching a mass loss of around 55-70% at 823 K.
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8 Economic analysis of manufacturing RF blankets

Organic aerogels have received significant consideration with regards to their
commercial development due to their fascinating thermal insulation properties [220].
Heat transfer phenomena within conventional resorcinol-formaldehyde gels have been
investigated in detail. Other organic gel systems have also been described and
discussed in the literature, including the investigation of their thermal properties. In
general, aerogel materials can be utilised for a wide range of applications, with thermal
and acoustic insulations representing around 8% of the global aerogel market in 2014

(Figure 130).
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Figure 130: Global aerogel market sectors, by application, in 2014 [367].

Among the materials used in these applications, the aerogel blankets are novel high-
performance materials, which can be used as thermal insulators for particular buildings
and process pipelines. Aerogel blankets are synthesised as composites of an
inorganic/organic aerogel and a fibrous reinforcing material, in order to enhance the
mechanical properties of the final product [368]. It is crucial to perform an economic
evaluation of the manufacturing process before commercialising these materials (RF
blankets). As a consequence of some constraints associated with the synthesis

processes used for RF gels, such as the operation method (batch), raw materials,
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processing parameters, drying method and recycling, it is necessary to consider each
of these issues before developing appropriate scale-up and marketing schemes.
Thermal insulation aims to reduce heat loss, and consequently, a low conductivity or
high resistance is the most critical property for insulating materials. The term ‘R-
Value’ is applied, for commercial purposes, to measure the effectiveness of insulation.
The R-value is a unit of thermal resistance for a single layer, of thickness / and thermal

conductivity k, and given for flat insulation as [213]:

R 1 Equation 118
k
8.1 Global demand for superinsulation
A higher R-value indicates better thermal insulating properties. The R-1 value is an SI
standard expression, which equates to 1 m?> K W-!. This value means that the material
has an R-value of ‘X’ when the temperature difference between two sides is ‘X’
degrees Kelvin and the heat flow rate through the material is given as 1 Wm™ [213].
It has been realised that there was, and still is, a vital need to reduce global energy
consumption and CO; emissions. The Chartered Institution of Building Services
Engineers (CIBSE) investigated the energy efficiency of a wide range of buildings.
The study reported that residential and industrial buildings (Figure 131) accounted for
around half of the share of the total energy consumption of the UK in 2000. The report
also indicated that burning extra fossil fuels contributes to environmental pollution via
increasing COz levels in the atmosphere [369]. Increased emissions, as well as limited
fossil fuel supplies during conflicts and crises, coupled with an increased awareness of
global climate change, has resulted in modern society developing energy strategies and
policies to tackle these issues [368]. These strategies were described in detail in
Section 1.7; where thermal insulation was highlighted as an essential short-term plan.
Global demand for insulation has been estimated to rise 5% annually between 2013
and 2018. Table 22 illustrates the differences in global demand for insulation between

2008 and 2018 [370]
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As described previously (Section 1.7.3), traditional insulation materials can be
classified into various types. Figure 132 shows the materials most commonly used
within the insulation market. Considering significant types of insulations; mineral
fibres constitute more than one of a third of the market, while foamy organic materials
like polyurethane, expanded polystyrene (EPS) and extruded polystyrene (XPS)
dominate the market of with a share of 44%. In 2013, the total value of the global

Figure 131: Total UK energy consumption by sector in 2000 [369].

insulation market reached ~ £22,500M [217, 370].

Table 22: World insulation demand (10° m?> R-1) [370].

% Annual Growth % Annual Growth

Item 2008 2013 2018 2008-2013 20132018
Insulation Demand 16430 19460 24850 34 5.0
North America 4578 4543 5845 -0.2 52
Western Europe 3934 3613 3955 -1.7 1.8
Asia/Pacific 5492 8612 11720 9.4 6.4
Conral & South 55 613 765 33 45
Eastern Europe 1005 1006 1165 - 3.0
Africa/Mideast 899 1073 1400 3.6 5.5
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Figure 132: World insulation market by material [217].

For conventional insulating materials, thicker layers of the material need to be installed
to perform effective thermal insulation, causing a space limitation. This leads to a
reduction in building volumes for habitation or other purposes; hence, the demand for
more effective thermally insulating materials, that are also space-saving, has led to
superinsulation. Products of this type include novel technologies, such as aerogels
[217, 368, 370]; however, the comparison between these insulating materials depends
on material performance and cost of production concerning market share. Figure 133
shows that conventional insulating materials dominate the market as they offer an
optimum rate of performance per cost; however, the expectations show a small
increase in cost and a drop in market share. Low-cost products generally demonstrate
poor performance and stability, and their situation will not markedly change.
Contrastingly, super-insulating materials would lead the global market soon, as a result
of their high performance, outstanding features and potentially reduced cost [217]. RF
xerogel-based blankets exhibit insulating efficiencies that are slightly lower than that
of superinsulation. Consequently, it is essential to perform strength, weaknesses,
opportunities and threats (SWOT) analysis for RF blankets, before evaluation of the

products at the industrial scale.

201



\

\ Conventional

insulation

materials

Low-cost
products

Market share

Insulation performance (cost)

Figure 133: Correlation between cost/performance and market share in the insulation industry, arrows

show expected future development of each category in future [210].

8.2 SWOT analysis

The SWOT analysis is the first stage in the evaluation of any process or business. It is
a useful tool to understand the strengths and weaknesses of the process, and to identify
both the opportunities and threats in the surroundings. This analysis includes the
results of an internal appraisal, which determine the strengths and weaknesses of the
process compared to competitors, and also from an external appraisal, which in turn
determines the opportunities and threats of the process within the existing market [371,
372]. Once these factors are identified, strategies can be developed to enhance the

aspects of the process before conducting detailed economic analysis.

Table 23: Comparison of performance for various thermal insulating materials [368].

.. Minimum improvement
Thermal conductivity p

Material mW/m.K (reduction).in conductivity
over brick or stone

Brick or stone 600 — 2500 -

Natural insulation materials 30-50 20

Mineral insulation 30-40 20

Layered foil 33-35 18

Organic insulation materials* 20-40 30

Aerogels 13-14 42
Vacuum-insulated panels 4-10 60

* RF xerogel blanket can be considered as an organic insulating material
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SWOT analysis for the manufacture of RF xerogel blankets is shown in Figure 134.
The results show one strength to be their high insulating performance (Table 23);
however, a threat is an emergence of similarly performing competitive products (silica
aerogel blanket) into the insulation market. Hence, further RF blanket developments
are necessary before integrating this product into the market, where increasing global
demand for super-insulating materials could open up opportunities for this product.
The long production time is a weakness, which can be improved using controlled
synthesis conditions, and subcritical drying can contribute to a reduction in processing
time compared to existing processes. Other weaknesses, such as scarcity of scaled-up
plants and previous experience on trade could be improved by using pilot plants and
data from potential competitors. However, the safety issues such as the flammability
and toxicity of the materials used in the synthesis of the RF blanket could represent

potential hazards at the workplace.

STRENGTHS WEAKNESSES

Low thermal conductivity
Lightweight material

Good mechanical properties
No dust release

Cheap raw materials
Simple process equipment

long processing time

Batch process

Low production

lack of previous trade experience

No scaled-up process

Some health and safety issues
(e.g.Flammability, toxicity)

OPPORTUNITIES THREATS

Integration into the market
Insulation market competition
Unstable economic
Resources of raw materials

e Simple synthesis route

e High demand for superinsulation

e Social awareness about energy
consumption and CO; emissions

Figure 134: Schematic SWOT analysis for the manufacture of RF xerogel blankets.

8.3 Production cost analysis of RF blanket

As mentioned above, the most critical barriers to commercialising RF blankets are the
lack of scaled processes and the unpredictability of processing costs. As a result, the
production cost of an RF blanket is estimated by considering the data available for the
production costs of RF aerogels. However, the overall costs of processed RF xerogel

blankets are expected to be much lower than those of RF aerogels, because of cheaper
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drying methods used in the manufacture of blankets. Carlson et al.[86] conducted an
economic analysis of the production costs of various aerogel materials. The study
classified the cost analysis into five parts: raw materials, energy, utilities, workforce,
and equipment. Their production costs analysis was applied to aerogels for thermal
insulation applications. Therefore, their work has been adopted here to evaluate the

essential areas of cost production for RF blankets.

Carlson and his co-workers simplified their assumptions for the cost estimation of the
considered products. They applied a cylindrical steel autoclave for supercritical
drying, and utilised volume was estimated as ~ 80% of the total internal volume of the
vessel. Also, it was assumed that the plant would operate five days a week, with 22
days monthly as the standard, in a batch process. Finally, all produced materials were
assumed to be free of defects [86]. The original study was conducted during the

austerity period of the mid-1990s.

8.3.1 Raw materials

As per the adopted study, the costs of raw materials were based on the most substantial
total quantity ordered (>10 tonnes), so the lowest cost that could be obtained. Table

24 shows the summary of raw material costs used by Carlson et al.; for supercritical
extraction of solvent in an autoclave, methanol and carbon dioxide liquids were used

to process silica and organic aerogels, respectively.

Table 24: Starting material costs, USA 1995 [86].

Material Cost (£/kg)*
Methanol 0.22
Tetramethoxysilane (TMOS) 8.15
Tetraethoxysilane (TEOS) 2.99
Sodium silicate 0.59
Resorcinol 3.99
Formaldehyde 0.21
Phenol 0.68
Melamine — formaldehyde (R714) 2.14
furfural 1.12

* The cost was converted to the UK costs based on the exchange rate as at 1995 (January) [373].
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It was assumed that the required volume of methanol was calculated as a sum of the
utility volume of the autoclave plus the additional volume required to alter the final
density of the product. On the other hand, carbon dioxide was used to extract the
solvent from RF aerogels, as it is safer than methanol ( due to flammability and health
hazards of methanol). Other additional materials ( e.g. wash solvents, catalysts, cooling

water) required for the process were excluded in the original analysis [86].

8.3.2 Energy

Energy costs are expected to represent a considerable proportion of the aerogel
production costs, as a result of the supercritical extraction process, which utilises the
energy in three different areas: supercritical extraction of methanol, autoclave heating,
and heat losses to the environment. For supercritical extraction, using methanol as a
solvent, the study assumed that the energy consumed to pass 1 L of methanol into the
autoclave is less than 2 MJ, with an energy cost of ~ £0.02/MJ; however, 50% of this
value was required when CO» liquid was used as a solvent for organic aerogels. The
energy required to heat the autoclave was based on the number of batches per day. The
unit amount required by one batch per day is higher than that for two batches per day,
etc. [86].

8.3.3 Workforce

Carlson and his group proposed that three shifts per day be estimated [86], with ten
workers of people allocated over the three shifts. They assumed that the first shift was
staffed by six persons, with subsequent shifts manned on a two-person basis. The total

weekday costs were estimated to be ~ £1429.

8.3.4 Utility costs
Utility costs were estimated for lighting the industrial buildings with a monthly cost

of ~ £650/month for a 600 m? property [86].

8.3.5 Equipment
Total fixed capital costs were estimated for the major equipment (autoclave) cost.
Three different capacities of the cylindrical steel autoclave systems were selected:

8561, 19201 and 68491. The cost estimates were £0.52M, £0.90M and £2.26M,
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respectively. Amortisation, over five years with an annual interest rate of 10% gives

daily costs of £500, £870 and £2180, respectively.

8.3.6 Cost distributions

The production cost areas can be fully appreciated by plotting the results obtained from
Carlson’s research [86]. The cost variables investigated were the cost of raw materials,
major equipment size, number of shifts per day, product density, utility volume of the
autoclave, and initial testing of alcohol recycling. Aerogel costs were calculated based
on £/m? (all costs were converted to UK costs based on the rate of exchange as at
January 1995) [373]. However, the costs of raw materials and workforce from different
years are not straight comparable, as they are subjected to the rate of inflation. The
most straightforward method to update the historical data is by using the cost indices,

as given as [374]:

[ Equation 119
-
i

where ¢; and c; indicate the costs in year j and i respectively, and [j and I; refer to the

cost indices for the corresponding years.

The selected parameters were the small autoclave, three shifts per day, a density of

100 kg m™ and 80% volume utility.

Cost distributions for the organic aerogels are shown in Figures 135 and 136. It can be
seen that the phenol-furfural monomer results in a decreased contribution from the

starting materials to the total costs.

Table 25: Aerogel estimated costs [86].

Material Ae(r £0/gr§31)505t
TMOS 2149
TEOS 1127
Sodium silicate 171
Resorcinol — Formaldehyde (RF) 364
Phenol-Formaldehyde (PF) 114

RF: PF (50:50) 242
Melamine — formaldehyde 310
Phenol — furfural 198

* The costs were converted to the UK costs based on the exchange rate as of 1995 (January) [373].
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Table 25 shows a summary of the aerogel production costs per cubic metre with the
following parameters: density of 100 kg m™, 90% solvent recycling, three shifts, large
autoclave, 80% volume utilisation and 50% energy costs for organic aerogels. The
costs for phenol-formaldehyde aerogels were estimated as the lowest value among all
aerogels investigated in the study, which was based on the low costs of precursors, as
illustrated in Table 25. From Table 25, the aerogel costs showed that materials made
from less expensive raw materials are projected to be close to the price of the existing

foamed polymers [86].

5% 1%

ERF
4% Solvent
B Energy
B Wage

m Equipment

B Facility

Figure 135: Cost distribution for organic aerogel to six variables, using resorcinol — formaldehyde as

the precursor (relatively optimised costs) [86].

Carlson and his group performed this economic analysis for selected aecrogel materials.
The study was only a first estimation and omitted many parameters that could be
involved in a more detailed analysis. It can be observed that the cost of the starting
materials is the dominant factor in the cost of aecrogel material, so the laboratory scale
should be focused on less expensive raw materials. Also, the authors mentioned that,
as a result of their low thermal conductivities, the aerogel materials are expected to be
cost-effective in the future [86]; however, these materials require further development,
and improved economic analysis, to evaluate the potential of taking the products to the

market.
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According to the report discussed above, RF xerogel-based blankets can be fabricated
with a significant decrease in production costs, mainly due to the exclusion of
expensive supercritical drying methods from the processing of the RF aerogel, hence,

the cost estimate.

1%

9%

m Furfural
Solvent
12%
B Energy
B Wage

m Equipment

B Facility

Figure 136: Cost distribution for organic aerogel for six variables using phenolic - furfural as the

precursor (relatively optimised costs) [86].

8.3.7 Cost estimation of laboratory-scaled RF composite blanket

As it was not possible to find industrial-scale manufacture of RF composite blankets,
laboratory-scale of these materials was studied in order to estimate their production
cost. The produced samples were in the size of 18cmx18cmx0.6 cm, so the number of
precursors used for the preparation of an RF solution was calculated from these
dimensions. The estimation also includes the PET fibre mat, acetone used for solvent

exchange, energy used for heating and drying, as well as packaging and waste disposal.

The synthesis conditions of an RF solution with solids content of 30%, Na;COs as a
catalyst, and R/C ratio 600 were chosen. The cost estimation was performed for the
individual parts, such as the raw materials and energy, as shown in Table 26 and Table

27. The total cost of the RF blanket sample was estimated by summation of these costs.
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For energy consumption, the electricity running costs from the UK Power [375]was
adapted. There were some assumptions for energy as:
e Mixing: electricity usage of the device assumed to be 100 W, with a working
time of one hour,
e Heating: Oven electricity power used of 1000W, with a working time of 72
hours, and
e Vacuum drying: electricity usage assumed to be 2000W, with a working period
of 16 hours.
The cost of packaging and waste disposal were not considered, as the cost of packaging
(plastic bag) is minimal compared with the cost of raw material and energy consumed,

while there was no data regarding waste disposal cost.

The data of the raw materials prices and suppliers are included in the Appendices (E).

Table 26: Total cost of raw material to synthesis lab-scale RF blanket.

Amount Cost of raw material Cost

Raw material
(unit/sample)  (£/unit raw material) £/sample

Resorcinol 3491 ¢g 0.08 2.80
Formaldehyde solution 47.20 ml 0.03 1.42
Sodium carbonate 0.07 g 0.10 ~0.01
Acetone 600 ml 2x1073 1.2
PET Fibre 194.4 cm? 6.08x107 0.01
Deionised Water 156.20 ml 1x1073 0.16
Total - - 5.60
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Table 27: Proposed energy consumption for lab-scale RF blanket.

Amount Cost of energy Cost
Energy
(kWh/sample)  (pence/kWh) £/sample
Mixing 0.1 0.15
Heating 72 14.899 10.73
Vacuum drying 32 4.77
Total - - 15.65

The total cost of a lab-scale RF blanket is about £ 21.25 per sample; however, for
industrial-scale production, the cost of the raw material can be much lower than that
of the lab-scale. Hart and Sommerfeld [376] proposed a methodology to predict bulk
selling price using the laboratory-scale prices. They reported that chemical bulk prices
could be much lower than the laboratory-scale prices. The implementation of the
method in this study requires data for prices of different chemicals at both lab and bulk

quantities.

8.4 Health and safety issues related to RF blanket production

Preparation of the RF xerogels and their composites involves using hazardous (e.g.
toxic, flammable) substances. Hazards could arise as a result of exposure in the form
of inhalation, ingestion or skin/eye contact, which may result in different consequences
such as irritation, severe burns, or in the extreme case, cancer (in long term exposure).
RF xerogels synthesis also comprises hazardous associated with the processing stages
such as hot surfaces, electric appliances, sharp tools, and fragile glassware.

The substances used in this process are mainly resorcinol, formaldehyde, and acetone.

From a health and safety standpoint, resorcinol is more slightly toxic than phenol.
Hazards could occur as a result of exposure to resorcinol through different routes such
as oral, dermal or respiratory tract. Resorcinol is harmful if swallowed, an irritant to
eyes and skin, and very toxic to aquatic life [377, 378]. The toxicological effects are

related to dose, as presented in Table 28.
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Table 28: Toxicity data for Resorcinol [378].

Route and measurement unit

LD50 oral rat, mg/kg 510

LD50 dermal rabbit, mg/kg 2830

TWA”" workplace exposure limit, mg/m?® (ppm) 46 (10)

LC50 fish 29.5 mg/1 — 96 Hours
EC50 Green Algea > 97 mg/l — 72 Hours

* Basis in the UK. EH40 WEL- workplace exposure limit [379].

For handling resorcinol, appropriate personal protection equipment (PPE) and
ventilation can significantly reduce the likelihood of the hazards associated with this
substance. Due to the high toxicity of resorcinol to aquatic life, strict waste control

policies must be adapted [380].

Formaldehyde is a flammable gas at room temperature but is usually supplied in
solution (formalin), it is highly reactive, toxic (if swallowed), and an irritant for skin

and eyes [381]. The toxicological effects of formaldehyde are listed in Table 29.

Table 29: Toxicity data for formaldehyde [381].

Route and measurement unit

LD50 oral rat, mg/kg 800
LD50 dermal rabbit, mg/kg 270
TWA”" workplace exposure limit, mg/m? (ppm) 2.5()

* Basis in the UK. EH40 WEL- workplace exposure limit [379].

For handling formalin, appropriate personal protection equipment (PPE) and
ventilation can significantly reduce the likelihood of the hazards associated with this

substance. Release to the environment must be avoided.

Acetone is a flammable liquid, mainly irritant affecting the eyes and respiratory tracts.
It has narcotic effects when inhaled or digested. Table 30 presents the toxicity data of

acetone.
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Table 30: Toxicity data for acetone [382].

Route and measurement unit

LD50 oral rat, ml/kg 10.7
LD50 skin penetration rabbit, ml/kg >20
TWA”" workplace exposure limit, mg/m?® (ppm) 1210 (500)

* Basis in the UK. EH40 WEL- workplace exposure limit [379].

Acetone requires to be handled in a well-ventilated area. Vapour inhalation, eye and
skin contact must be avoided. As this substance evaporates rapidly, it should be stored
in a cool place and away from heat sources. Appropriate personal protection equipment

(PPE) should be worn.

8.5 Methods toward low-cost RF blanket production

From the case study presented above and the SWOT analysis data obtained here, it is
evident that an economic analysis of RF blanket synthesis needs to be conducted
concerning different criteria:

(a) Raw material costs have a significant effect on the total cost of the product, so
it is vital to consider inexpensive alternatives to prepare other blankets with
comparable performances to RF based-composite blankets.

(b) The prolonged processing time could affect the costs of materials by increasing
the number of shifts per day and, hence, the wage/salary rate of the staff. The
very long manufacturing process could also influence the rate of production.

(c) The solvents used to represent an essential factor in the cost analysis.

(d) Energy consumption due to gelation/curing and drying of the hydrogel-PET
blanket.

(e) Drying methods.

Some strategies can be assumed for the future development of cost-effective materials.

8.5.1 Using inexpensive alternative precursors

Costs of raw materials can be reduced by using alternative organic monomers that are
cheaper than resorcinol. From the chemical viewpoint, resorcinol (R) has various
prospective analogues, primarily phenolic compounds including phenol and cresols.

Formulas of some hydroxybenzoles are given in Section 1.3.1.
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Phenol is probably the most commonly used substance among the wide range of
phenolic materials. It can undergo the polymerisation reactions typical of R, but its
reactivity is much lower than that of resorcinol. To increase the rate of reaction, sodium
hydroxide NaOH can be used as a catalyst in place of Na,COs3. The reactivity can also
be modified by adding other precursors such as phloroglucinol [383]. Phenol can also
be used with R to prepare RF: PF gels, in order to reduce the costs of raw materials

[86].

Cresol or mixtures of cresol are other monomers used in the literature to synthesise
organic gels [77]. These monomers are almost four times less expensive than R. The
difference in synthesis parameters between cresol-formaldehyde (CF) and RF gels is
in the catalyst used, NaOH for CF (as for PF), instead of NaxCOs. However, the
solubility of cresol mixtures in water is lower than that of R. Using higher amounts of
the basic catalyst is essential in increasing the solubility of these substituents in water

[383].

Furfural-based aerogels could add some benefits of eliminating formaldehyde, as it
can be produced from bio-fuel based method, thus reducing the level of the

environmental impact associated with this process [86, 90].

8.5.2 Some approaches for shortening gelation and curing times
As discussed above (Section 6.1), the gelation time is mainly influenced by the solids
content percentage and can be shortened at low R/C ratios. Different strategies can

also be applied to shorten the gelation and curing times.

The gelation time can be drastically reduced by using an acid catalyst such as highly
concentrated hydrochloric acid (HCI) [134, 384]. It has been reported that the synthesis
process for RF gels can be accelerated by the further addition of acetic acid or NaxCO3
into pre-reacted RF sols [385]. Recently, a novel method has been developed to
maintain the porosity of RF gels during drying. RF gels were synthesised using
NaxCOs as a catalyst and polydialyldimethylammonium chloride (PDADMAC) as a
cationic polyelectrolyte. During this process, it was observed that the gelation and
curing times were substantially shortened [386]. Another strategy used to reduce the

gelation times is to perform the polycondensation step under ultrasonic waves. It has
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been found that the ultrasound leads to an increased rate of reaction and decreases the

gelation time [387, 388].

8.5.3 Solvent recycling

Acetone, used in the solvent exchange process, is a significant source of waste and
costs in the synthesis of RF xerogels/blankets. On the industrial scale, waste acetone
can be reused from the solvent exchange. The recovered solvent could be distilled
using an automated commercial unit [389]. Considering the purity of the waste-acetone
solvent, which could be reused directly within the process and as a cleaner for process
equipment. Although the initial costs of the solvent recycling system are significant,
due to the cost of the commercial recycling unit, the operating costs of this system are

minimal compared to the other costs of production.

8.5.4 Alternative cheap drying methods

The drying process is one of the most critical steps in the preparation of RF aerogels
because of its effect on the final porous structure of RF gels. For RF xerogels,
subcritical methods are used to process these materials. A straightforward method can
be utilised to dry the wet gel, which is based on the evaporation of the solvent at
ambient conditions [383]. However, the porous structure will collapse, as a result of
increased capillary forces ( Section 1.5.10). The RF xerogel-based blankets were
synthesised by reinforcing the RF gel using PET fibres, which could enhance the
mechanical strength of the structure. Consequently, ambient drying could be used in

manufacturing RF blankets with a lower rate of collapse within their final textures.

8.6 Life-cycle assessment of RF composite blankets as thermal insulation

materials
Manufacturing, application, and disposal of materials, heavily contribute to curtailing
resources and reserves, and to the other environmental issues such as climate change;
which represents a significant issue to all species in recent decades. Awareness of the
importance of environmental protection and impending issues associated with
products both manufactured and used has raised the focus of the development of
techniques to understand better and tackle these impacts. One of the methods being
developed for this reason is life cycle assessment (LCA). It is a tool used to determine

the potential environmental impacts of a given product over its entire life cycle (Figure
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137). LCA involves considering and interpreting the material and energy inputs, as
well as the environmental consequences of outputs, throughout a complete life cycle

of the product from the acquisition of the raw materials to end of life [390-393].

Recycle

Energy Energy Energy Energy Energy

Raw

Materials [—, Production — Transportation— Consumption

— Final disposal
/Use

acquisition

Waste Waste Waste Waste Waste

+ Environmental impacts >

Figure 137: Typical Life-cycle of a product [391, 394].

It can also provide essential data on difficulties associated with the consumption of

energy and raw materials, along with emissions to air, water and soil [394].

8.6.1 Life cycle assessment (LCA) analysis

LCA plays a vital role in environmental management, as it can be used to evaluate the
environmental performance of products and services. The international organisation
of standardisation (ISO) has formalised the methodological framework of LCA by
producing ISO 14040 and 14044 standards [395, 396]. These standards describe the
main phases of an LCA study [397]:

a) goal and scope definition,
b) inventory analysis (life cycle inventory),
¢) impact assessment, and

d) interpretation.

8.6.1.1 Goal and scope definition

This initial phase elucidates the purpose of the study and the intended application. It
also defines the functional unit, describes the system boundaries, and the method used
to assess the impacts. In this phase, the system boundary determines which part of
material processing should be included within the LCA. A broad LCA comprises all

related stages of a product such as extraction or production of raw materials (raw
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materials acquisition), processing of raw materials, manufacturing of products,
transportation, and disposal or recycling methods. A cradle-to-gate boundary system
considers the total life cycle of a product, while a gate-to-gate system covers only the
manufacturing processes (production stage). The goal and scope definition describes
the data collection and quality requirements, along with all assumptions and limitations

of the LCA analysis [390, 398-400].

8.6.1.2 Inventory analysis

Inventory analysis identifies and records the quantities of all resources, emissions used
and released during the production and life cycle related to the functional unit. This
compilation of the input and output data is to set the life cycle inventory (LCI).
Absence of appropriate data represents a challenge in conducting this phase. However,
the LCI databases, combined with the LCA software tools, could offer detailed
environmental and product data required. In this phase, it is necessary to make some
assumptions in order to describe the complex systems. The outcomes from LCI could
be, for example, obtaining natural resources or releasing hazardous substances [391,

398, 400].

8.6.1.3 Assessment of impacts

In the life cycle impact assessment (LCIA) phase, the emissions and resources data
collected in the LCI stage, are evaluated regarding their magnitude and significance of
the potential environmental impacts of the studied system. The assessment is based on
different steps, and the findings can be demonstrated as single or several indicators.
Classification, characterisation, normalisation and weighting are the common factors
underpinning LCIA. In the first sub-phase, the classification, resource acquisition,
pollutants and emissions are categorised concerning different environmental impacts.
For example, the climate change category involves the emissions of greenhouse gases,
like carbon dioxide and methane (CH4). The characterisation factor indicates the
relation between the level of an impact and the inventory data. During this sub-phase,
a reference substance is used to quantify the contribution of the other substances
grouped within a similar category. Normalisation interrelates the environmental

impact caused by a system to the total impact load occurring in an area (region, country
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or worldwide). The normalised impacts are further accumulated using the weighting

factors [390, 398, 400].

8.6.1.4 Interpretation

The final phase of the LCA procedure is the life cycle interpretation, in which the
results of the inventory analysis or impact assessment, or both, as well as the choices
and assumptions made during the analysis, are assessed in terms of consistency and
completeness. The main factors of this phase of LCA are evaluation and analysis of
the results, in order to formulate and outline the conclusions and recommendations

concerning the goal and scope of the study [390, 395].

8.6.2 Methodology of LCA analysis

There are several modelling tools available for LCA analysis, such as SimaPro,
Ecoindicator, GaBi, and CCaLC software programmes [401-403]. In this study, the
CCaLC2 version of this software was applied to evaluate the environmental impacts

of the manufacturing of RF composite blankets.

The CCaLC tool has been developed to avoid the need to utilise sophisticated LCA
software for a carbon footprint calculation. It allows the assessor to determine the
carbon footprint-hot-spots in order to identify improvement opportunities. This LCA
modelling tool also reduces the data collection effort by providing carbon footprint
databases. It originated with comprehensive databases, including the Ecoinvent
database. CCaLC contributes to achieving the carbon footprints magnitude under the
PAS 2050 standards (specification for the assessment of the life cycle greenhouse gas

emissions of goods and services) [403].

CCaLC2 enables estimation of different environmental impact categories. These
impacts are characterised by equivalent references (as a standard measurement unit)
as outlined [403]:

e (Carbon footprint or global warming potential (GWP);

e Water footprint (WFP),

e Acidification potential (AP),

e Eutrophication potential (EP),

e Ozone depletion potential (ODP),
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e Photochemical ozone creation (smog) potential (POCP), and

e Human toxicity potential (HTP)

8.6.2.1 Goal and scope of the study (RF composite blanket LCA analysis)
The main goal of this study is to propose an RF composite blanket LCA method,
including the definition of the goal and scope of this insulation material, inventory

analysis, impact analysis, and assessment interpretation (results).

A 1 m? blanket was defined as the functional unit based on the primary purpose to
facilitate data application. For system boundary in the RF blanket LCA, the ‘cradle-
to-gate’ system was assumed. The proposed boundary system includes all stages from
in-ground resources to the RF blanket that also involves on-site inputs and emissions.
As shown in Figure 138, the LCA stages mainly include:

e resources (raw materials and energy) extraction and production; and

e RF blanket production processes ( mixing, impregnation, polymerisation

(heating), solvent exchange, drying and packaging, and equipment washing).

As a result of the limitation in data availability, some part of the life cycle definitions
and supply chain were not included in this study. These parts involve:

e transport of raw materials and wastes;

e final use application and carbon storage data of the product;

e transport of the intermediates within the production stages;

e Dbenefits of carbon footprint reduction of the product; and

e waste recycling (solvent).
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Data collection and assumptions:

Those materials considered in the LCA analysis of resorcinol-formaldehyde composite
blanket production included those stated in the system boundary (Figure 138). For
quantities of the input materials, the existing data at the laboratory-scale have been
utilised to produce 1 m* RF blanket as the functional unit (scale-up). Input and output
data for modelling the production process were based on the data from the CCalC

software and Ecoinvent database. The significant assumptions made for LCA of RF
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Figure 138: System boundary for RF composite blanket production.

blanket production are summarised, as followed:

Mass-based distribution was applied to assign the environmental loads to the

blanket based on the system boundary;

Life cycle inventory data for resorcinol production adapted from the dataset
(CCalC2 software) of the phenol production process;

Inventory data for formaldehyde solution was based on formaldehyde mixture

as stated on the modelling programme used;
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Inventory data for PET fibre also adapted from the dataset (CCalC2 software)
of the PET resin (amorphous);
There are no on-site emissions of CO» and CO;
Electricity from the wind-based power plant (3MW) of the UK selected as a
source of energy;
The transport distances in some life cycle stages were assumed to be as:
a) transport of the product from process to storage: 0.30 km using tractor
and trailer, and
b) transport of the product from the site to the user: 10 km using < 3.5t
van;
Estimation of service water quantity for equipment cleaning purposes;
The water footprint of the raw materials was assumed as the water used for
zeolite process industry (Ecoinvent), and

Packaging material selected as corrugate board box (15 kg weight);

8.6.2.2 Inventory analysis

The inventories used for this LCA study, including raw materials (chemicals, water,

and packaging), and energy used for the composite blanket manufacturing, are listed

in Table 31 and Table 33.

Table 31: Raw materials inventory for 1 m* RF composite blanket production.

Quantity

R terial . .
aw materia (tonne/functional unit)

Production stage

Formaldehyde solution 26.50 x1072
Resorcinol 18.00 x10-2
Sodium carbonate 2.88 x10
Deionised Water 80.30 x1072
PET Fibre 5.50 x10?
Acetone 23.52 x10°!

Equipment washing

Service water 0.05

Packaging
Corrugate board box 1.50 x102
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Based on the RF composite blanket prepared on the laboratory-scale, these different
raw materials required the molar ratios and other proportions to be considered in this

study. These proportional criteria are presented in Table 32.

Table 32: Raw materials proportional criteria for RF composite blanket production.

Molar ratio wt./v % Volume ratio
R:F 0.5
R/C 600
(R+F+C)/W 30
RF solution/PET fibre 0.9259

For the energy inventory, electricity consumption by the process equipment in the
production stage represented the main cost in this study. The electricity required for
the oven adapted from data of an industrial oven, which has volume and temperature
range meet this process requirement. This multi-purpose oven is designed by Airflow
Group [404]. The mixer, with electricity load of 3 kW, was assumed to perform the

agitation in 3 hours, while 7 kW was required for the vacuum heating dryer.

Table 33: Energy inventory for RF composite blanket production.

Ener Amount
24 (MJ/functional unit)
Production stage

Mixing

Electricity ( 3 kW Mixer, |HR) 10.8

Heating (Polymerisation)

Electricity (6 kW Oven, 72 HRS) 1555
Drying

Electricity ( 7 kW vacuum dryer, 16 HRS) 403

Storage stage
Electricity (120 W Lightening& ventilation, 120 HRS) 50
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8.6.2.3 Environmental impact assessment method

According to ISO 14040/14044 standards, the classification and characterisation are
mandatory impact assessment steps, while the normalisation and weighting steps could
be optionally evaluated, based on the aim of the assessment [405-407].

The environmental impact assessment method used for the study is shown in Figure

139.
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Figure 139: Life cycle impact assessment for RF composite blanket.

For the classification step, the life cycle inventory (LCI) results of the input and output
factors, were assigned to impact categories, according to their potential environmental
effect. For instance, the LCI of the formaldehyde mixture includes a dataset about the
production of formaldehyde using the methanol oxidation process. It carries a part of
the environmental effect load, as a result of the presence of precursors, ancillary
materials and transport. The environmental effect of each inventory item within the
production of formaldehyde is transformed into specific impact categories.
Considering carbon footprint as an impact category, the steam used for the oxidation

process could contribute to carbon dioxide emissions.

Carbon foot-print is referred to as the global warming potential GWP), because it is
based on the CO; equivalent to the greenhouse gases (GHG). The GWP is utilised to
quantify the contribution of the emission GHG to climate change. It measures the
radiative efficiencies of different substances, as well as their life cycle in the

atmosphere [408].
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The LCI outputs (emissions) of the process might include some hazardous materials
such as hydrogen fluoride (HF), nitrogen oxide (NOx), sulphur dioxide (SO»),
ammonia (NH3), and sulphuric acid. These substances can be classified as potential
acidification impact, with SO, as reference material. For the characterisation, these
inventory items are expressed in term of the reference material SO». This methodology

is applied to the other considered impact categories.

8.6.2.4 Results and interpretation

Different environmental impacts (figures were assessed for the life cycle of 1 m*® RF
composite blanket, with cradle-to-gate system boundary conditions. The data reported
in this study on such proposed insulation materials could form an underpinning basis
for the further scientific evaluation of their environmental performance. The findings
of this LCA demonstrate the contribution of each stage within the life cycle of the
system to those environmental impacts. The main stages of the entire life cycle
proposed by the CCalC tool involve raw materials, production, storage, and final use,
as shown in Figure 140 and Appendices (E). Some of these essential stages comprise

sub-stages or contents.

|5} CCalC2: Resarcinol-formaldehyde composite blanket.ccalc | o

File Casestudies ImportData ExportData Summary Data  Comparisen  Help

Switch: Value 2 View View other View water
Ent;::gﬁs;em Added/Water f:’;evti;frl::nh VdI:t: ci;tzpn cumulative environmental usage [water ':g?;:ion
Footprint ihnedian GERH energy use impacts footprint Y
Functional unit (f.u.) Resorcinol-formaldehyde composite blanket 1 m3
579 0.00 0.00 0.00
973 0.652 1.56E4 0.011
0.00 0.00 363
Raw Materials e Production e Storage % Use
0.00

22565 6.95E3

0.00 % 0.00 0.00 & 0.00 0.00 % 0.00 0.00 % 0.00

Waste Management

Total carbon footprint: 10.5 tonne CO2 eq./ f.u ke
Carbon Footprint tonne CO2 eq. / f.u.
Total water usage: 615 m* water / f.u i g
Total water footprint: 243 m® water eq. / fLu.
(Stress-weighted)

Figure 140: Life-cycle stages of RF composite blanket.
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Carbon footprint (Global warming potential)

Carbon footprint (GWP) analysis results of RF composite blanket manufacturing, as
modelled in CCaLC2, are presented in Figures 141 and 142. The total footprint is ~
10.5 tonnes CO; eq., per Im? of the blanket. It can be seen that the raw materials stage
gives the significant contribution (more than 93%) along the supply chain of the RF
composite blanket production (Figure 141), which is mainly because of the
consumption of different substances (precursors) and also land-use change effects.
On the other hand, the production stage emissions are due to energy used during the
sub-stages, such as heating and drying. Figure 142 shows that the acquisition of the
substance contributed significantly to this figure of GHG emissions. At the same time,
the land-use change represents more than one-third of the carbon footprint amount
emitted in the raw materials stage. The land-use change effects can be influenced by

the land area utilised for the production of the raw materials.

12

Carbon footprint(GWP) (tonnes CO, eq./f.u.)

Figure 141: Contribution of life cycle stages on total carbon footprint.
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Figure 142: Carbon footprint of raw materials sub-stages.

The production of the raw material acetone emits the highest amounts of CO> among
the precursors (Figure 143). Acetone production contributes to climate change, with
around 50% of the total carbon footprints. The other constituents, such as phenol
(resorcinol), formaldehyde mixture, and PET fibre, release small CO, amounts of ~

0.70, 0.30, and 0.20 tonnes per functional unit, respectively.
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Figure 143: Contribution of raw materials production on carbon footprints

Acidification potential (AP)

The contribution to acidification potential of the RF blanket production was shown to
be around 30 kg SO2 eq/m? (Figure 144). The raw materials stage possessed the most
significant impact on acidification (more than 96%). The production stage was
observed to contribute acidification of 0.7 kg SO eq/m?, which reflected about 2.3 %
of the total emissions to the atmosphere. As shown in Figure 145, acetone was found
to have a value of 25 kg SO, eq/m?, which represented more than 83% of the total,
while phenol (resorcinol) and formaldehyde solution accounted 7.5% and 2% of the

total SOz equivalents, respectively.
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Figure 144: Contribution of life cycle stage of RF composite blanket to total acidification potential.
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Figure 145: Acidification potential percentage for precursors.

227



Eutrophication potential (EP)

Assessing the eutrophication potential from the system using the CCaLC2 model has
shown (Figure 146) that the total nutrients load is ~ 4 kg phosphate (PO47) eq. per
functional unit. The raw materials stage is the major hot spot along the life cycle stages
of this system. Contribution of the production stage to EP is much smaller compared

with the raw materials; it had about 7% of the total load.

()]

N w B
| | |

Eutrophication potential (Kg PO'34 eq./f.u.)
|

Figure 146: Contribution of life cycle stages of RF blanket to total eutrophication potential

Figure 147 illustrates that the acetone exhibited the value of the height of nutrient
effluent into the ecosystem; it represented around 70% of the total raw materials
impact. Phenol and formaldehyde solution accounted for about 20.5 and 8% of the

total raw materials impact, respectively.
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Figure 147: Contribution to eutrophication of raw materials in raw materials stage (percentage).

Ozone depletion potential (ODP)

The results of ozone depletion potential analysis of the RF blanket manufacturing as

assessed by the CCaLC2 method are presented in Figure 148. The contribution to the

ODP of the life cycle stages was shown to be 4.84x107 kg trichlorofluoromethane (R-

11) eq. per m* RF blanket. The ozone depletion potential of the production stage was

4.65x107 kg R-11 eq. per m* RF blanket, which represented 96 % of the total. This is

mainly due to the emissions from the energy (electricity) consumption during the sub-

stages of the production. It can be observed that the electricity source of the wind-

powered plant has a crucial role in the reduction of this value.
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Figure 148: Contribution of life cycle stages of RF blanket to ozone depletion potential.

Photochemical ozone creation potential (POCP)

Figure 149 presents the results of the category “photochemical ozone creation
potential” or “photochemical smog”. The photochemical ozone condition occurs in the
atmosphere as a result of degradation of the light organic compounds in the presence
of solar radiation and nitrogen oxide (NOx). The observations indicated that the
contribution of this process to POCP is about 2.33 kg ethane (C2H4) eq. per functional
unit. The main impact caused by the raw materials stage, which reflected about 85%
of the total value. Contributions of the different raw material inputs to the POCP for
the RF blanket are shown in Figure 150. It can be seen that acetone and phenol
accounted for about 58% and 32%, respectively, of the total raw materials impact,
while the PET fibre and formaldehyde had lesser effects, with around 6.5% and 3.5%,

respectively.
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Production stage also has effects on this impact category, as the direct emissions of
formaldehyde mixture and acetone contributed mainly to the total value assigned for

this life cycle stage.
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Figure 149: Contribution of life cycle stages of RF blanket to photochemical ozone creation potential.
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Figure 150: Photochemical ozone creation potential (percentages) for raw materials in raw material
stage.

Human toxicity potential (HTP)

The results of the impact assessment of the RF blanket, as modelled by the CCaLC2
tool, are shown in Figure 151. Life cycle stages of RF blanket contribute to the
category of human toxicity with 2.83 tonnes dichlorobenzene (DCB) eq. per 1m? of
the studied material. As for the other impact categories, the acquisition of raw

materials is the main factor (reflecting more than 98%).
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Figure 151: Contribution of life cycle of RF blanket to human toxicity potential.

As shown in Figure 152, phenol (representing the resorcinol precursor) was observed
to contribute health toxicity of about 83% of the total raw material impact. In contrast,

the other substances showed relatively lower effects.
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Figure 152: Human toxicity potential of raw materials in the raw material stage (percentage).
Water footprint potential
The results of the LCA of RF composite blanket showed that the total water footprint
(stress-weighted) was about 24.3m> water eq. per functional unit, while the total water

usage was 61.5 m® water per functional unit. These values were based on the

assumptions stated earlier (Section 8.6.2.1).

Fossil depletion

Table 31 (Section 8.5.2.2) depicts the contribution of raw material inputs to fossil
depletion. The production of raw materials such as resorcinol, formaldehyde, and
acetone represents the most considerable contribution to fossil depletion among the
life cycle of the RF blanket. However, some processes reveal an indirect contribution
to fossil depletion, such as steam generation for the production of formaldehyde from
the oxidation of methanol. The applied CCaLC2 tool has no evaluation facility for

fossil depletion, which is considered as one of the critical environmental issues.

For this life cycle assessment study, it was not possible to obtain a comprehensive
database regarding RF composite materials. Therefore, the LCA results showed in this
research are innovative, as no life cycle data have as yet conducted for similar

products.
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8.7 Summary

RF xerogel blankets have some additional advantages compared with traditional
insulation materials, as the synthetic route does not involve harmful blowing agents,
such as chlorofluorocarbons (CFC) or hydrochlorofluorocarbons (HCFC), and less
volume (thickness) of the material is required because of the higher resistance.
Furthermore, furfural-derived gels have eliminated the need for formaldehyde, hence

shortening the process and reducing the environmental impact.

The blankets can be made from less expensive starting materials to be close in cost to
the currently used insulation materials. For reduction in the manufacturing time,
different approaches can be adapted to decrease the gelation time; working at low R/C
ratios, using alternative acid catalysts, the addition of a cationic polyelectrolyte, or

performing the polycondensation reaction under ultrasonic waves.

Another critical factor is the use of acetone as a solvent to exchange the water inside
the gel pores. Solvent recycling has a significant impact on the cost of production and
reduces waste disposal issues. Although the price of the recycling unit is relatively

high, the operation costs are low.

As the RF/PET structure seems to be stronger than the parent gel, inexpensive methods
can be applied to dry the wet RF blanket. Ambient drying methods can be incorporated
into the cost reduction strategy by excluding the necessity for pumping facilities;

hence, reducing the energy consumption of this process.

LCA of'the blanket reported that the significant contribution to different environmental
impacts is the acquisition of raw materials, particularly acetone, which can be recycled
using an appropriate waste solvent treatment method. Karlisch et al.[409] indicated
that considering the environmental impact, distillation is a superior process for waste-

solvent recovery.

The improved insulation properties and low-cost of production for RF blankets mean
that they can be considered as a potential material for thermal insulation in buildings

and industry.
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9 Conclusions

In order to study and investigate the effectiveness of RF xerogel used in the blanket
form as promising next-generation super-insulating materials, several samples of both
RF xerogel and its blanket with varying sol-gel parameters were prepared. The porous
structure of xerogels and blankets was characterised using low-temperature nitrogen
adsorption-desorption analysis. The resulting textural properties were then correlated
to the measured thermal conductivity of the products. The thermal stability of these

materials also was monitored at elevated temperatures.

9.1 RF xerogels

The effect of synthesis conditions on the porous structure and thermal conductivity of
the parent RF xerogel was experimentally investigated. RF xerogels were prepared by
altering the R/C ratio, the percentage of solids content and catalyst type in making the
RF hydrogels. The same nitrogen adsorption analysis was performed on the parent
gels. Other methods were employed to analyse and test the material such as FTIR,

helium pycnometer, thermogravimetric analysis (TGA) and laser flash analysis.

The textural characteristics varied with R/C ratios at constant solids content using
sodium carbonates as a catalyst. It was found that the xerogels have significantly large
pore sizes/volume, and thus low densities at high R/C ratios. The low-density texture
contributes to the lower thermal conductivity of the gel through decreasing of heat
transport via the solid backbone. However, at R/C ratios, which are near to the gelation
limit value, the density appears to be increased as a result of the structure collapse. The
gelation time was also influenced by the catalyst concentrations, where it was noticed

that the high catalyst levels in the initial RF solution led to a decrease the gelation time.

On the other hand, the increase of the solids content at relatively high R/C ratios
resulted in increasing the pore sizes/volume and provided further stability of the RF
hydrogel at higher R/C ratios. The alternative catalysts used in place of sodium
carbonates were potassium and sodium hydrogen carbonate, and potassium
carbonates. All these catalysts showed similar trends as the standards catalyst (sodium
carbonates), except the potassium carbonates which exhibit larger pore sizes/volume

at a given R/C, this because the potassium has larger counter-ions (cations) than for
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sodium, which leads to an increase in gelation time. Hence the particle sizes formed

are increased, producing a gel structure with wider pore widths.

The infrared spectra obtained for the dried RF xerogels indicated that the functional
groups are independent of R/C. It was also observed that the presence of — OH group
which provides information about the water moisture within the gel structure. The
thermal conductivity increases with increasing the water content of the gel, so it is
essential to carry out the drying process properly. The results obtained for limited
samples showed that the thermal conductivity of the RF xerogel was extremely low
compared with the traditional insulating materials. However, the measuring methods
comprise uncertainties regarding the sampling requirements and release of water and
volatile components during the heating of the samples. TGA profile indicated that the
RF xerogels initially start to decompose by releasing the water, acetone and unreacted
materials, followed by the removal of hydrogen and oxygen atoms. These results were

consistent with the literature.

9.2 RF xerogel based blankets

RF blankets were synthesised in subsequent processes, using RF solution embedded
in a PET fibre as starting material. The first series of blankets to be tested were those
catalysed using sodium carbonate at R/C ratios between 300 and 800 with an altered
solids content percentage from 10 to 40%. For the initial RF sols, samples prepared at
higher solids contents of 35 and 40%, were excluded; because the blankets showed

undesirable trends of the visual flexibility, density and regularity.

The R/C ratio dramatically influences the thermal conductivity; as the conductivity
decreases with increasing the R/C ratio to near the limited gelation value. It was found
that at a constant relatively high R/C ratio, the thermal conductivity of the blanket
decreases with increasing the solids content up to the percentage of 30%. Also, there
was no a significant effect of altering the R/F ratio on the thermal performance of the
blanket, unless at higher than standards value of 0.5, which leads to an increase the
conductivity. Also, three alkaline catalysts (NaHCO3, K,CO3 and KHCO3) were
employed in place of sodium carbonate. These catalysts presented no remarkable

influence on the conductivity of the material. The results also indicate that higher RF
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gel uptake within the blanket structure reduces the thermal conductivity of these

composites.

These findings can be correlated to the textural properties obtained through nitrogen
sorption measurement, where low catalyst concentrations led to a mesopore structure
and lower density material; hence lower thermal conductivity. While high catalyst
concentrations resulted in microporous and dense material revealing high thermal
conductivity. The solids content influenced the conductivity via increasing the gel
uptake into the final blanket structure and also improved the stability of the RF gels at
higher R/C ratios.

In general, the thermal conductivity components are linked to the bulk density and the
blanket structure as modified by the R/C ratio. The interconnected particles and the
density govern the solid thermal conductivity, while the R/C ratio and thus the resultant

pore width control the gas conduction within the porous structure.

When RF blankets were compared to the traditional insulating materials, it showed a
thermal conductivity reduction of about 30%. Also, these novel materials exhibit

extremely low dust release.

9.3 RF blanket commercialisation

Although only an initial economic analysis is available in the literature, the cost of raw
materials has been reported as the critical factor in the total cost of the production of
RF blankets. The analysis has shown that the manufacturing cost can be lowered by
using inexpensive precursors such as phenol and cresols. It was found that using
furfural based gels can reduce the hazards associated with the process. The cost of
production can also be reduced by shortening the gelation time, solvent recycling, and
using ambient drying methods. Raw materials production represents the main source
of undesired environmental emissions. The need is for effective reuse strategy of the
waste materials associated with such products. Further development and economic
analysis are necessary to assess the possibility of emerging these materials into the

thermal insulation market.
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10 Future work

Some of the results presented in this work appear extraordinarily encouraging, and

further investigation into several areas is recommended.

10.1 RF xerogels
The nanostructure of the RF xerogels is key to their effectiveness as thermal insulation
materials. The proposed work to further develop these materials is based on the

following actions:

e Investigation of the influence of a decrease in the temperatures of gelation and
curing on the gels prepared at high solids contents.

e Examination of the effect of using alternative catalysts, such as Li2CO3 and
CaCO3 on the final properties of xerogels synthesised at the high solids
contents.

e Utilisation of MIP to determine pore volumes of gels obtained using high R/C
ratio formulations.

e Determination of the effect of drying on gel structure collapse; this would be
affected by using vacuum drying via two consecutive different temperature
profiles: gradual heating to 60 °C for the first day, then heating at 120 °C for
the second day.

e Studying the effect of Shortening the time taken for the solvent exchange to
only two days by using an increased volume of solvent.

e Post thermal treatment can also be performed to reduce the presence of
hydroxyl groups within the final structure of the gel, thereby reducing water
content.

e As stated in the section for the future development of RF blankets, it is vital
to apply alternative methods for the validity of thermal conductivity
measurements.

e Development of RF gels in powdered form as thermal insulators for vacuum

insulation systems.
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10.2 RF blankets
Based on the results obtained from thermal conductivity and textural properties

measurements (Chapter 5) suggested that future work would take a form of:

e A finer grain investigation of the effect of solids content percentages between
25 and 30% at R/C ratios in the range of 500-600 on thermal conductivity,
allowing determining the accurate optimum composition of the initial RF
solution required to achieve the lowest thermal conductivity product; hence
minimising the amount of raw material used to fabricate a blanket

e Extension of the catalyst substitution work started here, by studying the effect
of other catalysts such as lithium carbonate (Li2CO3) and calcium carbonate
(CaCO3) on the structural characteristics and conductivity of these materials.

e Process optimisation, by decreasing the gelation/curing times for RF blankets
synthesised using low R/C, thus reducing the production duration for current
formulations.

e Examining the influence of alternative reinforcement materials, other than
PET, on the thermal conductivity of produced blankets; this could include
polypropylene non-woven fabrics, electrospun polyvinylidene fluoride
(PVDF), and cellulose.

e Introducing a post-heat treatment stage to remove trace moisture from the
blanket structure. An initial suggestion would involve heating the sample to
125 °C, at ambient pressure for a day; however, this does represent an
additional parameter for optimisation.

e Encapsulation of the blanket [20] in an appropriate material, and combined
with pressure reduction to vacuum pressure, in order to minimise conductivity
via reduction or elimination of gaseous conduction within the pores.

e Additional porosity measurements could be performed out using mercury
intrusion porosimetry (MIP), to cover the pore size distributions range above
that probed by nitrogen sorption measurements. This method also allows pore
volumes due to the presence of larger pore widths to be determined.

e Alternative techniques could be trailed for the measurement of thermal

conductivity in order to validate the results presented here. The proposed

240



methods include transient pulse (C-therm analyser) and laser comb
conductimetry.

e Measurement of water taken up each blanket, using a climate chamber, would
provide information on water sorption characteristics at different

environmental conditions for various formulations.

10.3 Economic analysis of production of RF blankets

In order to conduct a comprehensive economic analysis of this process, it is essential
to divide the synthesis method into separate segments to scale up the lab-produced
materials. These segments could present a practical approach to establishing a pilot
plant. Each segment of the manufacturing process can be considered a unit of
operation. Capital investment should be estimated for the pilot plant; after which it can
be scaled up to a mass-production unit. The additional SWOT analysis for the new
pilot plant could provide an overview of the economic aspects associated with this
process. Further development of alternative, inexpensive raw materials is essential in

accelerating the integration of RF blankets into the commercial marketplace.
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11 Appendices
Appendix A — Standard hydrogel formulations
This Appendix presents the masses of resorcinol and formaldehyde, as well as, metal

carbonate required for each of the RF hydrogels synthesised in this study.

A1 Sodium carbonate — Na,CO3

Table 34: Na,CO; 100 0.5 10% composition

Equivalent Equivalent Percentage Required

Moles Mass (g) Mass % Mass (g)
Resorcinol 1.0000 110.1100 64.3082 3.8585
Formaldehyde 2.0000 60.0524 35.0728 2.1044
Catalyst 0.0100 1.0599 0.6190 0.0371
Totals 171.2223 100.0000 6.0000

Table 35: Na,CO3_300 0.5 10% composition

Equivalent Equivalent Percentage Required

Moles Mass (g) Mass % Mass (g)
Resorcinol 1.0000 110.1100 64.5747 3.8745
Formaldehyde 2.0000 60.0524 35.2181 2.1131
Catalyst 0.0033 0.3533 0.2072 0.0124
Totals 170.5157 100.0000 6.0000

Table 36: Na,CO3_400 0.5 10% composition

Equivalent Equivalent Percentage Required

Moles Mass (g) Mass % Mass (g)
Resorcinol 1.0000 110.1100 64.6082 3.8765
Formaldehyde 2.0000 60.0524 35.2364 2.1142
Catalyst 0.0025 0.2650 0.1555 0.0093
Totals 170.4274 100.0000 6.0000

Table 37: Na,CO; 500 0.5 10% composition

Equivalent Equivalent Percentage Required

Moles Mass (g) Mass % Mass (g)
Resorcinol 1.0000 110.1100 64.6283 3.8777
Formaldehyde 2.0000 60.0524 35.2473 2.1148
Catalyst 0.0020 0.2120 0.1244 0.0075
Totals 170.3744 100.0000 6.0000
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Table 38: Na,CO; 100 0.5 20% composition

Equivalent Equivalent Percentage Required

Moles Mass (g) Mass % Mass (g)
Resorcinol 1.0000 110.1100 64.3082 7.7170
Formaldehyde 2.0000 60.0524 35.0728 4.2087
Catalyst 0.0100 1.0599 0.6190 0.0743
Totals 171.2223 100.0000 12.0000

Table 39: Na,CO3 300 0.5 20% composition

Equivalent Equivalent Percentage Required

Moles Mass (g) Mass % Mass (g)
Resorcinol 1.0000 110.1100 64.5747 7.7490
Formaldehyde 2.0000 60.0524 35.2181 4.2262
Catalyst 0.0033 0.3533 0.2072 0.0249
Totals 170.5157 100.0000 12.0000

Table 40: Na,CO3 400 0.5 20% composition

Equivalent Equivalent Percentage Required
Moles Mass (g) Mass % Mass (g)
Resorcinol 1.0000 110.1100 64.6082 7.7530
Formaldehyde 2.0000 60.0524 35.2364 4.2284
Catalyst 0.0025 0.2650 0.1555 0.0187
Totals 170.4274 100.0000 12.0000
Table 41: Na,CO3_500 0.5 20% composition
Equivalent Equivalent Percentage Required
Moles Mass (g) Mass % Mass (g)
Resorcinol 1.0000 110.1100 64.6283 7.7554
Formaldehyde 2.0000 60.0524 35.2473 4.2297
Catalyst 0.0020 0.2120 0.1244 0.0149
Totals 170.3744 100.0000 12.0000
Table 42: Na,COs3_600 0.5 20% composition
Equivalent Equivalent Percentage Required
Moles Mass (g) Mass % Mass (g)
Resorcinol 1.0000 110.1100 64.6417 7.7570
Formaldehyde 2.0000 60.0524 35.2546 4.2306
Catalyst 0.0017 0.1767 0.1037 0.0124
Totals 170.3391 100.0000 12.0000
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Table 43: Na,CO; 100 0.5 25% composition

Equivalent Equivalent Percentage Required
Moles Mass (g) Mass % Mass (g)
Resorcinol 1.0000 110.1100 64.3082 9.6462
Formaldehyde 2.0000 60.0524 35.0728 5.2609
Catalyst 0.0100 1.0599 0.6190 0.0929
Totals 171.2223 100.0000 15.0000
Table 44: Na,COs3 300 0.5 25% composition
Equivalent Equivalent Percentage Required
Moles Mass (g) Mass % Mass (g)
Resorcinol 1.0000 110.1100 64.5747 9.6862
Formaldehyde 2.0000 60.0524 35.2181 5.2827
Catalyst 0.0033 0.3533 0.2072 0.0311
Totals 170.5157 100.0000 15.0000
Table 45: Na,COs3_400 0.5 25% composition
Equivalent Equivalent Percentage Required
Moles Mass (g) Mass % Mass (g)
Resorcinol 1.0000 110.1100 64.6082 9.6912
Formaldehyde 2.0000 60.0524 35.2364 5.2855
Catalyst 0.0025 0.2650 0.1555 0.0233
Totals 170.4274 100.0000 15.0000
Table 46: Na,CO; 500 0.5 25% composition
Equivalent Equivalent Percentage Required
Moles Mass (g) Mass % Mass (g)
Resorcinol 1.0000 110.1100 64.6283 9.6942
Formaldehyde 2.0000 60.0524 35.2473 5.2871
Catalyst 0.0020 0.2120 0.1244 0.0187
Totals 170.3744 100.0000 15.0000
Table 47: Na,CO; 600 0.5 25% composition
Equivalent Equivalent Percentage Required
Moles Mass (g) Mass % Mass (g)
Resorcinol 1.0000 110.1100 64.6417 9.6963
Formaldehyde 2.0000 60.0524 35.2546 5.2882
Catalyst 0.0017 0.1767 0.1037 0.0156
Totals 170.3391 100.0000 15.0000
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Table 48: Na,CO; 700 0.5 25% composition

Equivalent Equivalent Percentage Required
Moles Mass (g) Mass % Mass (g)
Resorcinol 1.0000 110.1100 64.6512 9.6977
Formaldehyde 2.0000 60.0524 35.2599 5.2890
Catalyst 0.0014 0.1514 0.0889 0.0133
Totals 170.3138 100.0000 15.0000
Table 49: Na,COs3_100_0.5 30% composition
Equivalent Equivalent Percentage Required
Moles Mass (g) Mass % Mass (g)
Resorcinol 1.0000 110.1100 64.3082 11.5755
Formaldehyde 2.0000 60.0524 35.0728 6.3131
Catalyst 0.0100 1.0599 0.6190 0.1114
Totals 171.2223 100.0000 18.0000
Table 50: Na,COs3 300 0.5 30% composition
Equivalent Equivalent Percentage Required
Moles Mass (g) Mass % Mass (g)
Resorcinol 1.0000 110.1100 64.5747 11.6234
Formaldehyde 2.0000 60.0524 35.2181 6.3393
Catalyst 0.0033 0.3533 0.2072 0.0373
Totals 170.5157 100.0000 18.0000
Table 51: Na,CO; 400 0.5 30% composition
Equivalent Equivalent Percentage Required
Moles Mass (g) Mass % Mass (g)
Resorcinol 1.0000 110.1100 64.6082 11.6295
Formaldehyde 2.0000 60.0524 35.2364 6.3425
Catalyst 0.0025 0.2650 0.1555 0.0280
Totals 170.4274 100.0000 18.0000
Table 52: Na,CO; 500 0.5 30% composition
Equivalent Equivalent Percentage Required
Moles Mass (g) Mass % Mass (g)
Resorcinol 1.0000 110.1100 64.6283 11.6331
Formaldehyde 2.0000 60.0524 35.2473 6.3445
Catalyst 0.0020 0.2120 0.1244 0.0224
Totals 170.3744 100.0000 18.0000
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Table 53: Na,CO; 600 0.5 30% composition

Equivalent Equivalent Percentage Required

Moles Mass (g) Mass % Mass (g)

Resorcinol 1.0000 110.1100 64.6417 11.6355
Formaldehyde 2.0000 60.0524 35.2546 6.3458
Catalyst 0.0017 0.1767 0.1037 0.0187
Totals 170.3391 100.0000 18.0000

Table 54: Na,COs3_700 0.5 30% composition

Equivalent Equivalent Percentage Required

Moles Mass (g) Mass % Mass (g)

Resorcinol 1.0000 110.1100 64.6512 11.6372
Formaldehyde 2.0000 60.0524 35.2599 6.3468
Catalyst 0.0014 0.1514 0.0889 0.0160
Totals 170.3138 100.0000 18.0000

Table 55: Na,CO; 800 0.5 30% composition

Equivalent Equivalent Percentage Required

Moles Mass (g) Mass % Mass (g)

Resorcinol 1.0000 110.1100 64.6584 11.6385
Formaldehyde 2.0000 60.0524 35.2638 6.3475
Catalyst 0.0013 0.1325 0.0778 0.0140
Totals 170.2949 100.0000 18.0000

Table 56: Na,CO3; 1000 0.5 30% composition

Equivalent Equivalent Percentage Required
Moles Mass (g) Mass % Mass (g)
Resorcinol 1.0000 110.1100 64.6685 11.6403
Formaldehyde 2.0000 60.0524 35.2693 6.3485
Catalyst 0.0010 0.1060 0.0622 0.0112
Totals 170.2684 100.0000 18.0000

Table 57: Na,COs3_100_0.5_35% composition

Equivalent Equivalent Percentage Required

Moles Mass (g) Mass % Mass (g)

Resorcinol 1.0000 110.1100 64.3082 13.5047
Formaldehyde 2.0000 60.0524 35.0728 7.3653
Catalyst 0.0100 1.0599 0.6190 0.1300
Totals 171.2223 100.0000 21.0000
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Table 58: Na,CO; 300 0.5 35% composition

Equivalent Equivalent Percentage Required
Moles Mass (g) Mass % Mass (g)
Resorcinol 1.0000 110.1100 64.5747 13.5607
Formaldehyde 2.0000 60.0524 35.2181 7.3958
Catalyst 0.0033 0.3533 0.2072 0.0435
Totals 170.5157 100.0000 21.0000
Table 59: Na,COs3_400 0.5 35% composition
Equivalent Equivalent Percentage Required
Moles Mass (g) Mass % Mass (g)
Resorcinol 1.0000 110.1100 64.6082 13.5677
Formaldehyde 2.0000 60.0524 35.2364 7.3996
Catalyst 0.0025 0.2650 0.1555 0.0326
Totals 170.4274 100.0000 21.0000
Table 60: Na,CO; 500 0.5 35% composition
Equivalent Equivalent Percentage Required
Moles Mass (g) Mass % Mass (g)
Resorcinol 1.0000 110.1100 64.6283 13.5719
Formaldehyde 2.0000 60.0524 35.2473 7.4019
Catalyst 0.0020 0.2120 0.1244 0.0261
Totals 170.3744 100.0000 21.0000
Table 61: Na,COs3_600 0.5 35% composition
Equivalent Equivalent Percentage Required
Moles Mass (g) Mass % Mass (g)
Resorcinol 1.0000 110.1100 64.6417 13.5748
Formaldehyde 2.0000 60.0524 35.2546 7.4035
Catalyst 0.0017 0.1767 0.1037 0.0218
Totals 170.3391 100.0000 21.0000
Table 62: Na,CO; 700 0.5 35% composition
Equivalent Equivalent Percentage Required
Moles Mass (g) Mass % Mass (g)
Resorcinol 1.0000 110.1100 64.6512 13.5768
Formaldehyde 2.0000 60.0524 35.2599 7.4046
Catalyst 0.0014 0.1514 0.0889 0.0187
Totals 170.3138 100.0000 21.0000
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Table 63: Na,CO; 800 0.5 35% composition

Equivalent Equivalent Percentage Required
Moles Mass (g) Mass % Mass (g)
Resorcinol 1.0000 110.1100 64.6584 13.5783
Formaldehyde 2.0000 60.0524 35.2638 7.4054
Catalyst 0.0013 0.1325 0.0778 0.0163
Totals 170.2949 100.0000 21.0000
Table 64: Na,COs3 900 0.5 35% composition
Equivalent Equivalent Percentage Required
Moles Mass (g) Mass % Mass (g)
Resorcinol 1.0000 110.1100 64.6640 13.5794
Formaldehyde 2.0000 60.0524 35.2668 7.4060
Catalyst 0.0011 0.1178 0.0692 0.0145
Totals 170.2802 100.0000 21.0000
Table 65: Na,CO; 400 0.5 40% composition
Equivalent Equivalent Percentage Required
Moles Mass (g) Mass % Mass (g)
Resorcinol 1.0000 110.1100 64.6082 15.5060
Formaldehyde 2.0000 60.0524 35.2364 8.4567
Catalyst 0.0025 0.2650 0.1555 0.0373
Totals 170.4274 100.0000 24.0000
Table 66: Na,CO3; 1000 0.5 40% composition
Equivalent Equivalent Percentage Required
Moles Mass (g) Mass % Mass (g)
Resorcinol 1.0000 110.1100 64.6685 15.5204
Formaldehyde 2.0000 60.0524 35.2693 8.4646
Catalyst 0.0010 0.1060 0.0622 0.0149
Totals 170.2684 100.0000 24.0000
Table 67: Na,CO3_500 0.25 25% composition
Equivalent Equivalent Percentage Required
Moles Mass (g) Mass % Mass (g)
Resorcinol 1.0000 110.1100 47.7852 7.1678
Formaldehyde 4.0000 120.1048 52.1228 7.8184
Catalyst 0.0020 0.2120 0.0920 0.0138
Totals 230.4268 100.0000 15.0000
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Table 68: Na,CO; 500 0.4 25% composition

Equivalent Equivalent Percentage Required

Moles Mass (g) Mass % Mass (g)
Resorcinol 1.0000 110.1100 59.3945 8.9092
Formaldehyde 2.5000 75.0655 40.4911 6.0737
Catalyst 0.0020 0.2120 0.1143 0.0172
Totals 185.3875 100.0000 15.0000

Table 69: Na,COs3_ 500 0.6 _25% composition

Equivalent Equivalent Percentage Required

Moles Mass (g) Mass % Mass (g)

Resorcinol 1.0000 110.1100 68.6614 10.2992
Formaldehyde 1.6667 50.0447 31.2064 4.6810
Catalyst 0.0020 0.2120 0.1322 0.0198
Totals 160.3667 100.0000 15.0000

Table 70: Na,CO3_ 500 0.75 25% composition

Equivalent Equivalent Percentage Required

Moles Mass (g) Mass % Mass (g)

Resorcinol 1.0000 110.1100 73.2329 10.9849
Formaldehyde 1.3333 40.0339 26.6261 3.9939
Catalyst 0.0020 0.2120 0.1410 0.0211
Totals 150.3559 100.0000 15.0000
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A2 Potassium carbonate — K2COs3

Table 71: K,CO3 100 0.5 20% composition

Equivalent Equivalent Percentage Required
Moles Mass (g) Mass % Mass (g)
Resorcinol 1.0000 110.1100 64.1874 7.7025
Formaldehyde 2.0000 60.0524 35.0069 4.2008
Catalyst 0.01 1.3821 0.8057 0.0967
Totals 171.5445 100.0000 12.0000
Table 72: K,CO; 300 0.5 20% composition
Equivalent Equivalent Percentage Required
Moles Mass (g) Mass % Mass (g)
Resorcinol 1.0000 110.1100 64.5341 7.7441
Formaldehyde 2.0000 60.0524 35.1959 4.2235
Catalyst 0.0033 0.4607 0.2700 0.0324
Totals 170.6231 100.0000 12.0000
Table 73: K,CO3_400 0.5 20% composition
Equivalent Equivalent Percentage Required
Moles Mass (g) Mass % Mass (g)
Resorcinol 1.0000 110.1100 64.5776 7.7493
Formaldehyde 2.0000 60.0524 35.2197 4.2264
Catalyst 0.0025 0.3455 0.2026 0.0243
Totals 170.5079 100.0000 12.0000
Table 74: K,CO3 500 0.5 20% composition
Equivalent Equivalent Percentage Required
Moles Mass (g) Mass % Mass (g)
Resorcinol 1.0000 110.1100 64.6038 7.7525
Formaldehyde 2.0000 60.0524 35.2340 4.2281
Catalyst 0.0020 0.2764 0.1622 0.0195
Totals 170.4388 100.0000 12.0000
Table 75: K,CO3 600 0.5 20% composition
Equivalent Equivalent Percentage Required
Moles Mass (g) Mass % Mass (g)
Resorcinol 1.0000 110.1100 64.6213 7.7546
Formaldehyde 2.0000 60.0524 35.2435 4.2292
Catalyst 0.0017 0.2303 0.1352 0.0162
Totals 170.3927 100.0000 12.0000
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Table 76: K,O3 400 0.5 30% composition

Equivalent Equivalent Percentage Required

Moles Mass (g) Mass % Mass (g)

Resorcinol 1.0000 110.1100 64.5776 11.6240
Formaldehyde 2.0000 60.0524 35.2197 6.3395
Catalyst 0.0025 0.3455 0.2026 0.0365
Totals 170.5079 100.0000 18.0000

Table 77: K,CO3_500 0.5 30% composition

Equivalent Equivalent Percentage Required

Moles Mass (g) Mass % Mass (g)

Resorcinol 1.0000 110.1100 64.6038 11.6287
Formaldehyde 2.0000 60.0524 35.2340 6.3421
Catalyst 0.0020 0.2764 0.1622 0.0292
Totals 170.4388 100.0000 18.0000

Table 78: K,CO3 600 0.5 30% composition

Equivalent Equivalent Percentage Required

Moles Mass (g) Mass % Mass (g)

Resorcinol 1.0000 110.1100 64.6213 11.6318
Formaldehyde 2.0000 60.0524 35.2435 6.3438
Catalyst 0.0017 0.2303 0.1352 0.0243
Totals 170.3927 100.0000 18.0000

Table 79: K,CO3 700 0.5 30% composition

Equivalent Equivalent Percentage Required

Moles Mass (g) Mass % Mass (g)

Resorcinol 1.0000 110.1100 64.6338 11.6341
Formaldehyde 2.0000 60.0524 35.2503 6.3451
Catalyst 0.0014 0.1974 0.1159 0.0209
Totals 170.3598 100.0000 18.0000
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A3 Sodium hydrogen-carbonate — NaHCO3

Table 80: NaHCO; 50 0.5 20% composition

Equivalent Equivalent Percentage Required
Moles Mass (g) Mass % Mass (g)
Resorcinol 1.0000 110.1100 64.0761 7.6891
Formaldehyde 2.0000 60.0524 34.9462 4.1935
Catalyst 0.0200 1.6802 0.9778 0.1173
Totals 171.8426 100.0000 12.0000
Table 81: NaHCO3 150 0.5 20% composition
Equivalent Equivalent Percentage Required
Moles Mass (g) Mass % Mass (g)
Resorcinol 1.0000 110.1100 64.4965 7.7396
Formaldehyde 2.0000 60.0524 35.1755 42211
Catalyst 0.0067 0.5601 0.3281 0.0394
Totals 170.7225 100.0000 12.0000
Table 82: NaHCO3 200 0.5 20% composition
Equivalent Equivalent Percentage Required
Moles Mass (g) Mass % Mass (g)
Resorcinol 1.0000 110.1100 64.5494 7.7459
Formaldehyde 2.0000 60.0524 35.2043 4.2245
Catalyst 0.0050 0.4201 0.2462 0.0295
Totals 170.5825 100.0000 12.0000
Table 83: NaHCO; 250 0.5 20% composition
Equivalent Equivalent Percentage Required
Moles Mass (g) Mass % Mass (g)
Resorcinol 1.0000 110.1100 64.5812 7.7497
Formaldehyde 2.0000 60.0524 35.2217 4.2266
Catalyst 0.0040 0.3360 0.1971 0.0237
Totals 170.4984 100.0000 12.0000
Table 84: NaHCO; 300 0.5 20% composition
Equivalent Equivalent Percentage Required
Moles Mass (g) Mass % Mass (g)
Resorcinol 1.0000 110.1100 64.6025 7.7523
Formaldehyde 2.0000 60.0524 35.2332 4.2280
Catalyst 0.0033 0.2800 0.1643 0.0197
Totals 170.4424 100.0000 12.0000

252



Table 85: NaHCO3 200 0.5 30% composition

Equivalent Equivalent Percentage Required
Moles Mass (g) Mass % Mass (g)
Resorcinol 1.0000 110.1100 64.5494 11.6189
Formaldehyde 2.0000 60.0524 35.2043 6.3368
Catalyst 0.0050 0.4201 0.2462 0.0443
Totals 170.5825 100.0000 18.0000
Table 86: NaHCO; 250 0.5 30% composition
Equivalent Equivalent Percentage Required
Moles Mass (g) Mass % Mass (g)
Resorcinol 1.0000 110.1100 64.5812 11.6246
Formaldehyde 2.0000 60.0524 35.2217 6.3399
Catalyst 0.0040 0.3360 0.1971 0.0355
Totals 170.4984 100.0000 18.0000
Table 87: NaHCO;_ 300 0.5 30% composition
Equivalent Equivalent Percentage Required
Moles Mass (g) Mass % Mass (g)
Resorcinol 1.0000 110.1100 64.6025 11.6284
Formaldehyde 2.0000 60.0524 35.2332 6.3420
Catalyst 0.0033 0.2800 0.1643 0.0296
Totals 170.4424 100.0000 18.0000
Table 88: NaHCO; 350 0.5 30% composition
Equivalent Equivalent Percentage Required
Moles Mass (g) Mass % Mass (g)
Resorcinol 1.0000 110.1100 64.6176 11.6312
Formaldehyde 2.0000 60.0524 35.2415 6.3435
Catalyst 0.0029 0.2400 0.1409 0.0254
Totals 170.4024 100.0000 18.0000
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A4 Potassium hydrogen-carbonate - KHCO3

Table 89: KHCO; 50 0.5 20% composition

Equivalent Equivalent Percentage Required
Moles Mass (g) Mass % Mass (g)
Resorcinol 1.0000 110.1100 63.9562 7.6747
Formaldehyde 2.0000 60.0524 34.8808 4.1857
Catalyst 0.0200 2.0023 1.1630 0.1396
Totals 172.1647 100.0000 12.0000
Table 90: KHCO3 150 0.5 20% composition
Equivalent Equivalent Percentage Required
Moles Mass (g) Mass % Mass (g)
Resorcinol 1.0000 110.1100 64.4560 7.7347
Formaldehyde 2.0000 60.0524 35.1533 4.2184
Catalyst 0.0067 0.6674 0.3907 0.0469
Totals 170.8298 100.0000 12.0000
Table 91: KHCO3 200 0.5 20% composition
Equivalent Equivalent Percentage Required
Moles Mass (g) Mass % Mass (g)
Resorcinol 1.0000 110.1100 64.5190 7.7423
Formaldehyde 2.0000 60.0524 35.1877 4.2225
Catalyst 0.005 0.5006 0.2933 0.0352
Totals 170.6630 100.0000 12.0000
Table 92: KHCO3;_ 250 0.5 20% composition
Equivalent Equivalent Percentage Required
Moles Mass (g) Mass % Mass (g)
Resorcinol 1.0000 110.1100 64.5568 7.7468
Formaldehyde 2.0000 60.0524 35.2084 4.2250
Catalyst 0.004 0.4005 0.2348 0.0282
Totals 170.5629 100.0000 12.0000
Table 93: KHCO3;_ 300 0.5 20% composition
Equivalent Equivalent Percentage Required
Moles Mass (g) Mass % Mass (g)
Resorcinol 1.0000 110.1100 64.5821 7.7499
Formaldehyde 2.0000 60.0524 35.2222 4.2267
Catalyst 0.0033 0.3337 0.1957 0.0235
Totals 170.4961 100.0000 12.0000
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Table 94: KHCO3 200 0.5 30% composition

Equivalent Equivalent Percentage Required

Moles Mass (g) Mass % Mass (g)

Resorcinol 1.0000 110.1100 64.5190 11.6134
Formaldehyde 2.0000 60.0524 35.1877 6.3338
Catalyst 0.005 0.5006 0.2933 0.0528
Totals 170.6630 100.0000 18.0000

Table 95: KHCO;_ 250 0.5 30% composition

Equivalent Equivalent Percentage Required

Moles Mass (g) Mass % Mass (g)

Resorcinol 1.0000 110.1100 64.5568 11.6202
Formaldehyde 2.0000 60.0524 35.2084 6.3375
Catalyst 0.004 0.4005 0.2348 0.0423
Totals 170.5629 100.0000 18.0000

Table 96: KHCO; 300 0.5 30% composition

Equivalent Equivalent Percentage Required

Moles Mass (g) Mass % Mass (g)

Resorcinol 1.0000 110.1100 64.5821 11.6248
Formaldehyde 2.0000 60.0524 35.2222 6.3400
Catalyst 0.0033 0.3337 0.1957 0.0352
Totals 170.4961 100.0000 18.0000

Table 97: KHCO3 350 0.5 30% composition

Equivalent Equivalent Percentage Required

Moles Mass (g) Mass % Mass (g)

Resorcinol 1.0000 110.1100 64.6002 11.6280
Formaldehyde 2.0000 60.0524 35.2320 6.3418
Catalyst 0.0029 0.2860 0.1678 0.0302
Totals 170.4484 100.0000 18.0000
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Appendix B — Standard Hydrogel calculated reaction volumes

Appendix B presents the volumes of both formalin and additional deionised water

required for each of the hydrogel compositions detailed in Appendix A.

B1 Sodium carbonate — Na,CO3

Table 98: Na,COs volumes required for R/F 0.5 and 10% solids content hydrogels

R/C 100 300 400 500

Volume of Formalin (ml) 5.22 5.24 5.24 5.24
Volume due to F (ml) 2.58 2.59 2.59 2.59
Volume due to H>O/MeOH (ml) 2.64 2.65 2.65 2.65
Volume of H20 (ml) 7.36 7.35 7.35 7.35

Table 99: Na,CO3 volumes required for R/F 0.5 and 20% solids content hydrogels

R/C 100 300 400 500 600

Volume of Formalin (ml) 10.44 10.48 10.48 10.49 10.49
Volume due to F (ml) 5.17 5.19 5.19 5.19 5.19
Volume due to H2O/MeOH (ml) 5.27 5.29 5.29 5.30 5.30
Volume of H20 (ml) 4.73 4.71 4.71 4.70 4.70

Table 100: Na,COs volumes required for R/F 0.5 and 25% solids content hydrogels

R/C 100 300 400 500 600 700

Volume of Formalin (ml) 13.05 13.10 13.11 13.11 13.11 13.11
Volume due to F (ml) 6.45 6.48 6.49 6.49 6.49 6.49
Volume due to H2O/MeOH (ml) 6.60 6.62 6.62 6.62 6.62 6.62
Volume of H20 (ml) 3.40 3.38 3.38 3.38 3.38 3.38

Table 101: Na,COs3 volumes required for R/F 0.5 and 30% solids content hydrogels

R/C 100 300 400 500 600 700 800 1000
Volume of Formalin (ml) 15.65 15.72 15.73 15.73 1573 1574 1574 15.74
Volume due to F (ml) 7.74 7.78 7.78 7.78 7.78 779 779 7179

Volume due to H2O/MeOH (ml) 791 7.94 7.95 7.95 7.95 795 795 795
Volume of H20 (ml) 2.09 2.06 2.05 2.05 2.05 2.05 205 205

256



Table 102: Na,COs3 volumes required for R/F 0.5 and 35% solids content hydrogels

R/C 100 300 400 S00 600 700 800 900
Volume of Formalin (ml) 1826 1834 1835 18.35 1836 1836 1836 18.36
Volume due to F (ml) 9.03 9.08 9.08 9.08 9.09 9.09 9.09 9.09

Volume due to H>O/MeOH (ml) 9.23 926 927 927 927 927 927 927
Volume of H20 (ml) 0.77 074 073 073 073 073 073 0.73

Table 103: Na,CO3 volumes required for R/F 0.5 and 40% solids content hydrogels

R/C 400

1000

Volume of Formalin (ml) 20.96 20.99
Volume due to F (ml) 10.38 10.39
Volume due to H2O/MeOH (ml) 10.59 10.60
Volume of H20 (ml) -0.59" -0.60"

* Minus value means that volume required to be reduced from 50 ml initial volume of H2O

Table 104: Na,CO; volumes required for R/C 500 and 25% solids content hydrogels

R/F 0.25 0.40 0.60 0.75

Volume of Formalin (ml) 19.39 15.06 11.61 9.90
Volume due to F (ml) 9.60 7.45 5.75 4.90
Volume due to H2O/MeOH (ml) 9.79 7.61 5.86 5.00
Volume of H20 (ml) 0.79 2.39 4.14 5.00

B2 Potassium carbonate — K;CO3

Table 105: K>CO3 volumes required for R/F 0.5 and 20% solids content hydrogels

R/C 100 300 400 500 600

Volume of Formalin (ml) 10.42 10.47 10.48 10.48 10.49
Volume due to F (ml) 5.15 5.18 5.19 5.19 5.19
Volume due to H:2O/MeOH (ml) 5.27 5.29 5.29 5.29 5.30
Volume of H20 (ml) 4.73 4.71 4.71 4.71 4.70

Table 106: K>COs volumes required for R/F 0.5 and 30% solids content hydrogels

R/C 400 500 600 700

Volume of Formalin (ml) 15.72 15.73 15.73 15.73
Volume due to F (ml) 7.78 7.78 7.78 7.78
Volume due to H2O/MeOH (ml) 7.94 7.95 7.95 7.95
Volume of H20 (ml) 2.06 2.05 2.05 2.05
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B3 Sodium hydrogen-carbonate - NaHCO3

Table 107: NaHCOs3 volumes required for R/F 0.5 and 20% solids content hydrogels

R/C 50 150 200 250 300

Volume of Formalin (ml) 10.40 10.47 10.47 10.48 10.48
Volume due to F (ml) 5.15 5.18 5.18 5.19 5.19
Volume due to H:2O/MeOH (ml) 5.25 5.29 5.29 5.29 5.29
Volume of H20 (ml) 4.75 4.71 4.71 4.71 4.71

Table 108: NaHCOs3 volumes required for R/F 0.5 and 30% solids content hydrogels

R/C 200 250 300 350
Volume of Formalin (ml) 15.71 15.72 15.73 15.73
Volume due to F (ml) 7.77 7.78 7.78 7.78
Volume due to H2O/MeOH (ml) 7.94 7.94 7.95 7.95
Volume of H20 (ml) 2.06 2.06 2.05 2.05

B4 Potassium Hydrogen-carbonate — KHCO3

Table 109: KHCO; volumes required for R/F 0.5 and 20% solids content hydrogels

R/C 50 150 200 300 350

Volume of Formalin (ml) 10.38 10.46 10.47 10.48 10.48
Volume due to F (ml) 5.14 5.18 5.18 5.19 5.19
Volume due to H2O/MeOH (ml) 5.24 5.28 5.29 5.29 5.29
Volume of H20 (ml) 4.76 4.72 4.71 4.71 4.71

Table 110: KHCOs3 volumes required for R/F 0.5 and 30% solids content hydrogels

R/C 200 250 300 350
Volume of Formalin (ml) 15.71 15.71 15.72 15.73
Volume due to F (ml) 7.77 7.77 7.78 7.78
Volume due to H2O/MeOH (ml) 7.94 7.94 7.94 7.95
Volume of H20 (ml) 2.06 2.06 2.06 2.05
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Appendix C — Additional results related to RF xerogels

C1 Uncertainty in repeated measurements

Average (Mean)

X =

> X; Equation 120
N

N = number of observations, X;

Standard deviation

Equation 121

Standard deviation of the mean (standard error)

S Equation 122
Oz = —

The above equations are available in the literature [410].
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Figure 153: Error bar for BET surface area of RF xerogel (solids content 10%)
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Figure 154: Error bar for BET surface area of RF xerogels (solids content 20%).
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Figure 155: Error bars for BET surface area of RF xerogels (solids content 25%).
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Figure 156: Error bar for BET surface area of RF xerogels (solids content 30%).
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Figure 157: Error bars for BET surface area of RF xerogels (solids content 35%).
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C2 Structural properties

It contains additional nitrogen adsorption/desorption isotherms and pore size

distributions for RF xerogel samples, prepared using Na,COs as a catalyst.
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Figure 158: Nitrogen adsorption/desorption isotherms for 10% solids content RF xerogels, at R/C
ratio of: 100 (H), 300 (@), 400 (A) and 500 (®).
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Figure 159: Nitrogen adsorption/desorption isotherms for 20% solids content RF xerogels, at R/C

ratio of: 100 (H), 300 (@), 400 (A), 500 (#) and 600 (®).
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Figure 160: Nitrogen adsorption/desorption isotherms for 35% solids content RF xerogels, at R/C

ratio of: 100 (H), 300 (@), 400 (A), 500 (#), 600 (@), 700 (*), 800 (V) and 900 (®).
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Figure 161: Pore size distributions for 10% solids content RF xerogels, at R/C ratio of: 100 (H), 300
(@), 400 (A) and 500 (®).
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Figure 162: Pore size distributions for 20% solids content RF xerogels, at R/C ratio of: 100 (H), 300
(@), 400 (A), 500 (®) and 600 (@).
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Figure 163: Pore size distributions for 35% solids content RF xerogels, at R/C ratio of: 100 (H), 300
(@), 400 (A), 500 (@), 600 (@), 700 (*), 800 (¥) and 900 (®).
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C3 Thermal conductivity

This part of Appendix D details the thermal diffusivities, heat capacities, densities used
in calculations of thermal conductivity for selected RF xerogel samples. It contains
three measurements for each property, which were used to estimate the average value

for the final thermal conductivity.

Table 111: Thermophysical properties used in the calculation of thermal conductivity for disc-shaped

RF xerogel prepared using R/C ratio of 400 at 30% solids content.

Temperature Ha(ltf) E_l)m © | Thickness Diffusivity (O Density C;ﬁiﬁfity

o - -3 -8 241 -lye-1 -3

C S x10” m | x10° m’s Jkg'K" | kgm Wm'K!
25 13.59 1.8 3.31 1380 478 0.022
25 13.67 1.8 3.29 1380 478 0.022
25 13.59 1.8 3.31 1380 478 0.022
50 13.51 1.8 3.33 1450 478 0.023
50 13.46 1.8 3.34 1450 478 0.023
50 13.51 1.8 3.33 1450 478 0.023
100 12.92 1.8 3.48 1860 478 0.031
100 12.92 1.8 348 1860 478 0.031
100 12.92 1.8 3.48 1860 478 0.031
150 12.39 1.8 3.63 1900 478 0.033
150 12.39 1.8 3.63 1900 478 0.033
150 12.39 1.8 3.63 1900 478 0.033
200 11.13 1.8 4.04 2120 478 0.041
200 11.68 1.8 3.85 2120 478 0.039
200 11.68 1.8 3.85 2120 478 0.039

Table 112: Thermophysical properties used in the calculation of thermal conductivity for disc-shaped

RF xerogel prepared using R/C ratio of 400 at 40% solids content.

Temperature Ha(lé) tsl)m ¢ Thickgless Diffgsivzity1 le 1 Densitgl C(;l;llziircntqiz\i/li ty
C S x10” m | x10° m-s Jkg'K" | kgm Wm'K!
25 11.12 1.66 3.44 1069 462 0.017
25 10.51 1.66 3.64 1069 462 0.018
25 10.51 1.66 3.64 1069 462 0.018
50 10.48 1.66 3.65 1245 462 0.021
50 11.59 1.66 3.30 1245 462 0.019
50 11.00 1.66 3.48 1245 462 0.020
100 11.38 1.66 3.36 1352 462 0.021
100 10.86 1.66 3.52 1352 462 0.022
100 10.86 1.66 3.52 1352 462 0.022
150 10.42 1.66 3.67 1475 462 0.025
150 10.42 1.66 3.67 1475 462 0.025
150 10.86 1.66 3.52 1475 462 0.024
200 9.96 1.66 3.84 1633 462 0.029
200 9.31 1.66 4.11 1633 462 0.031
200 9.31 1.66 4.11 1633 462 0.031
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Table 113: Thermophysical properties used in the calculation of thermal conductivity for powdered

RF xerogel prepared using R/C ratio of 1000 at 30% solids content.

Temperature Ha(ltf) tsl)me Thickness | Diffusivity (O Density Co{}:ﬁ?&ili ty

o : -3 8 20-1 lpe-1 3

C S x10” m | x10° m-s Jkg'K" | kgm Wm K-
25 3.38 0.65 1.74 687 1269 0.015
25 3.34 0.65 1.75 687 1269 0.015
25 3.39 0.65 1.71 687 1269 0.015
50 3.18 0.65 1.84 730 1269 0.017
50 3.19 0.65 1.84 730 1269 0.017
50 3.16 0.65 1.85 730 1269 0.017
100 2.81 0.65 2.08 767 1269 0.020
100 2.80 0.65 2.09 767 1269 0.020
100 2.79 0.65 2.09 767 1269 0.020
150 2.54 0.65 2.30 799 1269 0.023
150 2.54 0.65 2.31 799 1269 0.023
150 2.53 0.65 2.31 799 1269 0.023
200 2.30 0.65 2.55 870 1269 0.028
200 2.32 0.65 2.52 870 1269 0.028
200 2.32 0.65 2.52 870 1269 0.028

Table 114: Thermophysical properties used in the calculation of thermal conductivity for powdered

RF xerogel prepared using R/C ratio of 1000 at 40% solids content.

Temperature Ha(ltf) tsl)me Thickness | Diffusivity (O Density C(;%?Eilsi ty

o - -3 -8 241 -lye-1 -3

C S x10"m | x10°m"s™ | Jkg' K" | kgm Wm'K!
25 2.66 0.65 2.20 780 1325 0.023
25 2.69 0.65 2.18 780 1325 0.023
25 2.69 0.65 2.18 780 1325 0.023
50 2.59 0.65 2.27 820 1325 0.025
50 2.59 0.65 2.27 820 1325 0.025
50 2.57 0.65 2.28 820 1325 0.025
100 2.35 0.65 2.50 985 1325 0.033
100 2.35 0.65 2.50 985 1325 0.033
100 2.34 0.65 2.50 985 1325 0.033
150 2.22 0.65 2.64 990 1325 0.035
150 2.23 0.65 2.63 990 1325 0.034
150 2.23 0.65 2.63 990 1325 0.035
200 2.00 0.65 2.90 1053 1325 0.041
200 19.97 0.65 2.93 1053 1325 0.041
200 2.00 0.65 2.93 1053 1325 0.041
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C4 Density of RF xerogel suing pycnometer method

Table 115: Density of different RF xerogels measured by pycnometer method.

R/C Bulk density g/cm?
Solids 10%
100 1.705
300 1.500
400 1.428
500 2.103
Solids 20%
100 0.991
300 1.048
400 2.056
500 1.907
600 1.513
Solids 25%
100 1.661
300 1.442
400 1.241
500 1.340
600 1.606
700 1.675
Solids 30%
100 1.815
300 1.219
400 1.113
500 0.952
600 0.837
700 0.625
800 0.762
Solids 35%
100 0.979
300 0.866
400 0.831
500 0.806
600 0.637
700 0.590
800 0.394
900 0.560
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Appendix D — Additional results related to RF xerogel blankets

This Appendix displays the results cited in Chapter 5, but not presented in the main

text.

It contains additional nitrogen adsorption/desorption isotherms and pore size

distributions for RF blanket samples, prepared using Na>xCOs as a catalyst.
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Figure 164: Nitrogen adsorption/desorption isotherms for 10% solids content RF blankets, at R/C of:
300 (m), 400 (@) and 500 (A).
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Figure 165: Nitrogen adsorption/desorption isotherms for 20 % solids content RF blankets, at R/C of:
300 (m), 400 (@), 500 (A) and 600 (V).
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Figure 166: Pore size distributions for 10% solids content RF blanket, at R/C of: 300 (W), 400 (@)
and 500 (A).
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Figure 167: Pore size distributions for 20% solids content RF blanket, at R/C of: 300 (W), 400 (@),
500 (A), and 600 (V).
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Appendix E — Life cycle assessment: 1 m*® Resorcinol — formaldehyde
composite blanket

Table 116: Prices of raw material used for lab-scale RF synthesis.

CAS . . Pack price Unit price
Product Supplier Pack size P Pr
Number £ £/unit
Resorcinol 108-46-3 Merck 1 Kg 76.40 76.40 £/Kg
Formaldehyde
ey 50-00-0 Merck 1L 24.60 24.60 £/L
solution
Sodium
497-19-8 Merck 0.5Kg 50.30 100.60 £/kg
carbonate
VWR
Acetone 67-64-1 . 25L 3.99 1.6 £/L
International
20m Lengthx
PET Fibre Cytec 68.5cmx0.6 49.99 60.82 £/m?
cm
Table 117: LCA summary for 1 m* RF composite blanket.
Environmental impacts by stage
Analysis name Functional unit
Resorcinol{ dehyd ite blanket 1m3
. < " icati Ozone layer Photochemical smog Human toxicity
Carbon footprint | Acidffication potential potential depletion potential potential potential
tonne CO2eq.fu. | tonne SO2eq.fu lomeeqpf;?hate tonne R11eq.fu. |tonne ethene eq.f.u.| tonne DCB eq.fu.
Raw Materials 979 0.029 369E3 7238 198E3 278
Miding 467E5 3.45E-7 2.50E-7 3.54E-8 1.53E4 5.52E-4
Impregnation 0.00 0.00 0.00 0.00 153E4 24564
Heating 4.84E-3 3.58E-5 259E-5 3.67E6 258E-10 0.032
Solvent exchange 0.196 464E4 1714 10269 247E5 80363
Drying 0.082 201E4 7.74E5 951E7 10265 0012
Stage 6 0.00 0.00 0.00 0.00 0.00 0.00
Stage 7 0.00 0.00 0.00 0.00 0.00 0.00
Stage 8 0.00 0.00 0.00 0.00 0.00 0.00
Equipment washing 1214 34666 13066 110811 6326 6.84E5
Packging 0.00 0.00 0.00 0.00 0.00 0.00
Storage 1.56E-4 1.15E-6 8.34E-7 1.18E-7 8.28E-12 1.02E-3
Use 0,01 0.00 0.00 0.00 0.00 0.00
Transport 6.98E3 263E5 8.78E6 9.82E-10 25866 34263
Total perfu. 10.1 0.029 398E3 4.84E6 233E3 283
Co-prod 0.00 0.00 0.00 0.00 0.00 0.00
Total inc. coproducts 10.1 0.029 3.98E3 484E6 233E3 283
E | impact by category
Raw materals 643 0.029 366E3 7.08E8 198E3 277
Energy 6.29E-3 7.06E-4 277E4 4776 3.50E-5 0.053
Direct Emissions 0.00 0.00 0.00 0.00 312E4 4.99E-4
Packaging 0.013 4.29E5 322E5 1.44E-9 257E6 8.52E-3
Transport 6.98E3 263E5 8.78E6 9.82E-10 25866 34263
Waste 0.288 0.00 0.00 0.00 0.00 0.00
Land use change 335 0.00 0.00 0.00 0.00 0.00
Carbon storage 0.00 0.00 0.00 0.00 0.00 0.00
Total perfu. 10.1 0.029 398E3 484E6 233E3 283
Coproducts 0.00 0.00 0.00 0.00 0.00 0.00
Total inc. d 10.1 0.029 3.98E-3 4.84E-6 2.33E-3 283
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Abstract: Influence of process parameters of resorcinol-formaldehyde xerogel manufacture on
final gel structure was studied, including solids content, preparation/drying temperature, solvent
exchange, and drying method. Xerogels produced using a range of solids content between 10 and
40 w/v% show improved textural character up to 30 w/v% with a subsequent decrease thereafter.
Preparation/drying temperature shows a minimal threshold temperature of 55 °C is required to
obtain a viable gel structure, with minimal impact on gel properties for further thermal increase.
Improving the solvent exchange method by splitting the same amount of acetone used in this phase
over the period of solvent exchange, rather than in a single application, shows an increase in total pore
volume and average pore diameter, suggesting less shrinkage occurs during drying when using the
improved method. Finally, comparing samples dried under vacuum and at ambient pressure, there
seems to be less shrinkage when using vacuum drying compared to ambient drying, but these changes
are insubstantial. Therefore, of the process parameters investigated, improved solvent exchange
seems the most significant, and it is recommended that, economically, gels are produced using a
solids content of 20 w/v% at a minimum temperature of 55 °C, with regular solvent replenishment in
the exchange step, followed by ambient drying.

Keywords: xerogel; Brunauer-Emmett-Teller theory; Barrett-Joyner-Halenda analysis; temperature;
solids content; drying; solvent exchange

1. Introduction

Resorcinol-formaldehyde (RF) aerogels are a family of porous materials, first discovered in
1989 [1] by Pekala, and which have seen extensive application, due to their tailorable textural
properties, in a range of applications, including as catalyst supports [2-4], in gas storage systems [5,6]
and gas separation devices [7,8], in the fabrication of fuel cells [9,10], and as a core component
in insulation [11,12]. The control of the porous character of these materials underpins their vast
applicability, allowing tailored synthesis in terms of surface area, pore volume and pore size; however,
the mechanism by which these gel materials form is not completely understood and there is significant
scope for materials and process optimization.

It is generally accepted that the sol-gel polycondensation reaction of resorcinol (R) and
formaldehyde (F) proceeds as shown in Figure 1; the reaction is also usually performed at above
ambient temperatures. The reaction can be seen to proceed via an initial addition reaction between
R and F, forming a hydroxymethyl derivative species, which undergoes self-condensation to create
oligomeric chains that form clusters, and finally, a cross-linked 3D gel network. Our previous work,
utilizing light scattering techniques, has provided insight into the mechanism of cluster growth,
whereby, in a system with fixed reaction parameters, thermodynamics controls the size of growing
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clusters, while there is kinetic control of cluster population [13]. The reaction is promoted by the
presence of a metal salt, known within the field as a catalyst. The most commonly used catalyst
is sodium carbonate (Na,CO3), as originally used by Pekala, and the role of the metal carbonate is
thought to be two-fold. While the carbonate is known to act as a base, promoting the initial reaction
between resorcinol and formaldehyde through proton abstraction, the metal ion is thought to stabilise
the colloidal suspension involved in development of clusters dispersed within the solvent matrix [14].
Hence, many studies have previously focused on the use of different catalytic species to control the
final gel material [13-19]. However, it should be noted that the polycondensation reaction can also
be influenced by a variety of other synthesis parameters, resulting in a modification of the porous
character of the final aerogel product [20,21]. This includes synthesis parameters such as resorcinol
to carbonate molar ratio (R/C) and the mass of solids dissolved within a fixed volume of solvent
(deionised water) [22], as well as process variables, which can also affect the end material. Recent
research has shown that both the time allowed for the reaction mixture to be stirred before heating [23],
and the shape of the mould used to form the RF aerogel [24], can also have a significant effect on
the internal structure of the gel product. The post-synthetic processing of RF gels is also subject to
significant variation, in terms of solvent exchange and drying methods used, the former is usually
selected to enhance the latter. Drying methods include supercritical drying, freeze drying or ambient
temperature drying, with or without vacuum.

OH OH
CH,OH
OH Metal PH O O

[e) Carbonate CHZ0H
Y sy ' on ~ 0o OoH O OH
oK CH,OH
R F
Hydroxymethyl HO
Derivative

Figure 1. General reaction mechanism proposed in the reaction of resorcinol and formaldehyde. R:
resorcinol; F: formaldehyde.

Kistler was instrumental in developing the first aerogels from silica based materials, and in his
work, he had observed that evaporative drying results in destructive forces acting on the pore walls
as a consequence of surface tension, and subsequent collapse of the gel [25]; he also established that,
due to the high critical temperature and pressure of H,O [26], and its poor solubility in supercritical
solvents [27], the water entrained within the gel first had to be exchanged with a solvent that was
completely miscible with the supercritical solvent. Following this work, the Lawrence Berkeley
Laboratory [28] discovered that supercritical CO, could be used as a direct solvent replacement in the
drying of silica aerogels [28], presenting a safer route to gel production. Pekala subsequently used
this discovery, in conjunction with previous knowledge on RF resins to prepare organic aerogels [1,29].
Further studies, since then, discovered that other drying methods can be used, e.g., conventional
evaporative drying to form xerogels [30] and freeze drying to form cryogels [31-34]. Czakkel et al. [32]
compared the effects of evaporative drying in an inert atmosphere, freeze drying and supercritical
drying, on the textural properties of RF gels, and found that the cryogels exhibited the highest
pore volumes and surface areas due to the improved solvent quality of t-butanol; the evaporative
samples showed less developed structures due to increased shrinkage arising from the formation of a
liquid-vapour interface and resultant surface tension [20]. This indicates that the final drying step is
critical to retention of porous character; however, Jabeen also demonstrated that exchanging entrained
water with a solvent of lower surface tension reduced gel shrinkage and, as a result, increased pore
volume [35]. The results indicate that, even in the event of a prolonged solvent exchange, residual
water is retained within the pores of the gel, resulting in increased surface tension during drying,
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and impacting on the porous structure obtained. Another way to avoid liquid—vapour interfaces is
to use freeze-drying [12-15]. It has been noted, in previous studies, that supercritical drying and
freeze-drying are expensive to perform, and require specialist knowledge [34,36]; hence, a route to gel
production that avoids such methods would be economically beneficial.

These previous works have established a base from which most researchers work to produce
RF gels but, to date, there has been no overarching study that has investigated process optimization
holistically, which is essential for the scaled production of these materials. Hence, the aim of this
current work is to optimise synthesis parameters and process variables to provide tailored production
of selected textural characteristics in the final material. This involves determination of the impact
of the solvent exchange method, total solids content, and drying method used, with respect to with
varying R/C ratio. This optimal system was then studied further by altering the temperature at which
the steps of synthesis, curing and drying were all set, to determine the validity of the widely accepted
temperature of 85 °C in the synthetic procedure, as this has potential impact on the basis of both
economics and safety. Low temperature nitrogen sorption measurements were used to characterise
the textural properties of the synthesised aerogels, allowing changes in the internal structure of the
xerogel to be monitored and quantified.

2. Results and Discussion

2.1. Effect of Solvent Exchange Method

Gels, produced as outlined above, generally undergo solvent exchange for a period of three days
with only an initial volume of acetone added to the drained, cured gel; however, this may not be
the most appropriate method to retain the porous structure developed during synthesis. Due to the
high surface tension value for water, over the synthetic temperature range used to produce RF gels,
the process of drying hydrogels leads to significant shrinkage of the material, as a consequence of
the resulting high stresses that act on the pore walls. Therefore, it is desirable to replace the water,
entrained within the pores, with a liquid that exhibits a lower surface tension, and preferably a lower
boiling point, than water, within the temperature range of interest. The surface tension of water is high,
even at elevated temperatures, e.g., 67.94 N/m at 50 °C [37], and a number of alternative solvents,
with reduced surface tensions e.g., amyl acetate, acetone, t-butanol and isopropanol [20,38], have been
proposed for solvent exchange in previous studies; however, acetone offers an excellent combination of
a reduction in surface tension (19.65 N/m at 50 °C [39]) and relatively low cost compared to alternative
solvents. Hence, acetone was used for solvent exchange within this study.

Replacement of the liquid within the pores is driven by diffusion, although agitation is often used
to enhance contact of the material and fresh solvent; hence, sufficient time is required for full exchange
to occur. Another factor that is potentially important, in maximizing the level of exchange, is the
water concentration gradient between the pore liquid and the bulk solvent surrounding the sample.
To investigate the effect of the solvent exchange method used, three batches of gels, individually of
60 mL total liquid volume, were synthesised, each of which, after curing, were washed with acetone,
drained and, subsequently, agitated in acetone for three days. The key difference was that the first two
batches were used to investigate the effect of a different volume of acetone used in one application and
were processed by adding the entire volume of acetone at the beginning of the three days, namely 180
or 240 mL, and the sample was left without further handling for the whole solvent exchange period,
while the third batch was treated with a fresh volume of acetone each day for three successive days
with the total volume of acetone used adding up to 240 mL, thus maintaining the same total volume of
acetone as the second batch but splitting the total volume over multiple days.

The data obtained for the pore size distributions of the three batches of gels are shown in Figure 2,
and it can be seen that changing the acetone bath daily has a more pronounced positive effect on the
total pore volume of the RF gel samples compared to just increasing the total acetone volume without
changing the bath daily, especially for samples with lower R/C ratios. Improving the solvent exchange
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method, by increasing the concentration gradient daily, leads to pores with larger average diameter
(Table 1). This, coupled with the increase in pore volume, is ascribed to a reduction in shrinkage during
the drying stage. If the acetone bath is replaced daily, the water concentration gradient is renewed
every day, thus there is an increased driving force, which removes more water from the pores. This
leads to lower stresses being exerted on the pore walls during the drying stage, due to the lower
surface tension of acetone compared to water. However, for samples with higher R/C ratios exhibiting
a weaker gel structure, the improved method does not seem to have the same pronounced positive
effect observed for the lower R/C gels with smaller average pore diameter. A possible explanation
is that when the acetone bath is exchanged daily, the replenishment step slightly damages the softer
structure, resulting in lower values of surface area and pore size. The findings from this section of work
suggest that there is significant advantage in using an improved solvent exchange method for most of
the samples, hence, all samples in the following sections were prepared using daily replenishment
of acetone within the solvent exchange stage, with the intention of maintaining the gel structure as
close to the original hydrogel structure as possible, without the need to use cryogenic or supercritical
processing steps. It is important to note that, in order to obtain improved gel characteristics, it is not

necessary to increase the amount of acetone used during the solvent exchange, rather it is imperative
to split this amount over the exchange period.
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Figure 2. Effect of solvent exchange method on pore size distribution for resorcinol-formaldehyde
xerogels with varied resorcinol:carbonate (R/C) molar ratio.

Table 1. Textural properties of resorcinol-formaldehyde xerogels prepared with standard and improved
solvent exchange.

SBET (mz/g)

Vr (em®/g)

Vy (em®/g)

@ (nm)

Acetone Exchange Method

Acetone Exchange Method

RIC Acetone Exchange Method Acetone Exchange Method
Standard Improved Standard Improved Standard Improved Standard Improved
180mL 240 mL 180 mL 240 mL 180 mL 240 mL 180 mL 240 mL
100 480 470 580 0.33 0.33 0.46 0.052 0.046 0.059 3 3 3
200 470 530 500 0.54 0.71 073 0.040 0.056 0.052 5 5 6
300 420 430 470 078 0.93 1.05 0.043 0.052 0.060 8 10 11
400 370 300 220 0.97 0.95 0.99 0.046 0.035 0.033 12 14 24
500 300 220 230 0.97 0.96 117 0.039 0.033 0.034 16 24 29
600 230 110 220 1.01 0.44 0.81 0.036 0.019 0.036 24 27 22

Sger—surface area from Brunauer-Emmett-Teller (BET) analysis; Vi—total pore volume determined from
adsorption at p/p°® ~1; V,—micropore volume determined using t-plot method; p—average pore width from
Barrett-Joyner-Halenda (BJH) analysis. Errors are omitted from the table as all values are reported to an accuracy
less than the largest error for each variable.
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2.2. Effect of Changing Solids Content

There is a tendency within the literature to use solids contents of ~20 w/v% in the production
of RF gels [13,14,40,41]; however, the amount of solid material within the reaction volume would
be expected to affect the solid:liquid ratio, hence, the final gel characteristics. Here, RF gels were
synthesised over the range of solids content between 10 and 40 w/v%, using R/C ratios of 100, 300 and
600. Note that these samples were prepared at 85 °C, using improved solvent exchange (see Section 2.1)
and vacuum drying (see Section 2.3). For the samples synthesised using a solids content of 10 w/v%,
gelation was unsuccessful for R/C ratios greater than 600, hence, the range used in this study, but it
should be noted that R/C ratio can be increased as the solids content increases but would not allow
a direct comparison within this work, thus R/C 600 was the highest value studied here. For solids
contents >20 w/v%, some of the samples exhibited cracking during the drying stage, which affected
their final characteristics.

From Table 2, it can be observed that, at constant R/C molar ratio, there is no significant change
in specific surface area as mass content changes; however, the total pore volume is seen to increase
with solids content, up to <30 w/v%, after which point, the pore volume is slightly reduced at low
R/C but still increases at higher R/C values. This can be ascribed to interplay between R/C ratio,
i.e., particle nucleation number, and solids content, i.e., available material for particle growth; this
means that the higher R/C ratios are more greatly affected by the additional mass available, due to the
lower number of particles formed. The decrease at low R/C may be attributable to inhomogeneity
during the gelation process, when no active agitation is applied, or possibly due to the increased mass
per unit volume, which increases the relative density and reduces the void space available. Similarly,
at constant R/C molar ratio, the average pore size increases with increasing solids content, again
to 30 w/v%, whereupon it decreases steadily with increasing reactant concentration. Increasing the
mass of reactants at a fixed R/C ratio, increases both the monomer concentration and that of sodium
carbonate, as the catalyst, which leads to an increase in the number of particles formed during gelation;
this could result in the observed decrease in average pore size. It should be noted that the pore
diameters determined for R/C 100 are constant at three nanometers; however, differentiation at this
level is hindered by the size of the probe molecule, which only allows integer values to be reported.

Table 2. Textural properties of resorcinol-formaldehyde xerogels prepared using different percentage
solids contents.

il Sget (m?/g) VT (em®/g) V. (em®/g) @ (nm)
o

Solids R/C Ratio R/C Ratio R/C Ratio R/C Ratio

100 300 600 100 300 600 100 300 600 100 300 600

10 500 370 - 0.36 0.85 - 0.057 0.037 - 3 9 -
20 500 490 280 0.32 0.91 1.00 0.065 0.064 0.046 3 8 18
25 550 410 190 042 1.00 1.07 0.054 0.042 0.030 3 10 32
30 570 490 260 0.46 1.08 1.17 0.055 0.064 0.045 3 9 28
35 570 450 260 045 0.98 1.23 0.051 0.050 0.038 3 9 27
40 540 550 330 0.44 1.07 1.53 0.048 0.077 0.056 3 9 29

Sper—surface area from BET analysis; Vr—total pore volume determined from adsorption at p/p° ~1;
Vyu—micropore volume determined using t-plot method; p—average pore width from BJH analysis. Errors
are omitted from the table as all values are reported to an accuracy less than the largest error for each variable.

Figure 3 shows the pore size distribution of RF gel samples prepared at a constant R/C molar
ratio of 300, and using different percentage solids contents. It can be seen that there is no significant
change in the pore size distribution as the reactant concentration changes; however, it can be observed
that RF gels with solids contents of 25 and 30 w/v% exhibit the narrowest distribution, with a sharp
peak at ~15 nm. From Figure 4, meanwhile, it is obvious that altering the solids content has no major
effect on overall shape of the adsorption—desorption isotherm of Ny, with all samples exhibiting Type
IV isotherms [42]. The quantity of N; adsorbed increases with increasing relative pressure and a solids
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content of 30 w/v% shows the highest adsorption capacity of all levels tested. The combination of a
discrete pore size distribution and high pore volume (Table 2) indicates that the selection of 20 w/v%
in the synthetic matrix is in line with process optimization.

8 T
Solids content
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—o— 20 W% 4
61 —a— 25 W% I\
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N w »

-
1

o
!
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Figure 3. Pore size distribution obtained for resorcinol-formaldehyde xerogels synthesised using a
resorcinol:cataylst molar ratio of 300 and varied percentage solids contents.
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Figure 4. Nitrogen adsorption-desorption isotherms obtained for resorcinol-formaldehyde xerogels
using a resorcinol:cataylst molar ratio of 300 and varied percentage solids content.

2.3. Ambient Pressure vs. Vacuum Drying

The final stage of gel preparation is drying of solvent exchanged gels, which, in this case, involves
subcritical drying of the gels to remove acetone. The gels prepared in this way exhibit a higher degree
of shrinkage; however, it is much easier to implement, and more economical, when compared to
supercritical drying with CO,. Usually, in order to make the drying process faster, and to ensure that
the final materials have been dried thoroughly, vacuum drying is utilised. Maintaining a vacuum
during drying is also not inexpensive, so it would be beneficial if RF gels could be dried under ambient
pressure at elevated temperature, while retaining their final properties. Therefore, a series of gel
samples were prepared, where the gel sample was divided in two halves post improved solvent
exchange. This ensured that any effects observed within the final structure only resulted from the
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selected drying procedure. One half of the sample was dried for two days under vacuum at 85 °C, while
the other half was dried under ambient pressure at 85 °C for one day and subsequently moved to the
vacuum oven with the other sample half for one day of further drying, this time sub-atmospherically.
Most of the drying process occurs during the first day; while the second day is used to remove the
final traces of acetone remaining in the pores.

Table 3 shows the textural properties obtained for the gels prepared as outlined above. It can
be observed that even though the gels dried under vacuum tend to have higher surface areas, pore
volumes, micropore volumes, and larger average pore widths, the differences are insubstantial. This
means that, if the requirements for the final material are not too strict, it should be possible to initially
dry RF gels at ambient pressure, potentially even in the same oven as is used for gelation, since
the temperatures are equivalent. From an industrial perspective, this could result in significant cost
savings associated with the drying process of RF gels, and the handling of materials between unit
operations, and could make such materials potentially cost-effective for new applications.

Table 3. Textural properties of resorcinol-formaldehyde gels dried at ambient pressure and
under vacuum.

SpeT (M?%/g) V7 (cm®/g) Vi (cm®/g) @ (nm)
R/C Drying Method Drying Method Drying Method Drying Method
Ambient Vacuum  Ambient Vacuum Ambient Vacuum Ambient Vacuum
100 510 600 0.45 0.47 0.037 0.064 4 3
300 380 460 1.11 1.12 0.044 0.064 13 12
600 90 120 0.31 0.54 0.014 0.023 19 30

Sger—surface area from BET analysis; Vr—total pore volume determined from adsorption at p/p° ~1;
Vyu—micropore volume determined using t-plot method; g—average pore width from BJH analysis. Errors
are omitted from the table as all values are reported to an accuracy less than the largest error for each variable.

2.4. Influence of Synthetic and Processing Temperature
Jged &

In light of the three previous steps, it seems reasonable that the preparation of gels using 20 w/v%
solids content, with an improved solvent exchange step and either ambient or vacuum drying should
yield reasonably optimal materials. The constraint of several process variables also indicates that
it should be possible to obtain materials with a high degree of reproducibility; however, this is
dependent on control of one significant parameter, which can have significant impact on the overall
process costs, i.e., temperature. The first stages of resorcinol-formaldehyde (RF) gel formation,
immediately after mixing the components, are gelation and curing, which are usually carried out at
elevated temperatures, and the final processing steps of gel production also include the use of a raised
temperature during drying. Hence, the final parameter studied here was the influence of temperature
within the manufacturing process. In all previous experiments, 85 °C was selected as the gelation and
curing temperature as gels previously obtained at this temperature have exhibited a viable structure,
and it is also a commonly used value in the literature, allowing further comparisons to be made to
previously reported results [20,43,44]. It has, however, been shown that RF cluster particles begin
to grow once the solution reaches a temperature of at least 55 °C [13], which indicates a minimum
threshold for investigation; since water is used as the solvent, in the synthesis outlined above, the
upper temperature limit is, therefore, set by the boiling point of water. Thus, the chosen temperature
range studied was 45-95 °C, with 10 °C intervals. This allowed the region both above and below the
temperature necessary for cluster growth to be probed to determine whether a viable gel structure
can be established and maintained at temperatures approaching both (i) the boiling point of water
and (ii) lower, less energy demanding, temperatures. R/C ratio was varied, as required, but all other
synthesis parameters were kept constant as stated above; the only other change was that of oven
temperature during the gelation and drying stages. Due to the enhanced performance observed above,
improved solvent exchange was used exclusively, and the drying temperature, used in the vacuum
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stage, matched the gelation and curing temperatures, in order to restrict any post gelation changes in
structure caused by exposure to a higher temperature during drying.

Table 4 shows the textural properties for gels synthesised at different temperatures, obtained from
nitrogen adsorption analysis. Gels prepared at lower temperatures either did not gel or exhibited a very
weak structure that did not withstand the drying process; this led to materials with a low degree of
porosity or even to non-porous materials. The effect of temperature can be seen more clearly in Figure 5
where the influence of gel preparation temperature, and R/C ratio, on Brunauer-Emmett-Teller (BET)
surface area is shown. It can be seen that, at low temperatures (45 and 55 °C), the surface areas
obtained are very low, and are essentially independent of the R/C ratio used. At higher temperatures,
the BET surface area seems to be only slightly dependent on temperature, and the effect of catalyst
concentration dominates as the major factor in determining the final gel structure properties. These
results are in disagreement with results from Tamon and Ishizaka [45] who reported that gelation
temperature had no influence on the final gel structure. The difference is likely ascribed to the fact that
their gelation step at either 25 or 50 °C was followed by a curing period of five days at 90 °C. Thus, the

influence of the lower temperature gelation stage would have been masked by subsequent exposure to
the same higher temperature during the curing stage.

yns

Figure 5. Dependence of BET surface area on resorcinol-formaldehyde xerogel preparation temperature
and resorcinol:catalyst (R/C) molar ratio.

Table 4. Textural properties of resorcinol-formaldehyde xerogels prepared at different temperatures.

SpeT (m?/g) V1 (em®/g) Vy (em®/g) @ (nm)
o
TCO R/C Ratio R/C Ratio R/C Ratio R/C Ratio

100 300 600 100 300 600 100 300 600 100 300 600
45 = < 20 : Y - 0002 - . 9
55 <1 140 100 - 014 048 - 0010 0011 - 4 2
65 370 350 200 022 052 082 0054 0036 0027 3 6 20
75 53 440 220 037 077 08 0064 0052 0030 3 8 21
85 580 470 220 046 105 081 0059 0060 0036 3 1 2
95 610 490 230 052 118 092 0057 0064 0038 4 1 24

Sger—surface area from BET analysis; Vr—total pore volume determined from adsorption at p/p°® ~1;
V—micropore volume determined using t-plot method; g—average pore width from BJH analysis. Errors
are omitted from the table as all values are reported to an accuracy less than the largest error for each variable.

Pore size distributions for the suites of samples prepared using different temperatures, and R/C
ratio 300, are presented in Figure 6, and the results show that the pore size distribution shifts towards
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larger pore diameters with increasing gelation temperature. This implies that gels prepared at higher
temperatures develop stronger crosslinkages, which leads to a lower degree of shrinkage during the
drying stage. It can also be observed that the total pore volume, which is given by the area under the
pore size distribution curves, increases with increasing temperature, further supporting the theory
that shrinkage is reduced within the stronger structures created at higher temperatures. The gels
prepared at 45 °C exhibited such low porosity that the values are not even discernible in Figure 6, and
are overlapped by other points; specific values are presented in Table 4.

Gelation and drying temperature

6 -

—m—45°C

—e—55°C
51 —o—65°C

—*—75°C \
44 —Aa—85°C |

4—95°C

Pore Volume (cm?g)
N w
1 1

i
1

(=

4 6 8 10 12 14 1'6 18 20
log(Pore Width/nm)

Figure 6. Effect of gelation temperature on pore size distributions for resorcinol-formaldehyde xerogels
prepared using resorcinol:catalyst molar ratio of 300 and 20 w/v% solids content.

Morphological images of xerogel samples synthesised at 45 and 85 °C, with R/C ratios 100 and
600, are shown in Figure 7. It can be observed that the samples prepared with R/C ratio 100 do
not show any significant textural features at this macroscopic level, which is expected considering
the results from nitrogen sorption measurements. The pore size for these samples is below the limit
at this magnification and due to the porous nature of the samples, it was not possible to achieve
higher magnifications without using a higher thickness of gold coating, which would obscure any fine
textural features. By contrast, there is a clear difference in morphology between the samples prepared
with R/C 600 at different temperatures. The xerogel prepared at 85 °C (Figure 7d) exhibits a typical
porous structure, composed of RF clusters crosslinked into a 3D network with some of the macropores
clearly visible. While there are visible differences between samples prepared at 85 °C (Figure 7b,d),
the xerogels prepared at 45 °C (Figure 7a,c) exhibit a very similar structure independent of catalyst
amount. This agrees with the textural data obtained from nitrogen sorption measurements.

It is evident from these results that, in order to obtain a viable gel structure capable of enduring the
drying process, the gelation temperature must be in excess of 55 °C, as suggested by Taylor et al. [13];
however, increasing the temperature further does not seem to have a significant impact on the surface
area obtained. The other textural variables are affected slightly and it may be required to use elevated
temperatures to optimise a particular variable or enhance the crosslinking within the final gel. This
information could be used in process optimization of RF gel manufacture to reduce the heating costs
associated with the gelation and drying processes for a specific set of required textural characteristics,
as defined by a selected application.
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Figure 7. SEM micrographs of resorcinol-formaldehyde xerogels prepared at (a) 45 °C with
resorcinol:catalyst molar ratio of 100, (b) 85 °C with resorcinol:catalyst molar ratio of 100, (c) 45 °C
with resorcinol:catalyst molar ratio of 600, and (d) 85 °C with resorcinol:catalyst molar ratio of 600 at
30,000 x magnification.

3. Conclusions

The work presented here demonstrates the need to carefully control the synthesis and process
parameters used in RF gel production, in order to obtain the optimal material for a given application.
Solids content is integral to gel viability, with low solids contents resulting in weaker structures that
fail to gel at higher R/C ratios, and very high solids contents resulting in increased densification of the
material and a reduction in porosity. It was observed that 30 w/v% represents an upper bound for
solids content in the systems studied here, and such materials exhibited the highest accessible pore
volume; however, surface area was unaffected by increased mass, at constant R/C. It is suggested
that the increased mass of reactants (both monomer and catalyst) increased particle number and
decreased average pore size. Within the systems studied, those gels created using solids contents
of 20-30 w/v% exhibited the narrowest distribution; thus, the combination of discrete pore size
distribution and high pore volume, with lower reactant costs, indicates 20 w/v% is optimal for gel
production. In line with previous studies, a minimum temperature of 55 °C was shown to be critical in
viable gel formation; gels prepared at lower temperatures either did not gel or exhibited a very weak
structure with low or negligible porosity, independent of R/C. Gels prepared at higher temperatures
showed insignificant changes in surface area with temperature, with the effect of catalyst concentration
dominating gel formation; while pore diameter increases with increasing gelation temperature, due to
stronger crosslinkages, hence, a lower degree of shrinkage during processing. This indicates that, while
the gelation temperature must be in excess of 55 °C, increasing the temperature further has little impact
on the final surface area, allowing a lower temperature to be used for gel synthesis if this is a key
measure of gel performance. Post-synthesis, the regular replacement of the solvent exchange fluid has
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a marked positive effect on total pore volume, leading to pores with larger average diameters, which is
ascribed to a reduction in shrinkage during the drying stage, due to the increased driving force for
water removal, hence, lower stresses being exerted on the pore walls during processing. It is, therefore,
not necessary to increase the amount of solvent used within the exchange but it is imperative to
increase the number of solvent changes over the exchange period. Finally, the differences between gels
dried at atmospheric and sub-atmospheric pressure show little difference in their textural character,
hence, it may be possible to dry RF gels at ambient pressure, potentially even in the same oven as
gelation, to reduce both heating and pump costs. Combined, these results provide guidance to reduce
the costs of RF gel manufacture, without impinging on the desired qualities of the materials produced.

4. Materials and Methods

4.1. Sample Preparation

Unless otherwise stated, all resorcinol-formaldehyde (RF) gel samples were prepared using
an analogous procedure, excepting for the specific parameter investigated in each section of the
study. All chemicals were used as received from the supplying company, and deionised water was
produced in-house (Millipore Elix® 5 with Progard® 2 (Merck, Watford, UK)). Firstly, the appropriate
amount of resorcinol (Sigma Aldrich, Gillingham, UK, ReagentPlus, 99%) was added to a premeasured
volume of deionized water in a jar containing a magnetic stirrer bar. Upon dissolution of all of
the added resorcinol, a corresponding amount of sodium carbonate (Sigma Aldrich, anhydrous,
>99.5%), on a molar basis, was weighed out and added to the solution. As outlined above, sodium
carbonate acts as a catalyst, by a combination of increasing the solution pH in the basic region via
hydrolysis of the carbonate ion, and by the introduction of sodium ions, which, it has been suggested,
assist in the addition of formaldehyde to resorcinol [46]. Catalyst concentration is expressed as
resorcinol/ catalyst molar ratio (R/C) and the range studied here is R/C 100-600. After all solids were
dissolved, the required amount of formaldehyde, in the form of formalin solution (Sigma Aldrich,
37 wt % formaldehyde in water, containing 10-15 wt % methanol as a polymerization inhibitor), was
added, and the solution was stirred in a closed jar for 30 min. All samples were prepared with 20 w/v%
solids content, unless otherwise stated, and the total volume used was 60 mL, made up of water and
methanol, contributed by the formalin solution used. At the end of the period of agitation, stirrer
bars were removed from the solution, and the jar lid was hand-tightened, before moving the jar to an
oven (Memmert UFE400, Schwabach, Germany) preheated to 85 °C, unless otherwise stated. Samples
formed during this study gelled within 1-2 h [13]; however, samples were left to cure for three days
in order to ensure sufficient time for crosslinking to occur. After three days, the jars containing the
gels were removed from the oven and left to cool to room temperature. The formed gels were cut into
smaller pieces before washing and solvent exchange with acetone (Sigma Aldrich, >99.5%). Standard
solvent exchange involved addition of ~180 or ~240 mL of acetone to the drained gel, before resealing
the lid and, in order to minimise acetone losses, wrapping with paraffin film. Sealed jars were put on a
shaker unit (VWR 3500 Analog Orbital Shaker, Lutterworth, UK) and agitated for three days. In the
improved solvent exchange method, the exchanged acetone was drained and replaced with 80 mL
of fresh solvent on each successive day for three days. After three days of either solvent exchange
method, the gel was drained and placed in a vacuum oven (Townson and Mercer 1425 Digital Vacuum
Oven, Stretford, UK), preheated to 85 °C (or, in the case of the temperature study samples, the drying
temperature was set to match the curing temperature), to dry for two days. Finally, the sample was
transferred to a labelled sample tube for storage.

4.2. Sample Characterisation

Nitrogen adsorption-desorption measurements were used to obtain textural properties for the RF
gel samples prepared in this study. Nitrogen sorption was performed at —196 °C using a Micromeritics
ASAP 2420 (Hexton, UK) surface area and porosity analyser. Prior to analysis, samples were outgassed
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under vacuum below 10 umHg at 50 °C for 30 min and then at 110 °C for 2 h; except for samples where
the influence of temperature was investigated, for these samples, outgassing temperatures matched
the gelation and drying temperatures used, and the time for outgassing was adjusted accordingly to
ensure removal of all volatile contaminant species. Samples were analysed using a 40 pressure point
adsorption and 30 pressure point desorption cycle. All samples were characterised for surface area
(m?/ g), using Brunauer-Emmett-Teller (BET) theory [47], and the Rouquerol correction for microporous
samples [42]; total pore volume (cm®/g); micropore volume (cm®/g) from the t-plot method [48]; and
average pore size (nm) from the Barrett-Joyner-Halenda method [49].

Scanning electron microscopy (SEM) micrographs were recorded in backscattered mode at
1000 V using a Field Emission Scanning Electron Microscope (Keysight, U9320B, Wokingham, UK)
at magnification 30,000 . Prior to analysis, samples were ground into a fine powder, coated with a
10 nm gold layer using an EM ACE 200 sputter-coater (Leica Inc., Milton Keynes, UK), and attached to
aluminium stubs with carbon tape.
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