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Abstract

Inorganic thermal insulation materials, such as porous geopolymer and aerogel, have received
unprecedented attention due to their excellent thermal insulation performance and non-burning
characteristics. They are also more environmentally friendly compared to conventional
synthetic insulation materials. The environmental benefit could be further enlarged when

recycled glass fibre (rGF) is introduced in the geopolymer and aerogel system.

Waste glass has been investigated extensively in the geopolymer system. However, the effect
of recycled glass fibre on the thermal property of geopolymer is not commonly mentioned. In
this thesis, the effect of rGF content on the mechanical and thermal properties of geopolymer
was examined. Results indicated that the addition of rGF in geopolymer significantly increased
the compressive strength (92 to 165 kPa) without diminishing the thermal performance (51.1
to 54.6 mW/m.K). In addition, a considerable amount of recycled glass fibres (25 g for three
specimens) was reused. This paves a promising way to maximise environmental benefits and

shows great potential in the thermal insulation field.

Another avenue of research in this thesis was assessing the feasibility of fabricating short rGF
mats and incorporating the prepared rGF mats with aerogel since these are rarely reported. In
this thesis, rGF was used to fabricate the glass fibre mat via wet deposition and chemical
bonding process to support the aerogel network. The mechanical and thermal performance of
the rGF-aerogel composites was then characterised. The successfully prepared rGF mat
provides a valuable reference for the preparation of recycled short fibre mats. The prepared
rGF-aerogel had a low thermal conductivity (23.8 mW/m.K). Although the thermal
conductivity of the rGF-aerogel is slightly higher than the prepared aerogel reinforced with
the commercial GF mat (18.3 mW/m.K), it still paves a promising way to maximise

environmental benefits and shows great potential in the thermal insulation field.

The potential application of aerogel composites in packaging was also explored since it is
rarely reported. In this thesis, an optimised mathematical model was derived by incorporating
two mathematical models described in the literature to improve the accuracy of the calculated
results. A number of experiments were then set up to validate the optimised model. The results
showed that the insulating performance of packages insulated with aerogel composites was
significantly improved (2 times better than expanded polystyrene). This finding suggests that
aerogel composites have a great potential to satisfy the requirement of temperature control for
long-haul transportation of fresh goods. The optimised model can be utilised as a cost-effective

tool for packaging design concerning passive temperature control with improved accuracy.
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1. Introduction

1.1. Background

Global energy consumption is foreseen to be increased by 53% within the next ten years from
the International Energy Agency (IEA) prediction, which is caused by the significant increase
in industrial and urban activities due to the intensive country development and dramatic
increase of population size [1]. Environment pollution becomes an obvious issue as a
consequence of such massive energy demand [2]. Carbon dioxide (CO,), as a pollutant
substance, is contributing to the greenhouse effect significantly. The CO, emission ultimately
leads to the rising average global temperature [3]. It was stated that a 2°C increase in the global
average temperature would cause irreversible impacts on the environment, serve issues on
human health, enormous damage to natural ecosystems as well as affect global agriculture
sustainability [4]. Therefore, research on energy management and efficient minimisation of

energy consumption has become vital more than ever in recent years [5].

Insulation in buildings or any other sector is an energy-efficient strategy leading to lower
energy consumption [6]. Thermal insulation is composed of a material or several layers of
materials that exhibit the characteristic of high thermal resistance, which can decrease the heat
flow rate [7]. As a result, it provides the ability to maintain the heat/cool within the building
and prevent heat flux with the surrounding [8]. An efficient insulation strategy can reduce the
consumption rate of natural resources such as petroleum and gas reserves used for power
generation. Therefore, greenhouse gas production can be lowered [9]. Furthermore, it is a cost-
saving strategy too, and this is because the building has a positive net energy balance where a
more considerable amount of energy is saved through the insulation application than the
energy required to manufacture the insulation material itself [10]. Finally, thermal insulation
provides other benefits, including fire protection (using inorganic materials), personal comfort,

condensation control and sound control [6].

Conventional insulation materials such as mineral wool, expanded polystyrene (EPS), and
Polyurethane (PUR) have the largest market share since they offer the best performance per
unit cost [11]. In recent years, superinsulation materials such as aerogels have attracted much
more attention due to their excellent thermal insulation performance. The proportion of
superinsulation materials within the global insulation market in the upcoming future could
increase considerably depending on the high-performance insulation, such as lower thermal

conductivity and higher thermal stability, and decreasing costs [5]. Lightweight concrete and



geopolymers as the load capacity components could also play an essential role in overall

building insulation [12].

Table 1-1 summarises the thermophysical properties of commonly seen insulation materials,
and the comparison of thermal performance is plotted in Figure 1-1. It is well indicated that
vacuum insulation panel (VIP) provides the best thermal insulation performance among all
listed materials, almost ten times better than conventional insulation materials such as EPS or
mineral wool. Similar to foamy organic materials such as EPS or extruded polystyrene (XPS),
its low thermal stability may limit its use in many applications [5]. Fibrous inorganic materials
such as glass wool and rock wool exhibit greater thermal stability with excellent fire resistance
grade. However, their thermal insulation performance is lower than foamy organic materials.
Silica aerogels possess excellent thermal insulation and stability; however, one of the
significant drawbacks is the cost, as shown in Figure 1-2. Figure 1-2 shows the material cost
and insulation thickness required to achieve an R-value of 10 m?K/W. This leads to the
commercial development of low cost and sustainable silica aerogels and aerogel composites.

Table 1-1 Thermophysical properties of the commonly seen insulation material, A: thermal conductivity

at 20°C, dry material; p: bulk density; Tmax: maximum service temperature; c: compressive stress at
10% deformation except for foam concrete and foam geopolymer, reproduced from [13-18]

Insulation A Tmax Fire resistance
. kg/m® kP
material [MW/m.K] p lkg/m’] [°C] o [kPa] grade
Va_cuum 4-8 65-300 90 45-120 -
Insulation Panel
Silica aerogels 4-20 3-350 750 0-5000 A
Polyurethane - 19-30 25-100 120 100-500 B2
Polyisocyanurate
Extruded 25.35 20-80 75 150-700 B2
polystyrene
Expanded 29-41 10-50 80 60-260 B2
polystyrene
Glass wool 30-46 8-150 500 15-80 A
Rock wool 33-46 13-240 750 15-80 A
Foam glass 38-61 100-200 >400 400-1600 A
. 1260-
Expanded perlite 40-60 50-400 1343 - A
Foam concrete 80-250 200-700 1000 >100 A
Porous 55-400  200-800 1300 300 ]
geopolymer




Figure 1-1 Thermal conductivity of commonly seen insulation materials (dry, at 20°C). The marks
represent average values, and the bars show the range of value found in the literature, reproduced from

[15]

Figure 1-2 Material cost (top) and insulation thickness (bottom) required to achieve an R-value of 10
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1.2. Current issues

Conventional inorganic materials are gradually eliminated mainly due to high energy and
resource consumption during manufacturing processes [19]. Therefore, synthetic insulation
materials, such as polystyrene foam and polyurethane become the predominant thermal
insulation materials. Synthetic materials usually possess lower thermal conductivity (0.02 —
0.04 W/m.K), but their flammable characteristic imposes potential damages to human lives
and society wealth [19]. In recent years, frequent fires on insulation materials for external
walls of buildings have led to the rapid development of non-combustible inorganic insulation
materials. Besides, synthetic (plastic) materials have become a significant problem to the
environment nowadays as they can lead to contamination of a wide range of natural terrestrial,
freshwater and marine habitats [20]. Thus, green, excellent thermal insulation and non-burning
porous geopolymer and aerogel have received unprecedented attention [21]. These have
stimulated the development of porous geopolymer and aerogel for thermal insulation

application.

However, the major drawback of aerogel and aerogel composites is the cost, as indicated in
Figure 1-2. Several strategies have been already implemented to reduce the cost of aerogels.
This includes using a low-cost precursor (sodium silicate), simplifying the manufacturing
process by reducing the cycle time and solvent consumption, and cost-effective ambient
pressure drying. However, further research is still needed for large scale manufacturing at a

lower cost [22]. The prevention of dustiness during handling also needs to be considered.

Geopolymer possesses a high potential for commercial applications since it is more
economical and environmentally friendly than cement-based foamed concrete [23]. However,
porous geopolymer may not exhibit high thermal insulation performance while maintaining
its mechanical performance and durability. Therefore, it is required to optimise the chosen
material ratio and synthesising process to solve the problems that currently exist in geopolymer

production [14].

1.3. Aim and objectives

As discussed above, lower cost, more environmentally friendly, and greater thermal insulation
performance are critical factors in novel insulation materials compared to conventional
insulation materials. This thesis aims to investigate the potential for fabricating low-cost and
more environmentally friendly insulation materials (geopolymer and aerogel) while

maintaining or improving their thermal insulation and mechanical performance. The



possibility of using aerogel composites in the packaging industry will also be discussed. To

achieve this, five objectives are outlined:

1. Fabrication and characterisation of inorganic porous geopolymer with excellent

thermal performance

As mentioned in the background research, insulation in buildings or any other sector is an
energy-efficient strategy leading to lower energy consumption [6]. Porous geopolymer
possesses a high potential for commercial insulation applications since it is more economical
and environmentally friendly than cement-based foamed concrete [23]. Geopolymer can be
fabricated using industrial solid waste (i.e., fly ash and furnace slag). It produces less carbon
dioxide and consumes less energy during manufacturing than traditional cement [19, 24, 25].
Therefore, it is worth studying the physical, thermal, and mechanical properties of the

geopolymer.

A number of researches have been carried out to investigate the properties of porous
geopolymer. Foaming agents and foam stabilisers are the key factors determining the final
properties of the material, and it was reported considerably. However, the foam expansion
mechanism and the expansion rate at different temperature of the geopolymer slurry is rarely
reported. This could be used to indicate how different pore structures are obtained by varying
the foaming agent. In addition, the thermal performance of the geopolymer can be improved

by varying the design parameters.

In chapter 3, the feasibility of synthesising inorganic porous geopolymer was evaluated using
industry by-product fly ash as the raw material. The foaming agent was set as the variable, and
the influence of the foaming agent on the properties of the geopolymer was discussed. Pore
structure, bulk density, thermal conductivity, and compressive strength test were the critical
parameters for characterising the prepared specimens. The effect of foaming agent amount on
the foam expansion rate was also investigated, and the foam expansion mechanism was

discussed.

2. Fabrication and characterisation of inorganic silica aerogel with an improved

fabrication process

Apart from porous geopolymer, silica aerogel also shows great potential in thermal insulation
application due to its highly porous structure. It gives unique properties such as high specific
surface area (500-1500 m?/g), high porosity (80-99%), low bulk density (0.03-0.35 g/cm?®) [26],
extremely low thermal conductivity (12-30 mW/m.K) [22], high acoustic resistance and strong

adsorption [22]. The involvement of aerogel in buildings or any other sector could be an



energy-efficient strategy leading to lower energy consumption. Therefore, it is worth studying

the synthesising mechanism as well as the characterisation of the materials.

Silica aerogel and its fabrication process have been investigated extensively [27]. The general
fabrication process involves sol-gel, ageing, solvent exchange, surface treatment, and drying
[27]. However, a few detailed descriptions of the fabrication process are not commonly
mentioned, for example, the amount of solvent used for ageing and solvent exchange. It has a
nonnegligible impact in terms of cost-saving, especially in the UK. The cost for one litre of
Ethanol and n-Hexane is approximately £50 and £10, respectively [28, 29]. Therefore,
adequate usage of these solvents could lower the manufacturing cost. In addition, the
fabrication processes, including ageing temperature and drying process, could be optimised to

improve the properties of the aerogel.

In chapter 4, the feasibility of synthesising silica aerogel was evaluated using a more
economical sodium silicate as the precursor. The effect of ageing and solvent exchanging
temperature on the pore structure of aerogel were examined. The minimum amount of solvent
used to synthesise aerogel was investigated. Properties including morphology, pore structure,
bulk density, BET surface area, hydrophobicity, thermal stability and thermal conductivity

were examined as the critical parameters for characterising the prepared specimens.

3. Vacuum sealed fibre-reinforced silica aerogel composites with excellent thermal

conductivity

The research on optimising aerogels’ physical properties, such as pore structure and density,
has shown extensive progress. However, the improvement of the strength, fragility and
shrinkage rate of the aerogels are unsatisfactory, especially under ambient pressure drying [30].
The involvement of a secondary reinforcement seems to be an efficient way to strengthen the
aerogel structure and thus widen its application [31]. Therefore, it is worth investigating the

silica aerogel reinforced with fibres.

Fabrication of aerogel composites with embedded fibre is probably the most widely adopted
technique in academic research and industrial manufacturing. This is because the involvement
of fibre is an effective way to prevent shrinkage during the drying process, especially the
ambient drying method. Thus, monolithic aerogel composites can be produced, and the
mechanical properties can be improved significantly. However, the challenge is to preserve
the insulation properties, minimise the increase of apparent density, and improve the dustiness

due to the weak interfacial bonding between the aerogel particle and fibres [22].



In chapter 5, glass fibre mats were embedded in silica sol to form fibre reinforced aerogel
composites. The fabrication process, including ageing temperature and drying process, was
optimised to improve the physical, thermal and mechanical properties of the aerogel composite.
The prepared aerogel composite was then vacuum sealed to prevent dustiness during handling,

and its influence on thermal conductivity was investigated.

4. Eco-friendly geopolymer and aerogel composites reinforced with recycled glass fibres

The fabrication and characterisation of geopolymer and aerogel composites have been
investigated in previous chapters. The mechanical performance of the prepared geopolymer
could be further improved. The fibre reinforced aerogel composite could be more economical
and environmentally friendly. Besides, an increasing amount of waste glass has been produced
nowadays due to the widespread use of glass in different applications [32]. The glass products
are non-biodegradable; thus, recycling and reusing glass are attractive, which could
significantly contribute to the prevention of environmental pollution [32]. Therefore, It is
worth investigating the involvement of recycled glass fibre in geopolymer and aerogel

composites.

Waste glass, as a partial mineral precursor, has been investigated extensively in the fly ash-
based geopolymer system [32-34]. The mechanical property of geopolymer generally
improved with the addition of waste glass. However, the effect of waste glass on the thermal
property of geopolymer is not commonly mentioned. In addition, the chemical structure of

fibre dissolved in alkaline solution via FT-IR have not been studied comprehensively.

The fabrication of short recycled glass fibre (rGF) mats via chemical bonding and
incorporating the prepared rGF mat with aerogel are scarcely reported. Needle-punching, as a
more eco-friendly and lower energy consumption process, has been widely used to fabricate
fibre mats compared to chemical bonding and thermal bonding [35]. However, it may be
challenging to process short and low strength rGFs, as the fibres need to be long enough to
sustain the repositioning force. Sizing, as a chemical bond technigue, shows great potential in

manufacturing rGF mat due to its ability to enhance the chemical bonding between glass fibre.

In chapter 6, recycled glass fibre (rGF) was introduced into the geopolymer and aerogel system.
Within the geopolymer system, rGF was partially or fully dissolved in sodium hydroxide
solution to form the alkaline activator. The effect of rGF content on the mechanical and
thermal properties of geopolymer was examined. In addition, the chemical bonding state of
the fibre dissolution in alkaline solution via FT-IR was investigated. Within the aerogel system,

rGF was used to fabricate the glass fibre mat via wet deposition and chemical bonding process



to support the aerogel network. The mechanical and thermal performance of the rGF-aerogel
composites was characterised and compared with the aerogel composite reinforced with the

commercial glass fibre blankets (prepared in the previous chapter).

5. The potential application of aerogel composites in thermal insulating packaging

It was stated in the background research that the aerogel composites presented an excellent
thermal insulation performance [15]. In the packaging industry, conventional insulation
materials may no longer satisfy the requirement of temperature control during package
delivery due to increasing market demand for long-haul transportation of fresh goods (e.g.
foods and medicine). Besides, Synthetic (plastic) materials have become a significant problem
to the environment nowadays as they can lead to contamination of a wide range of natural
terrestrial, freshwater and marine habitats [20]. Therefore, the feasibility of using aerogel
composites in packaging is worth investigating to improve the thermal insulation performance

of the packagings and reduce plastic pollution.

A number of researches have been focused on investigating the thermal performance of
packaging, including analytical models and experimental work. However, the use of aerogel
composites in this field is rarely reported. In addition, the factors influencing package
insulation performance have not been studied comprehensively. Furthermore, a simplified
analytical model accompanied by the ice melt test lead to significant uncertainty; therefore,

both the analytical model and experimental work could be improved.

In chapter 7, the thermal insulation performance of a typical shipping container with different
insulation materials, including the aerogel composite, was evaluated. An optimised
mathematical model was derived and used to analyse the effect of packaging parameters on
insulative performance. The novel aspect of this model was incorporating two mathematical
models described in the literature to improve the accuracy of the calculated results [36, 37].
Some crucial factors, such as surface emissivity and thermal conductivity of materials, were
measured experimentally instead of using literature value to improve the accuracy of the model.
A number of experiments were then set up to validate the optimised model comprehensively.
The effect of parameters, including surface emissivity, insulation thickness, insulation
materials, amount of coolants and surrounding temperatures, on package insulative

performance was investigated.



1.4. Outline of the thesis

This thesis starts with a background introduction of globally energy consumption increase and
the current status of insulation materials. The current issues regarding the insulation materials
are then addressed. The potential solutions to overcome these issues (described in sections 1.2
and 1.3) are then raised. Finally, the conclusion of the thesis is summarised, and future work

is suggested.

Chapter 1 introduces the background of the global energy demand and insulation materials
used to lower energy consumption as well as lists the current issues and objectives of this

thesis.

Chapter 2 literature review of geopolymer, aerogel and composites, glass fibre recycling, and

insulating packaging.

Chapter 3 evaluates the performance of fly ash-based geopolymer.

Chapter 4 investigate the performance of silica aerogel granules.

Chapter 5 assesses the performance of fibre-reinforced silica aerogel composites.

Chapter 6 evaluates the feasibility of using recycled glass fibre in geopolymer and aerogel
systems.

Chapter 7 presents and discusses the potential application of aerogel composites in the

packaging industry.
Chapter 8 summarises the conclusion of this thesis and gives suggestions for future work.
Appendix-A summarises the UK insulated packages market in 2018.

Appendix-B presents the Graphical User Interface (GUI) application.



2. Literature review

In this chapter, highly insulating materials, including porous geopolymer and aerogel, are
reviewed comprehensively. Their reaction mechanism and fabrication process are first
described. The research status and their application are then explored. Finally, the research

gaps of these materials are discussed.

2.1. Research on geopolymer and applications

As mentioned in the background research, insulation in buildings or any other sector is an
energy-efficient strategy leading to lower energy consumption [6]. Porous geopolymer
possesses a high potential for commercial insulation applications since it is more economical
and environmentally friendly than cement-based foamed concrete [23]. In this section, an
introduction of geopolymer is presented, with the structure and reaction mechanism described.
The influence of raw material parameters and curing conditions on mechanical and thermal
performance is explored. Finally, the potential application and the knowledge gaps of

geopolymer are addressed.

2.1.1. Introduction of geopolymer

In recent years, geopolymer has attracted more attention due to its excellent thermal stability,
relatively high strength, and excellent fire resistance. More interestingly, geopolymer can be
fabricated using industrial solid waste, and it produces less carbon dioxide as well as consumes
less energy during manufacturing than traditional cement [19, 24, 25]. Joseph Daviovits
initially described the term ‘Geopolymer’ as inorganic three-dimensional aluminosilicate
material, which can be synthesised by the reaction of an alkaline solution with an

aluminosilicate powder such as fly ash metakaolin, slag and rice husk ash [38, 39].

As the binder material used in concrete, traditional cement contributes approximately 5% of
global CO; emissions during the production process [40]. The main reasons are the raw
ingredient limestone’s calcination and the high temperature needed to heat the raw materials
[24, 40, 41]. It was reported that the estimated CO, emissions during the production of
geopolymer concrete could reduce 9-45% than traditional cement concrete [24]. Nevertheless,

geopolymer is regarded as one of the optimal alternatives for traditional cement.

Apart from the environmental effect, the geopolymer’s polymerisation reaction speed is rapid,

and the three-dimensional network structure can be readily formed. After being cured for 4
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hours at room temperature, its compressive strength can reach 15-30 MPa. If properly cured,
its strength will continue to increase with the time duration of ageing. Reinforced fibre such
as carbon fibre, alkali-resistant glass fibre, mineral wool, fine powder and ultrafine powder
such as zirconia, nano-alumina powder can also be added into the geological polymer to
improve the overall performance of the material. The compressive strength can reach about
300 MPa [21, 42-44].

Geopolymer also possesses excellent resistance to fire and high temperature, where the
melting temperature could reach 1300°C [45]. The thermal conductivity of geopolymer is
generally in the range of 0.1 to 0.38 W/m.K, which is better than lightweight fire resistance
clay brick (0.3 to 0.4 W/m.K) [21]. The thermal conductivity could reduce further with porous
structure [18], which could potentially be used as an insulating material with fire resistance.

Geopolymer has better volume stability than traditional cement during setting, hardening and
usage. The seven-day linear shrinkage rate is only 14 to 20% of the conventional cement, and

the twenty-eight-day linear shrinkage rate is around 12% of the traditional cement [21, 46].

The durability of concrete is usually improved when a certain amount of fly ash is mixed into
the ordinary cement concrete [21]. Moreover, fly ash-based geopolymer can significantly
reduce the leaching of toxic and harmful heavy metal ions compared to traditional Portland

cement, which has attracted more attention and research [47].

2.1.2. Structure and Reaction mechanism

Geopolymer is one of the inorganic polymers with amorphous to semi-crystalline structure,
and aluminosilicate is the chemical composition [48]. Among them, the silicon, aluminium,
and oxygen element exists in the form of a silicon-oxygen tetrahedron (SiO4) and aluminium-
oxygen tetrahedron (AlQ4). These two basic structural units are linked by sharing all oxygen
atoms, and the oxygen atom is in the middle. Such frameworks are called polysialates, where
sialate stands for the silicon-oxygen-aluminate building unit. The silicon element has a stable
+4 valence state, and the silicon-oxygen tetrahedron is electrically neutral. The aluminium-
oxygen tetrahedron (+3 valence, 4-fold coordination) is bonded with four oxygen atoms, which
appear electronegative. Metal cations Na*, K*, and Ca*" are adsorbed around the molecular
bonds and exist in the cavity of the three-dimensional structural system to balance the negative
charge of Al in 4-fold coordination. The entire three-dimensional structural system appears
electrically neutral. The geopolymerization process forms aluminosilicate frameworks, as
shown in Figure 2-1 [48-52].
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Sodium-Poly(sialate) Potassium Poly(sialate-disiloxo)
Sodalite framework Na-PS Sanidine framework K-PSDS

ey

Potassium-Poly(sialate)
Kalsilite framework K-PS

Potassium-Poly(sialate-siloxo) Calcium-Poly(disialate)
Leucite framework K-PSS Anorthite framework Ca-PS

Figure 2-1 Polymeric structures from the polymerisation of monomers, reproduced from [52]

The geopolymerization process involves a quick reaction of silica (Si)-alumina (Al) under the
alkaline condition, which subsequently creates a three-dimensional polymeric chain and ring
structure consisting of Si-O-Al-O bonds [50, 53]. The following reactions occur during

geopolymerization [48, 53]:
(8i,0541,0,)  +H,0+OH —Si(OH,) +A1(OH)*" (Equation 2-1)

Si(OH,) + Al(OH)*"— (Si-0-41-0) +4H,0 (Equation 2-2)

The polymerisation mechanism of geopolymer is very complicated, and it is different from
ordinary cement. At present, geopolymer’s reaction mechanism is still unclear, especially for
a relatively complicated system with a different constitution [51]. However, most proposed

chemical reaction mechanism contains the following steps [50]:

(1) Dissolution of Si and Al atoms from the source material through the action of hydroxide
ions.
(2) Transportation or orientation or condensation of precursor ions into monomers.

(3) Setting or polycondensation of monomers into a polymeric structure.

Although the exact reaction mechanism is still to be fully understood, the basic principle is the

same. This includes fracture of the covalent bond and then recombining to form a three-
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dimensional network of aluminosilicate material. As research in this area is advancing, the

polymerisation mechanism of geopolymer remains to be the main research direction [51].

2.1.3. Current status of geopolymer

2.1.3.1. Raw materials

The raw materials of geopolymer are mainly composed of two parts: one is solid powder rich
in active aluminosilicate, and the other is the liquid activator. In addition, a foaming agent and

foam stabiliser could be introduced to obtain a porous geopolymer structure.

2.1.3.1.1. Aluminosilicate solid

The choice of raw materials directly influences the ultimate performance of geopolymer.
Metakaolin is mainly adopted during the initial research on geopolymer. With the development
of the industry and broader study, the variety of raw materials is also increasing, such as
furnace slag, steel slag, fly ash, waste glass, and construction waste [54]. The main mineral
component of these industrial solid wastes is silicate or aluminosilicate, which can be used as
the geopolymer’s raw material like metakaolin. It also provides a route to reusing some of the
industrial solid wastes. In terms of the properties, the compressive strength of geopolymers
prepared from calcined materials, such as fly ash, slag and forged kaolin, is generally higher
than that of geopolymers prepared from non-calcined minerals, such as kaolin, ore powder and

naturally formed minerals [21, 55].

As the environmental problems increase prominently, fly ash gradually becomes the most used
and suitable waste material in geopolymerization due to the enormous amount produced
worldwide and its workability. It is estimated that 780 million tons of fly ash are produced
annually [56]. The main composition of fly ash is amorphous silica and alumina with a
favourable shape and size, improving the workability and making it suitable for geopolymer
production. Fly ash is a by-product derived from the combustion of coal powders and collected
by mechanical and electrostatic separators from the power plants’ fuel gases [57]. The
characteristics of fly ash are directly influenced by coal. The main oxide components of fly
ash are SiO,, AlLOs, FeO, Fe,03, Ca0, TiO,, MgO, K20, Na;0O, SO3;, MnO;,, which exists in
the form of amorphous and crystalline oxides or various minerals [14, 58]. The chemical
composition of fly ash varies. The fly ash produced from different regions, different industries
and even production processes has different phase compositions. For example, the silica and

alumina content is relatively high when fly ash is produced by an iron blast furnace [14].
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According to the British Standard EN450 [58], fly ash can be classified as Category N and
Category S based on fly ash’s fineness. The fineness of fly ash shall be expressed as the mass
proportion in per cent of ash retained when sieved on a 0.045 mm mesh sieve. The fineness of
Category N shall not exceed 40% by mass, and Category S shall not exceed 12% by mass.
Unlike the American Society for Testing and Materials standard ASTM C618 [59], fly ash is
not classified based on the chemical composition in EN450. However, the requirement for the
contents of silicon dioxide (SiO), aluminium oxide (Al,O3) and iron oxide (Fe-Os) shall not
be less than 70% by mass, and the content of reactive calcium oxide (CaO) shall not exceed
10% by mass. This requirement is equivalent to Class F fly ash that is classified in ASTM
C618, which is identified as low calcium fly ash. Low calcium fly ash is more commonly used
for geopolymer fabrication due to its relatively pure and high content of silica-aluminium [21,
60]. However, research also shows that the increase of calcium content promotes hydration
within the geopolymer system, shortens the coagulation process; the early strength is, therefore,

improved [39].
2.1.3.1.2. Alkaline activator

At present, the common activation methods in geopolymer preparation mainly include alkali
activation and acid activation. Alkali reaction refers mostly to geopolymer preparation by the
activation reaction of alkaline solutions such as sodium hydroxide and potassium hydroxide
with aluminosilicate materials. This method has been studied for a considerable amount of
time and is relatively mature [61]. Acid reaction mainly uses acidic solutions such as

phosphoric acid as the acid activator to synthesise geopolymer materials [62].

The most commonly used alkaline activator is the mixture of sodium hydroxide or potassium
hydroxide with sodium silicate or potassium silicate solution. A single alkaline activator is
also adopted by some researchers. Huang et al. [17] successfully synthesised geopolymer using
sodium silicate as the sole alkaline activator. It was found that the density, thermal
conductivity, as well as compressive strength decreased as the amount of sodium silicate
increased. However, Palomo et al. [63] suggested that the role of the alkaline activator was
crucial in the polymerisation process, and the reaction speed of sodium or potassium solution
containing soluble silicate was faster than that of hydroxide alone. Yahya et al. [64] proved
that geopolymer activated with a combination of sodium hydroxide and sodium silicate
displayed a significant strength increment compared to samples activated with sodium
hydroxide only. Xu et al. [65] also demonstrated that the combination of sodium silicate and
sodium hydroxide solution could promote the reaction between the raw material and the

activator liquid.
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Sodium silicate and sodium hydroxide, as the widely used alkaline activator, still have some
shortcomings. On the one hand, sodium silicate solution is prone to self-polymerisation under
alkaline conditions, increasing geopolymer viscosity and low workability. On the other hand,
sodium silicate solution, as a complex solution of many kinds of polysilicates, its chemical
composition is easy to change over time and difficult to predict, which brings inconvenience

to the large-scale application in practice [39].
2.1.3.1.3. Foaming

The role of foaming agents in lightweight geopolymers is to create small and enclosed air
bubbles by reducing the surface tension of a solution and increasing air bubbles’ stability [66].
There are three main techniques used to produce foams within geopolymer: reactive emulsion
templating, ice templating and direct foaming [67]. Direct foaming is perhaps the most widely
adopted method. In this method, wet geopolymer foams are produced by incorporating a gas
into a homogeneous slurry, which is then cured at certain temperatures (even room temperature)
to obtain a porous solid structure. The generation of gas into the homogeneous liquid can be
chemically or physically [17]. Chemical foaming forms gaseous products such as O2 and H,
as well as other by-products by thermal decomposition or chemical reactions. Physical
foaming generates porosity by a phase change, e.g., a liquid is volatilised or a gas dissolved in
the system under high pressure may be desorbed by decompression [18]. Either way, the slurry
needs to have suitable rheology to enable gas retention for a sufficient time to ensure the wet
foam to be set. Physical foaming can result in a uniform distribution of fine pores, but
geopolymer’s density may not always be reduced significantly [12]. Chemical foaming may
be more efficient in lowering density, but large pores may be generated, which have a negative

effect on the thermal and mechanical properties of geopolymer [68, 69].

Chemical foaming widely used for the fabrication of lightweight geopolymers involves metal
powders, (e.g. aluminium, silicon powders) or Si-containing compounds (e.g. silica fume,
hydrogen peroxide (H202), NaOCI, and FeSQOs3). The reaction leads to a gas release in an
alkaline solution [18]. Among them, hydrogen peroxide is a well-known chemical foaming
agent. Hydrogen peroxide is an inorganic liquid that is miscible with water at any ratio, and it
is more efficient and controlled using catalyst [70]. During the decomposition process, gas is
generated at the molecular scale and produces a more homogeneous foam [71]. Hydrogen
peroxide is thermodynamically unstable and can be easily decomposed into water and oxygen.
The bubble of O; is trapped within the paste, expanding and generating void (macropores).
The expansion volume of the material depends on the amount of oxygen produced by the

following reaction [68, 71]:
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H,0,~H,0+1/,0, (Equation 2-3)

The usage of hydrogen peroxide is much dependent on the type of fly ash. As mentioned in
section 2.1.3.1.1, the slurry of fly ash in different regions may possess different characteristics.
The influence of alkaline solution on the foaming of hydrogen peroxide and slurry curing
speed cannot be ignored, which cannot be adjusted by those acid-base substances [17]. This
may limit the usage of hydrogen peroxide in geopolymer fabrication. Nevertheless, the
appropriate hydrogen peroxide content within the slurry system significantly influences the
apparent density, pore size, and homogeneity. It consequently influences the ultimate

properties of the lightweight geopolymers [71].
2.1.3.1.4. Stabilizing agent

Foaming is a thermodynamically unstable process. The gas bubbles in the wet foams usually
present spontaneous drainage, continuous Ostwald ripening, and coalescence to minimise the
overall Gibbs free energy of the system [18]. Due to the instability of the wet foams, large
pores (hundreds of microns) and a wide range of pore sizes are typically present in the porous
geopolymer. Stabilizing agents such as surfactants, particles and fibre are generally added to
the system to improve the microstructure of geopolymer with fine and homogeneous pores
[18].

The impact of surfactant on foamed geopolymer’s final properties has been investigated
extensively [72-75]. The surfactant can be ionic (cationic and anionic), non-ionic or
amphiphilic. Their structure and chemical formula can change the interactions between the
constituents of the paste, which can modify the workability of the paste in the liquid state and
the topology of the final solid material, particularly the connectivity of the macro-porous
network [71, 76]. In particular, foam stabilizer as a surfactant could reduce the bubble’s surface
free energy and enhance the toughness of the bubble wall, therefore decreasing the burst and
coalesce of bubbles [74]. It has a significant influence on the stability, optimization and
development of pore in lightweight geopolymer. Moreover, pore characteristics governed by
the size, volume and connectivity in geopolymer play a crucial role in determining the density,

strength and thermal conductivity [74, 77, 78].

Calcium stearate is an effective foam stabilizer in the fabrication of lightweight geopolymers
[79, 80]. Calcium stearate is insoluble in water, and part of the hydrophobic solid particles will
be adsorbed on the gas-liquid interface (known as liquid film) of the bubbles within the system,
making them coalescing stable. This can slow down the thinning rate of the liquid film and

reduce the rate of gas diffusion in the foam [72, 81]. Therefore, the foam has a longer
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stabilization time. The effect of calcium stearate content was also investigated [72]. As the
amount of calcium stearate increases, under the same amount of hydrogen peroxide, the
foaming volume and foam half-life period are gradually increased. This shows that the more
calcium stearate is added, the more hydrophobic particles in the system and the more stable
the foam behaves. This further proves that the hydrophobic solid particles can better stabilize
the solid three-phase foam [72]. However, when the foam stabilizer content continues to
increase, the foam half-life period slightly decreases. This may be because the foam stabilizer
is excessive, and the thickness of the foam film becomes smaller, resulting in reduced foam
stability [82].

2.1.3.2. Research status of geopolymer fabrication

It is well indicated that several factors influence the mechanical and thermal performance of
porous geopolymers. This includes the choice of precursor, alkaline activator, foaming agent,
and foam stabilizer [17, 72, 83, 84]. The fabrication processes, including curing conditions

and the mixing ratio of the chosen raw materials, are also critical.
2.1.3.2.1. Curing condition

The curing temperature of geopolymer usually is higher than that of traditional cement. Curing
at 60C to 100<C for 24 to 48 hours and then post-curing at room temperature is typically
necessary [85, 86].

Huang et al. [17] explored the effect of curing temperature on the sample density, porosity,
thermal conductivity and compressive strength. The curing temperature was set to 45°C, 55°C
and 65°C. The results indicated that the bulk density of samples increased, and the porosity
decreased with increased curing temperature, but the change was limited. In addition, as the
curing temperature increased, the thermal conductivity of samples increased slightly. This is
because thermal conductivity depends on the porosity, and the effect of curing temperature on
porosity is not significant. However, the curing temperature had a noticeable influence on the
compressive strength. An increase of 21% in strength was gained as the curing temperature
increased from 45°C to 65°C. The compressive strength depends on the microstructure, such
as porosity, the pore wall’s thickness, and pore size. The pore expansion was also affected by
the solidification rate of the matrix [17]. As the curing temperature increased, the solidification
rate was faster. The pore expansion was, therefore, restricted, the pore size and porosity were
reduced [87]. As a result, the compressive strength was improved as the curing temperature
increased [17]. Feng et al. [88] synthesised porous geopolymer at a curing temperature of 55°C

and 85°C, and a similar trend was obtained.
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It was stated that overheating the specimen could result in a much lower mechanical strength
[89]. Since the exothermic reaction occurred during the curing process, the internal
temperature may be higher than the surrounding temperature. If the sample was cured at 90°C,
the internal temperature could be above the boiling point of water. Cracks might be presented

due to internal stresses. Therefore, mechanical strength would be lower [90, 91].

Apart from traditional heat curing, a few novel curing methods such as water curing [85],
microwave curing [92] and solar curing [93] are also reported. The compressive strength of
geopolymer by microwave curing was more remarkable than an oven-cured sample due to the
different heat transfer mechanisms. However, in the microwave oven, the penetration depth is
only a few centimetres depending on the wavelength. Therefore, care should be taken when
curing is carried out in the microwave oven [92]. Solar curing is a green way to accelerate the
geopolymerization process hence the hardening rate. Therefore, it will significantly increase
the strength of the geopolymer due to a high peak temperature during an early period of drying.
However, solar curing is only limited to sunny areas, and special equipment may be needed to
monitor or control the temperature fluctuation [93].

2.1.3.2.2. Aluminosilicate solid and alkaline activator ratio

There are many factors (e.g., aluminosilicate solid and alkaline activator ratio, sodium silicate
and sodium hydroxide ratio, and sodium hydroxide concentration) that can significantly
influence the geopolymer properties. The choice of parameters depends on the application,

such as thermal insulation or structural replacement.

Hadi et al. [94] examined the effect of the alkaline activator’s weight ratio to fly ash content,
the weight ratio of sodium silicate to sodium hydroxide, and sodium hydroxide concentration
on the mechanical properties of solid geopolymer. Their results indicated that the optimum
alkaline activators to fly ash weight ratio was in the range of 0.5 and 0.6, regardless of sodium

silicate to sodium hydroxide ratio and sodium hydroxide concentration.

Shao et al. [16] and Hameed et al. [95] investigated the effect of NaOH concentration on
geopolymer’s compressive strength. The results clearly showed that the concentration of
sodium hydroxide played a vital role in the compressive strength of geopolymer. Increasing
sodium hydroxide concentration led to an improvement in compressive strength. The
geopolymerization process needed strong alkali to activate the Si and Al in fly ash and
Metakaolin. The ability to leach Si and Al was improved by increasing the sodium hydroxide

concentration since the alumino-silicate gel was formed at an early stage.
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Wang et al. [96] investigated the influence of alkaline activator content on foamed
geopolymer’s physical properties. The results indicated that as the amount of alkaline activator
increased, the foam expansion rate of slurry gradually increased. This led to a decrease in dry
density and thermal conductivity, as well as a drop in the compressive strength [96].

2.1.4. Geopolymer aerogel composites

The thermal performance of geopolymer may not meet the higher thermal requirements on
some occasions [38]. Even though the addition of a foaming agent may reduce the thermal
conductivity, as mentioned previously, the mechanical properties dropped significantly. The
unique nano-porous structure of silica aerogel leads to outstanding thermal performance,
whereas the low mechanical property has greatly limited its application [38]. Therefore, the
combination of geopolymer and silica aerogel could favour its mechanical and thermal
insulation performance [38]. Besides, aerogels’ hydrophobic nature is beneficial for water

resistance in building insulation applications, such as external building envelopes [97].

Huang et al. [38] prepared a lightweight, highly hydrophobic, and super thermal insulating
geopolymer/aerogel composite by immersing the pre-prepared geopolymer into silica sol,
followed by ambient pressure drying. The thermal conductivity of the composites was as low
as 0.048 W/m.K. The hydrophobicity measurement indicated that the contact angle increased
from 0°to 138<after the impregnation of silica aerogel, as demonstrated in Figure 2-2.
However, the obtained composites exhibited a poor mechanical performance (maximum
compressive strength of 0.79 MPa) since the foaming agent was introduced during the
fabrication of geopolymer.

Figure 2-2 Aerogel/geopolymer composites during the hydrophobicity test, reproduced from [38]
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Another technique used to prepare aerogel/geopolymer composite is to mix the silica aerogel
powder or granules with aluminosilicate solid and alkaline activator to form a uniform slurry.
The mixed slurry was then cured to form geopolymer/aerogel composites [98, 99]. Cui et al.
[98] investigated the influence of aerogel content on the properties of aerogel/geopolymer
composites. The results showed that as the volume per cent of aerogel increased from 0% to
6%, the composites’ bulk density dropped from 1.75 to 0.95 g/cm?® and the thermal
conductivity decreased from 0.55 to 0.22 W/m.K. However, the compressive strength reduced
significantly from 74 MPa to 15 MPa. The aerogel surface was further modified with epoxy
resin adhesive and silane coupling agent to improve the mechanical performance while
maintaining the thermal properties. As a result, the compressive strength of the modified
composites reached 46 MPa, due to the enhancement of the inter-transition zone between
aerogel and geopolymer matrix. This is demonstrated in Figure 2-3. The contact angle between
the aerogel and alkaline activator/ water indicated that the aerogel could stably exist in the
geopolymer matrix [98], whereas the hydrophobicity of aerogel/geopolymer composites was

not mentioned.

Figure 2-3 SEM image of aerogel/geopolymer composite (a) without and (b) with modification. GEO
= geopolymer; AG = aerogel; and C = coating, reproduced from [56]

Similarly, Li et al. [99] established a numerical model for predicting the aerogel foam
concrete’s thermal conductivity based on a modified Maxwell model. An optimal ratio of the
design parameters was obtained and prepared experimentally. The results showed that the
thermal conductivity and density were approximately 50% lower than those of existing foam
concrete. The prepared aerogel foam concrete exhibited a low density of 198 kg/m?® and
thermal conductivity of 0.049 W/m.K. The calculated results were in excellent agreement with
the experimental data, with an error of less than 5% [99]. Thus, this design shows excellent
potential in a green and zero-energy consumption building application.

20



2.1.5. Application of geopolymer

Geopolymer possesses a high potential for commercial applications due to their enhanced
durability, chemical and thermal resistance properties, relatively low thermal conductivity, and
excellent mechanical strength. Besides, geopolymer can be produced using the industrial by-

product, which is more economical and environmentally friendly [23].

2.1.5.1. Thermal insulation

Conventional inorganic materials are gradually eliminated mainly due to high energy and
resource consumption during manufacturing processes [19]. Therefore, synthetic insulation
materials, such as polystyrene foam and polyurethane become the predominant thermal
insulation materials. Synthetic materials usually possess lower thermal conductivity (0.02 —
0.04 WI/m.K), but their flammable characteristic imposes potential damages to human lives
and society wealth [19]. In recent years, frequent fires on insulation materials for external
walls of buildings have led to the rapid development of hon-combustible inorganic insulation
materials. Green, high strength and non-burning porous geopolymer are also receiving
unprecedented attention [21]. These have stimulated the development of porous geopolymer

for thermal insulation application.

Kong et al. [83] analysed the strength behaviour of fly ash-based geopolymer after exposure
to elevated temperature (800°C) for one hour. The results indicated that the samples did not
have any cracks on the surface after the temperature exposure, and the compressive strength
increased by 6%. It was suggested that the fly ash-based geopolymer had large numbers of
small pores, which facilitate the escape of moisture when heated, thus causing minimal
damage to the geopolymer matrix. The strength increase could also be partly attributed to the
sintering reactions of un-reacted fly ash particles. It was indicated that fly ash-based
geopolymer possessed high thermal and mechanical stability at a higher temperature.

Therefore, geopolymer could be used in the furnace, pipe and external structural wall [83].

As mentioned in section 2.1.3.1.3, the porous structure can be introduced by adding a foaming
agent to reduce thermal conductivity. Cui et al. [74] synthesised the fly ash-based geopolymer
using H20O; as the foaming agent. The thermal conductivity reached a bottom point at 0.095
W/m.K. Overall, this could promote the development of porous geopolymer for thermal

insulation application.
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2.1.5.2. Repair agent

Geopolymer exhibits the characteristics of fast hardening and high early strength, which can
be used in civil engineering. Such characteristics can significantly shorten the de-moulding
time, speed up the operation cycle and improve construction efficiency. It is often used to
repair high-speed roads, especially in some public places such as airports and motorways.
Geopolymer is often used for rapid repair of concrete and other materials, especially in
historical buildings, due to their early strength and high interface bonding with aggregates [21,
43, 89].

2.1.5.3. Solid Adsorbents

Another promising application for porous geopolymer is used as absorbent components [18].
Chindaprasirt and Rattanasak [100] synthesised fly ash-based geopolymer and used it for CO;
capture application. The results indicated that the adsorption rate was 0.12 g CO; per gram of
porous geopolymer, and it was suggested that it could be used as a solid absorbent [100].
Research also indicated that porous geopolymer is a very effective sorbent for heavy metal

ions, such as Ni, Pb, Cu, Cs, as well as ammonium and Ca cations [18].

2.1.5.4. Other applications

Besides the above-mentioned potential application, porous geopolymer has also been tested
for sound absorption [101], water absorption [102] and self-cleaning concrete [89]. Thus,

geopolymer could be a promising material used in many commercial applications.

2.1.6. Conclusion

In this section, a comprehensive review of geopolymer and its application is explored. A
number of researches have been carried out to investigate the properties of porous geopolymer.
Foaming agents and foam stabilizers are the key factors determining the final properties of the
material, and it was reported considerably. However, the foam expansion mechanism and the
expansion rate at different temperature of the geopolymer slurry is rarely reported. This could
be used to indicate how different pore structures are obtained by varying the foaming agent.
In addition, the thermal performance of the geopolymer can be improved by varying the design

parameters.
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2.2. Research on aerogel and applications

Apart from porous geopolymer, silica aerogel also shows great potential in thermal insulation
application due to its highly porous structure. In this section, an overview of aerogel is
presented, including aerogel structure and reaction mechanism. The influence of synthesizing
conditions, including ageing, solvent exchange, surface treatment and drying method, on the
mechanical and thermal performance of aerogel is explored. Finally, the potential application

and knowledge gaps of aerogel are discussed.

2.2.1. Introduction of aerogel

Aerogel is a type of solid material with a highly porous structure, a chain or pearl string shape
three-dimensional network [22]. It gives unique properties such as high specific surface area
(500-1500 m?/g), high porosity (80-99%), low bulk density (0.03-0.35 g/cm®) [26], extremely
low thermal conductivity (12-30 mW/m.K) [22], high acoustic resistance and strong
adsorption [22]. Aerogel is a nanoporous amorphous solid material in which air replaces the
entrapped solvent within the gel while maintaining the integrity of the network structure [26,
103].

Aerogel was first prepared in 1931 by Kistler of Stanford University through hydrolysis of
waterglass using hydrochloric acid (HCI) combined with supercritical drying technology [104].
However, due to the limitation of knowledge and the preparation process, there was no follow-
up interest in the field of aerogel until 1968 when Teichner from University Claude, Bernard,
Lyon, France rediscovered this field [105, 106]. The procedure was substantially simplified
by carrying out the sol-gel transition in a solvent, which was then dried at supercritical
conditions [106]. Since then, aerogel has been more widely studied and discussed, and the first
international symposium on aerogels (ISA) was organised in Wurzburg, Germany, in 1985
[103]. A variety of aerogel materials has now been invented, including inorganic aerogel such
as SiO, aerogel, organic aerogel such as Resorcinol Formaldehyde (RF) aerogel, carbon
aerogel, and metal aerogel. Aerogel can be used in many fields, such as aerospace, building
and piping insulation, environmental protection, catalytic adsorption, sound insulation, and
biomedicine [103].

2.2.2. Reaction process

The synthesis of silica aerogel has received significant attention, especially during the last two

decades [107]. Different precursors, modification of synthesis parameters and drying
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techniques have been extensively explored. Silica aerogel is synthesised through sol-gel
chemistry, defined by IUPAC as ‘the Process through which a network is formed from a
solution by a progressive change of liquid precursor(s) into a sol, to a gel, and in most cases
finally to a dry network’ [22, 108]. The synthesis process can be divided into three steps.
Firstly, silica gel is prepared by the sol-gel process. The sol is obtained by adding a catalyst
into a silica source solution, and gelation occurs. Secondly, the gel prepared in the first step is
aged in its parent solution. This ageing process helps to strengthen the gel structure to ensure
a minimum shrinkage during the drying process. Finally, the aged gel is dried through different
conditions such as supercritical drying, ambient pressure drying, vacuum drying and freeze-

drying. Itis crucial to prevent the collapse of the gel structure during the drying process [107].

2.2.2.1. Hydrolysis and condensation

Sol-gel structure stems from the hydrolysis of precursors and subsequent condensation into
primary particles. The primary particles then evolve through the developing solution and
aggregate to form larger secondary particles, which link in a continuous network with liquid
in the interstices [22], as shown in Figure 2-4 [109].
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Figure 2-4 Typical SEM image of silica aerogel with a schematic representation of primary and
secondary silica particles, reproduced from [109]

The chemical reaction of alkoxysilanes for hydrolysis and condensation can be summarised as
[27]:

=Si-OR+H,0==Si-OH+R-OH (hydrolysis)

=Si-OH+HO-Si===Si-0-Si=+H,0 (water condensation)
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=Si-OR+HO-Si===Si-0-Si=+R-OH (alcohol condensation)

Taking Tetraethoxysilane (TEOS) as an example, TEOS is hydrolysed under acidic conditions
to produce a large number of silicic monomers, and a homogeneous sol system is obtained.
The pH of the system is then adjusted, and the polycondensation reaction between the silicate
monomers occurs. Finally, a three-dimensional molecular network is formed [103]. The

formation process is shown in Figure 2-5 [103]:
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Figure 2-5 Expression of hydrolysis and condensation process, reproduced from [103]

During hydrolysis, a nucleophilic attack of oxygen lone pairs of the H,O molecule on the
silicon atoms is involved [110]. The Si atoms hold a partial positive electronic charge due to
the polarized Si-O bonds, and it determines the kinetics of the nucleophilic attack and hence
the overall hydrolysis reaction. In Si alkoxide, the Si atoms carry a relatively moderate partial
positive charge, resulting in very slow gelation kinetics. Therefore, the hydrolysis and
condensation of Si are typically catalysed either by acids (e.g., H*) or/and by bases that carry

strong negative charges (e.g., OH"), and the reaction mechanism changes completely [27].

The hydrolysis and condensation reaction is affected by various parameters, including the
metal alkoxide activity, the water/alkoxide ratio, solution pH, temperature, nature of the
solvent, and additive used [105]. It is also beneficial to control the rate and extent of hydrolysis
and condensation by frequently adding the catalysts [105]. The microstructures and surface
chemistry of materials can be adjusted by varying these parameters. It was found that the pH
value is a dominant parameter for the relative rates of hydrolysis and condensation of
alkoxysilanes [22], as indicated in Figure 2-6. It is shown clearly that the condensation reaches
the minimum rate around pH 1-3. This is due to silica reaching the isoelectric point at pH 2.

Thus, the electrical mobility of silica particles is minimum [111, 112]. Under acidic conditions,
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the hydrolysis reaction is faster than the condensation reaction, favouring the simultaneous
formation of smaller oligomers with reactive Si-OH groups. As a result, a weak cross-linked
polymer-like gel, which is made from chains with few branches, is formed [22]. The gel can
easily lose its shape and tends to crush as the chains impinge on one another due to internal
movements [22]. Therefore, aerogel synthesised via acid catalyst usually has a denser structure.
Hydrochloric acid (HCI) is a commonly used acidic catalyst. Under alkaline conditions, the
condensation reaction occurs at a higher rate than the hydrolysis reaction [22]. This is due to
the slightly positive charge of Si atoms in the presence of proton acceptors [22]. The
hydrolysed species are readily consumed into denser and larger colloidal silica particles. Such
structures tend to prevent network dragging and crushing caused by internal pressure, resulting
in a lighter aerogel with higher pore volume being obtained [22]. Aqueous ammonia solution
(NH4OH) is the most frequently used base catalyst. Therefore, the microstructures of silica
aerogels can be designed by balancing the hydrolysis and condensation rate by adjusting the
initial pH according to a specific precursor [113]. At present, it is common to use a two-step
catalyst process to better control the microstructure of aerogel by taking advantage of both the

catalyst reaction mechanism [114].
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Figure 2-6 Rate of hydrolysis and condensation reactions of tetra alkoxysilanes with regard to pH
dependency, reproduced from [115]

After a certain period (as less as 30 seconds), the sol no longer flows under the effect of gravity,
and the gelation point is reached when a continuous network is formed [22]. In general, the
gelation time is controlled by the pH of the sol, and it is longer when the pH of the sol is low
[107].
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2.2.2.2. Ageing

The chemical reaction of the sol-gel process still occurs after the gelation [22]. Therefore the
ageing step aims to strengthen the tenuous solid skeleton generated during the sol-gel process
to continue the process of cross-linking and coarsening [27]. There are two mechanisms that
may operate during ageing, and it will affect the structure and properties of a gel: (1) Neck
growth from reprecipitation of silica dissolved from particle surface onto necks between
particles. (2) Dissolution of smaller particles with unreacted sites (OH moieties) and
precipitation onto larger ones [116]. The latter occurring at the micro-level during ageing is
known as Ostwald ripening [27, 117]. These two mechanisms operate simultaneously but at a
different rate [116].

The morphology of materials such as the particles ‘neck’ area, the average pore size, porosity,
and the apparent density of gel are influenced by ageing treatment. Therefore the mechanical
properties could be improved significantly. The ageing solution, ageing time, and ageing

temperature are the critical parameters that can significantly influence the ageing effect [27].

Research indicates that the liquid permeability of the solid part of the silica gel could be
increased through washing in H,O/EtOH by a dissolution reprecipitation process [118].
However, ageing in a siloxane solution improves the stiffness and the strength of the alcogel
by adding new monomers to the silica network and improving the degree of siloxane cross-
linking. Gels synthesised by waterglass can be strengthened by ageing in TEOS, water and
ethanol solutions [107]. Smitha et al. [119] investigated the effect of ageing solution
concentration and ageing time on the porosity characteristics of silica aerogel. Their results
indicated that as TEOS concentration in the ageing solution increased, the bulk density and
linear shrinkage decreased, whereas the surface area, pore size and pore volume increased.

Ageing time also had a similar effect on bulk density, surface area and pore volume.

It was also suggested that ageing occurs at pH between 8 and 12 could better resist the capillary
pressure during drying. Thus, the shrinkage of gel at the drying stage could be reduced, and

the silica matrix could be strengthened [120].

2.2.2.3. Solvent exchange

Before drying, the solvent exchange and surface treatment process are necessary to minimise
the capillary pressure [121]. The capillary pressure is an intrinsic property of the system which

is expressed in terms of the change in free energy of the phases and interfaces due to a change
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in saturation [122]. The capillary pressure is equal to the difference between nonwetting and

wetting phase pressures only at equilibrium [122].

As mentioned previously, to obtain aerogel successfully, the liquid should be replaced by air
within the gel while maintaining the porous network structure without collapse. However, as
soon as the liquid within the pores of gel begins to evaporate, concave menisci are created by
the surface tension. As the evaporation of liquid continues, compressive forces build up around
the pore’s perimeter and try to pull the particles together [123]. The capillary pressure gets
stronger due to surface tension at the liquid-vapour interface. As the surface tension is trying
to minimise interfacial energy [27], it eventually causes pore collapse. The Laplace Equation
applies in this case, as the smaller the capillary radius is, the higher the liquid will rise, or the
higher the hydrostatic pressure will be. The liquid in a capillary is caused by the surface energy,
and the interfacial pressure within a capillary can be calculated by balancing the static force
as [105]:

2nrocos 0 =nr’hpg (Equation 2-4)
hpg=P=20cos 0 /r (Equation 2-5)

where P is the capillary pressure, o is the surface tension of solvent, @ is the contact angle, r
is the capillary radius, h is the height of the liquid, pis the density of the liquid, and g is the

acceleration of gravity.

It can be seen from Equation 2-4 that the small surface tension of pore liquid and large pore
radius can decrease the capillary pressure during the drying process. Table 2-1 lists the surface
tension of the typical solvent used in aerogel production [121]. It is shown that the surface
tension of most solvents is only a third of that in water, which means that the capillary pressure
could be reduced by three times if the water is replaced by those solvents completely during
drying. Another reason for the solvent exchange process is that hydrophilization agents are
insoluble in water and consumed by side reactions with water and alcohol. Alcohols, as the

intermediate solvent, promotes the miscibility of water and the organic phase [27].

Table 2-1 Surface tension of several solvents at 20°C (103 N m™), reproduced from [121]

Solvent Isopropanol n-Hexane Acetone Ethanol Water
Surface tension 21.7 18.4 23.7 22.3 72.8

Rao et al. [124] investigated the effect of solvent types (n-hexane, n-heptane and toluene) on

the transparency and physical properties of silica aerogel. The results showed that aerogel
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possessed the lowest density and best visual transparency using n-hexane or n-heptane as the
solvent [124].

2.2.2.4. Surface treatment (silylation)

As mentioned in Equation 2-5, the contact angle between the pore liquid and the pore walls
has to be reduced to minimise capillary pressure. This involves chemical modification of the
inner surface (e.g., via silylation). As mentioned previously, the water-alcohol mixture in the
pores within the gels is first exchanged for a water-free solvent. Then the silylating agent is
introduced so that Si-OH groups are silylated [107]. In this process, the surface of the wet gel
is chemically modified by replacing the H from the silanol group (Si-OH) with the
hydrolytically stable Si-R groups through the oxygen bond, as shown in Figure 2-7. As a result,
adsorption of water is prevented, and hydrophobic aerogels are obtained [105, 107]. This
process can create surfaces with low energy, significantly reducing surface tension, whereas
condensation reactions take place for the original surface silanol groups resulting in an
irreversible shrinkage of the gel network during drying. Therefore, it is essential to modify the
alcogel surface with an appropriate modifying agent so that the surface of the aerogel becomes
hydrophobic [105].
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Figure 2-7 Surface chemical modification of the gel, reproduced from [105]

Hydrophobic and hydrophilic are the terms used to describe the apparent repulsion and
attraction between water and surfaces [105]. When the surface energy of the material is low,
it repels the water from its surface. The material is hydrophobic. Hydrophilicity or
hydrophobicity can be distinguished from the value of the contact angle, small or larger than
90, as shown in Figure 2-8 [105]. The contact angle is measured by dropping a water droplet

on the material surface, and the angle shown in Figure 2-8 is calculated using specialised
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software. The hydrophobicity of aerogel can also be confirmed by FTIR analysis. This method
is a qualitative analysis that provides direct evidence for the derivatization by alkyl groups
through C-H and Si-C vibrational signature [121, 125, 126].

Hydrophobic surface Hydrophilic surface
6 >90 8<90
Young's equation

yiv Liquid/vapor interfacial energy

il % o 'Sy = Yis + Vv cos 0
yLs Liquid/solid interfacial energy ySV = YIS T Yy

ysv Solid/vapor interfacial energy
0  Contact angle

Figure 2-8 Hydrophobic and hydrophilic surfaces, reproduced from [105]

There are several surface treatment reagents that could be used to modify the surface. These
include methyltrimethoxysilane (MTMS), hexamethyldisilazane (HMDS),
dimethylchlorosilane (DMCS), trimethylchlorosilane (TMCS), trimethylethoxusilane
(TMES), and hexamethyldisiloxane (HMDSQ) [105]. TMCS and HMDS are probably the
most widely used silylation agent, and this is because they yield the lowest density and highest
porosity materials and also are easily accessible through commercial retail channels [126]. The

chemical reaction in the modification process is shown as [121]:
(CH3)3SiC1+ESi-OH—>ESi-O-Si(CH3)3+HC1 (Silylation)

Malfait et al. [127] demonstrated that all investigated silylating agents (HMDZ, HMDSO,
TMCS) could achieve a sufficiently high degree of silylation. The final selection of the
silylating agent would depend on the raw material cost and processing simplicity. The latter is
determined by factors such as solvent compatibility and miscibility, corrosion of reaction
vessel (e.g., reaction with TMCS produces HCI), and reaction kinetics [127]. Rao et al. [124]

claimed that the HMDS does not have proper surface modification properties.

Apart from the type and amount of silylating agent, the silylation duration also plays a
significant role in the surface modification process. A study was carried out to investigate the
influence of the silylation duration on the bulk density of aerogel with HMDS as the silylating
agent, as shown in Figure 2-9 [126]. The result showed that the density of aerogels decreased
with treatment time to reach an optimum point after 30 hours. After this point, the density

started to increase as the modification process continued. It means that the diffusion of HMDS
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into the gel’s inner pores and the surface modification reaction was slow. The reaction time

for TMCS is expected to be faster than HMDS as TMCS are more reactive [126].
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Figure 2-9 Effect of the silylation period on density and optical transmission (%) of the aerogel,
reproduced from [126]

2.2.2.5. Drying

The ultimate goal of the drying process relies on solvent removal from the gel matrix by
maintaining the porous network without changing the volume and shape [128]. During drying,
the shape of the solid porous structure of the gel is mainly affected by two major factors. The
first factor is the almost inevitable partial collapse of the network, as even the smallest
shrinkage in the interior of the gel body could cause a pressure gradient that results in cracks.
The other factor is that the pore dimensions are different throughout the network, which means
that different degradation rates of menisci are shown for the neighbouring pores with different
radii (faster on bigger pores). Therefore, varying levels of stress are applied to the walls
between pores of different dimensions. As a result, a crack could occur due to unbalanced
forces [129, 130]. Unmodified sol-gels under ambient conditions shrink to about 1/8 of their
initial volume due to the pore collapsing, and such materials are called xerogels (dry gels)
[125]. Xerogel monoliths can be produced if the drying process occurs slowly. However, to
synthesise an aerogel, one must avoid crossing the vapour-liquid phase boundary [125]. At
present, three general drying techniques are used to fabricate aerogel, namely supercritical
drying, freeze-drying and ambient pressure drying. All the techniques are designed to
minimise or even eliminate the capillary forces due to the surface tension effect to avoid pore

collapsing [125].
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2.2.2.5.1. Supercritical drying (SCD)

Supercritical drying is an ideal method to produce monolithic silica aerogels of rather large
dimensions (the product size depends on the mould). This technique suppresses the liquid-gas
interface; therefore, the solvent inside the pores is removed under a supercritical condition (a
point where both liquid and vapour state can coexist) in order to eliminate the capillary
pressure [22, 125].

Supercritical drying can be performed in two different procedures. The first is high-
temperature supercritical drying (HTSCD), which Kistler first applied in 1931 and is still
widely used for silica aerogel production [22, 104, 107]. For this method, the wet gel, together
with a sufficient amount of solvent, is placed in an autoclave, and the temperature slowly rises.
When the temperature and pressure in the autoclave are raised above a critical point, the
solvent is transformed into a ‘supercritical’ fluid in which every molecule can move freely,
and surface tension is mostly removed. For example, the critical temperature and pressure for
methanol are 243°C and 7.9 MPa, respectively [105], meaning that the liquid and its vapour at
this point can coexist. Therefore, menisci cannot form without surface tension. The critical
temperature and pressure are kept constant for a certain period (i.e., 2 hours [131]), and then
the vapours are slowly released from the autoclave at a constant temperature until the
atmospheric pressure is reached inside the autoclave. Finally, the vessel is cooled to room
temperature. Thus, the phase boundary between liquid and gas is not crossed during the drying
process. Additionally, the autoclave is flushed with dry nitrogen (~3 bar) to ensure the trapped
solvent molecules is completely removed from the dried gel [105, 107]. Figure 2-10 (a) shows
the pressure-temperature cycles followed during the supercritical drying of the aerogels [107].
Kirkbir et al. [118] demonstrated that the shrinkage of aerogel under the supercritical condition
did not exceed 5% for several solvents used such as ethanol, butanol, pentanol and isooctane.
The shrinkage was even negligible for wet gels dried in 2-pentanol at 1.8 MPa and 300°C
[118].

32



o E Supercritical . i
= 120 E Naffaral . 100 2§ Supercrilical CO,
£ 100 : 3 % t
o ! _ /
5 % 4 g 60 ;
& 60 1 2 3 1
o o 40
L 40 4
. o
20 3 20 4
0 , A g |
280 30 440 520 600 680 20 250 300 150 400
(a) Temperature, K (b) Temperature, K

Figure 2-10 Schematic procedure of (a) high-temperature and (b) low-temperature supercritical
drying, reproduced from [107]

Tewari [132] suggested an alternative method for supercritical drying in 1985, known as low-
temperature supercritical drying (LTSCD). The solvent present in the gel before drying is
replaced by a liquid having a crucial point closer to ambient temperature [107]. Liquid CO;
was the most practical choice as CO; features a mild critical point (31.1°C and 73.9 bar [22]),
which allowed SCD to be conducted at a low temperature. Figure 2-10 (b) illustrates the
LTSCD process schematically [107].

Several comparative studies regarding high-temperature and low-temperature supercritical
drying techniques were conducted. Ehrburger-Dolle et al. [133] showed that the microporosity
of CO, dried aerogel was significantly larger than that of corresponding MeOH dried aerogel.
However, both techniques presented an equivalent texture in micro and mesoporous scales
[133]. Dieudonne et al. [134] demonstrated that methanol dried aerogel showed a smooth
surface, where tough solid particles are observed after CO; drying. Nevertheless, the light

transmission of CO; dried aerogel was comparable with that of alcohol dried samples [132].
2.2.2.5.2. Freeze drying

Freeze drying is another drying method in which phase boundaries between the liquid and the
gas phase does not exist. Thus, the capillary pressure can be minimised [105, 107]. This
technique removes excess solvent through sublimation [125]. The wet gel is ‘frozen’, and then
the solvent is allowed to sublimate at a lower pressure [107, 125]. Kalinin et al. [135]
demonstrated that the ice microcrystals produced during the freeze-drying process lead to more
microporous aerogels than those during supercritical drying. Unfortunately, there are many
disadvantages that limit the usage of the technique. The ageing duration must be extended to
stabilize the gel network, and in some cases, the network may be destroyed by the

crystallisation of the solvent in the pores [105, 107].
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2.2.2.5.3. Ambient pressure drying (APD)

Ambient pressure drying seems to be the most straightforward method to remove the solvent
from a porous material. This method raises the temperature above the solvent’s boiling point,
and thus the solvent is evaporated into gas [22, 128]. Besides, traditional supercritical drying
is considerably more expensive and dangerous due to the high pressure and complex
equipment involved [105, 107]. Therefore, there is a great potential to lower the costs and
hazard levels for aerogel production and thus represent an essential consideration for the future
development of these materials for large scale commercial applications using ambient pressure
drying [107].

The drawbacks, however, cannot be ignored. APD requires chemical processing with lengthy
solvent exchange to either reduce the capillary forces acting on the nanostructure or increase
the nanostructure’s ability to withstand those forces [125]. There are three stages in which the
solvent coexists within the system: the liquid filling the pores, the liquid-gas transition phase,
and the gas phase. High capillary pressure (hundreds of bars within nanopores) is presented
due to the receding menisci in the pores, and therefore cracks occur in the structure [128]. As
a result, granular or powder aerogels are generally formed rather than monolithic shape since
the capillary pressure surpass the elastic limit of the solid structure during drying [136, 137].
The term ‘xerogel’ is typically used to describe the materials produced by ambient pressure
drying, and the volume of the xerogel is 5 to 10 times smaller than the dimensions of the gel
[128].

The drying temperature in APD is also critical in determining the physical properties of aerogel.
Drying at a high temperature leads to a ‘spring back’ effect of silylated gels [126]. It is a
reversible shrinkage process as the concentration of hydrophobic moieties such as the methyl
group directly attached to the silicon atom increases. This effect involves a mechanical
expansion of the gel network, which recovers almost to its original volume. This phenomenon
occurs during the last stage of the drying when the porous structure can endure the drying
loads, and the spring back effect occurs by the repelling of hydrophobic functional groups [22,
137, 138].

As mentioned in sections 2.2.2.3 and 2.2.2.4, solvent exchange and surface modification
process are critical before the ambient pressure drying process to prevent irreversible
densification or partial collapse due to stresses generated by capillary pressures [22]. There
are a few more strategies to minimise shrinkage during ambient pressure drying. A co-
precursors method is developed where a non-hydrolysable methyl group is mixed with a

hydrophobic solvent such as MTMS could prevent the collapse of gels during drying and
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imparts higher flexibility to the matrices [139, 140]. Besides, drying control chemical additives
such as glycerol, formamide, or dimethylformamide could be introduced during the initial
phase of silica gel synthesis. These additives promote the uniformity of pore size dimensions,
thus minimizing stress asymmetries [128]. Finally, an effective method to strengthen silica
aerogel’s structure is by embedding fibre and nanofibers as the framework. This allows
preserving the monolithic shape, although the fractures (both at the micro and macro levels)

during the drying process cannot be avoided [22, 136].

2.2.3. Current research status

The conventional aerogel materials mainly include inorganic oxide aerogel such as SiO,
aerogel [107], organic aerogel (RF aerogel [141]) formed by the polymerization of phenols
and formaldehyde, carbon aerogel [142] (carbonized from RF aerogel), and metal oxide
aerogel [143]. In particular, inorganic aerogels have been studied extensively [103]. In recent
years, with the broader development of nanomaterials, other types of aerogel with new
structure and performance such as graphene aerogels [144], carbon nanotube aerogels [145],
and cellulose materials [146] have also been developed, which have enriched the aerogel

materials.

Traditionally, silica aerogels are prepared by a more energy-intensive and expensive SCD
method using alkoxide precursors such as TEOS and TMOS. However, such a combination
restricts the commercialization of aerogel due to the cost and the complex process involved
during SCD. Alternatively, there is a great potential for commercialization by the ambient
pressure drying (APD) method employing sodium silicate (Na.SiOs) as the sole inorganic

precursor [126].

Sodium silicate, also known as waterglass, is an inorganic compound that readily dissolves in
water. The pore nature of the molecule (Si-O and Na® ion pairs) could also prevent the
spontaneous formation of larger silica polycondensates or gelation due to electrostatic effects
[126]. Waterglass is synthesised commercially by reacting quartz sand with sodium hydroxide
and sodium carbonate at elevated temperature and pressure. Waterglass is perhaps the least
expensive industrial silica source due to the vast abundance and inexpensive nature of these
reactants. Besides, unlike TEOS or TMOS, waterglass is easy to handle and poses no
flammability hazard. It is also chemically stable in the long term under standard conditions of
use and storage. However, an extra step is generally involved before gelation to remove

trapped sodium ions, reducing the optical transmission and leading to low material properties.
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This can be achieved by ion exchange or merely washing with water. Nevertheless, waterglass

may still be the ideal precursor for cost-effective silica aerogels [126].

Sodium silicate-based silica aerogels are fabricated by a typical sol-gel process, followed by
solvent exchange, surface modification and ambient pressure drying [27]. There are various
factors that could influence the properties of aerogels. These include sodium silicate
concentration, sol pH, type of solvent and sialylation agent used, periods of ageing, solvent
exchange and silylation, and drying temperature. The effect of ageing, solvent exchange,

silylation and drying on the aerogel properties are already discussed in section 2.2.2.

2.2.3.1. Effect of precursor type and concentration

Rao et al. [124] discovered the effect of precursor (TEOS, TMOS and waterglass) on the
physical properties and transparency of aerogels. The results showed that waterglass-based
silica aerogel possesses the highest shear modulus, permeability, and lowest density (0.15
g/cm®) among those three precursors. The density was comparable to the aerogel prepared
using supercritical drying [124]. The high shear modulus could minimise fracture during
drying. The high permeability was beneficial to remove water and reaction products from the
gel during the washing process prior to and after surface treatment. Thus the capillary pressure
will be reduced during the drying process. In addition, waterglass-based aerogel provided the
largest pore size, pore volume and porosity, as well as the highest degree of monolithic. TEO
based aerogel gave the finest pore size, largest surface area; however, the density was

relatively larger, accompanied by the relatively lower pore volume and porosity [124].

The concentration of sodium silicate plays a significant role in the final properties of aerogels
since it determines the amount of silica per added sol volume and thus the ‘packing density’
of silica units in the gel network [126, 147]. He et al. [26, 121] discussed the effect of deionized
water (DI-H,0) to Na,SiOs; volume ratio on the porosity and density of aerogel. The results
indicated that as the volume ratio increased from 1 to 5, the porosity and specific surface area
increased to an optimum point at a volume ratio of 3-4 and then decreased. The density showed
an opposite trend as expected. However, the optimum point varied depending on the silica
content within the sodium silicate solution [26, 121]. Furthermore, the increase in silicate
concentration could also increase the gelation time. This is because as the dilution (H2O to
Na;SiOs3) increases, the mean separation between compensating silica species becomes larger
and larger, causing a less frequent effective collision. Therefore, the random three-dimensional

gel structure takes a long time to form [147].
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2.2.3.2. Effect of pH and gelation time

The sol-gel process involves adding acid or base catalysts to control the kinetics of
condensation and network formation. The formation of gels occurs fastest at pH values greater
than 6 [126].

Rao et al. [148] studied the influence of pH of the sol on the optical transmission, gelation
time, porosity and density of the aerogel. The results indicated that the gelation time and
optical transmission decreased as the pH of the sol increased, and the decrease was significant
at higher pH (>4). The gelation time varied significantly from 32 mins to 1.2 mins as the pH
of the sol increased from 3 to 8. The density decreased initially and then flattened out when
the pH value reached 6, where the porosity showed an opposite trend. When the pH was less
than 4, colloidal silica particles carried a positive surface charge, which caused the coulombic
interparticle repulsion. Besides, the strong competing effect of H* shifted the equilibrium of
the condensation reaction toward the side of free silanol groups. Furthermore, it became a
better nucleophile due to the absence of Si-O". Therefore, the gelation time increased, and the
probability of the silica particles fusing together was smaller, resulting in smaller particles that
have a higher packing fraction in the gel. When the pH was greater than 6, the gelation time
was extremely fast, meaning that there was not enough time for the gel to condensate into a
perfect, well-distributed network structure. As a result, it was more likely to form larger pores,
although the porosity was high, and the aerogel became opaque since those larger pores acted

as scattering centres for light in the visible range of the spectrum [148].

The gelation time can also be controlled by introducing N,N-dimethylformamide (DMF) as a
drying control chemical additive (DCCA). He et al. [26] investigated the effect of DMF on the
gelation time, the density and volume shrinkage of aerogel. The results showed that an increase
in Si to DMF molar ratio resulted in an increase in gelation time, where the density and volume
shrinkage decreased first and then increased. This was because the polarity of DMF was
relatively strong, and the hydrogen bonds would form between hydroxyls (O-H) in
orthosiliconic acid and DMF molecules which would impede the polycondensation of Si(OH)a.
Thus, the condensation rate slowed down, and the gelation process was longer. The formed
hydrogel would have a relatively uniform pore and particle size. However, the hydrogen bond
would be destroyed by high energy (i.e., high temperature). When the amount of DMF was in
excess, a considerable number of free hydroxyls that were not condensed during the
condensation process started to condense and destroy the existing gel microstructure. As a
result, the difference in pore size increased, which would increase the capillary pressure, and

thus the shrinkage and density of aerogel increased [26].
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2.2.3.3. Improving the fabrication process

The manufacturing of aerogel is expensive. For example, the retail price for aerogels and
related products in the UK in 2018 are summarised in Table 2-2. It is also time-consuming,
and it can take up to several days to fabricate aerogels. The drying step at ambient pressure
requires a more or less fixed amount of time and offers less potential for speeding up the
synthesis [126]. Therefore, the main focus is to optimise the ageing, solvent exchange and
surface treatment process. As mentioned in section 2.2.2.3, the processing time can be reduced
significantly by agitating the hydrogel mechanically before the solvent exchange due to the
larger surface area. Therefore, the solvent exchange period can be shortened. Apart from this

technique, some other methods could improve the fabrication process.

Table 2-2 The retail price for aerogel and related products in the UK in 2018, reproduced from [149]

Aerogel product name Units Cost (H
Aerogel granules (KWARK) 1 litre £5

Spaceloft blanket 5 mm 1 m? £30.41
Spaceloft blanket 10 mm 1 m? £39.86
Spaceloft panel 10 mm 1 m? £6.03

The solvent exchange and hydrophobization process can be combined to shorten the overall
production period. This is achieved by immersing the hydrogel into a mixture of an
alcohol/alkane (hexane or heptane)/TMCS solution [150, 151]. In some instances, the ageing
is done in a water-alcohol or acetone mixture to speed up the subsequent solvent exchange and
hydrophobization combination process [152, 153]. However, such a technique consumes a
considerable amount of expensive hydrophobization agents such as HMDS or TMCS, making
it unrealistic for large-scale industrial production. Therefore, the traditional consecutive ageing,
solvent exchange and hydrophobization steps are still the main route for synthesising aerogels

at an industrial scale [126].

Co-precursor methods are proved to be a faster and efficient technique to obtain silica aerogels.
In this method, the organosilanes are added together with a silica precursor (waterglass) during
gelation [125]. The most widely studied co-precursor materials are MTMS [154-156],
methyltriethoxysilane (MTES) [157], HMDS [158] and TMES [159]. Bhagat et al. [158]
fabricated the superhydrophobic silica aerogel powders using the waterglass/HMDS co-
precursor method in less than 5 hours. Apart from the advantage of a faster surface

modification, the co-precursor method could also improve internal hydrophobicity. Standeker
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et al. [159] investigated the influence of MTMS and TMES on the hydrophaobicity of silica
aerogel, and the contact angle could reach as high as 180<for TMOS/TMES co-precursor
method by varying the molar ratios. However, most co-precursors are prohibitively expensive,
and the amount of co-precursor could significantly influence the density, transparency, and
hydrophobicity. This may limit the usage of this method for large-scale industrial production
[125].

More recently, Cheng et al. [156] developed a novel process to synthesise monolithic MTMS
based silica aerogel using water as the only solvent under ambient pressure drying within five
hours. Such a method avoids the lengthy solvent exchange and surface modification processes
and reduces the production cost. During the aqueous phase, an efficient surfactant named
cetyltrimethylammonium bromide (CTAB) was introduced to prevent the phase separation
caused by the immiscibility between hydrophobic oligomers and water. The influence of
CTAB on the properties of aerogel was discussed. The results indicated that without CTAB,
the MTMS did not form a uniform gel network in polar solvent due to the high phase separation
tendency. As the amount of CTAB increased, the extent of phase separation decreased,
resulting in a relatively faster condensation rate, lower volume shrinkage, and lower density.
However, as the content of CTAB continued to increase, the gelation process took longer with
higher volume shrinkage. This may be because the excess CTAB interfered with the network
formation, which resulted in lower crosslinking among the particles. As a result, the density

of aerogel increased with lower BET surface area [156].

Shao et al. [157] introduced a rapid fabrication process to prepare MTES based flexible silica
aerogel monoliths via ambient pressure drying. In this method, solvent exchange and surface
treatment were eliminated, whereas the ageing process still occurred for 24 hours to obtain
larger monolith samples. As a result, the total production time was less than two days. The
prepared aerogel showed excellent formability, flexibility and compressibility (shown in

Figure 2-11) while maintaining a moderate thermal conductivity (0.038 W/m.K) [157].
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Figure 2-11 Photos of silica aerogel monoliths of (a) sheet, (b) cylinder, (c) tube and (d) rod showing
(e) compressibility and (f) flexibility, reproduced from [157]

2.2.4. Physical properties and application of silica aerogel

The unique porous structure makes aerogel attractive in science and technology. Such a unique
system provides a high porosity, low density, extremely low thermal conductivity, low
acoustic propagation speed, very low dielectric constant, very high specific surface area and
other excellent properties. Therefore, aerogel has a boarder application prospect in thermal
science, optics, acoustics, microelectronics, catalysis, aerospace, energy-saving and building
insulation [22, 103, 105].

2.2.4.1. Thermal and optical properties

One of the key aerogel characteristics is its low thermal conductivity (e.g. the 0.015 W/m.K
for SiO; aerogel at the ambient condition) [27]. This is lower than the conductivity of air under
the same condition (e.g., 0.025 W/m.K) [27]. Besides, silica aerogel is non-flammable, which
appears to be an ideal substitute for traditional insulating materials, such as polystyrene or
polyurethane foams [103]. Therefore, aerogel is an excellent heat insulation material that can
be widely used in the insulation field, such as equipment insulation, pipe insulation and
building external wall insulation [22, 103]. However, the fragile nature of silica aerogels limits
their use without mechanically reinforced such as fibre reinforced blankets or panels [103].
Nevertheless, silica aerogel can be made optically translucent, which has great potential for

opaque or translucent insulating components [27].
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It is estimated that windows might be responsible for up to 60% of the building’s total heat
loss [160]. Thus, the application of aerogel in the glazing system will greatly improve the heat
loss (could reach 50% [160]) of the window than triple glazed window while still allowing
for high light transmittance [160]. Aerogel-based glazing systems may be considered as
substitutes for triple-glazing or suspended film glazing systems when clear transparency is not
required. The triple-glazed windows are more massive and require more extensive and robust

frames to support, while the visible transmittance is generally below 0.70 [160].

Lv et al. [161] prepared eight pieces of aerogel glazed units with homemade aerogel, as shown
in Figure 2-12. The aerogel granules were sieved into four different particle size groups (0.41
mm, 0.64 mm, 0.93 mm, 2.7 mm) and filled into units with a thickness of 7.5 mm and 10 mm.
The effect of aerogel particle size and filling thickness on aerogel glazing units’ thermal and
optical properties was investigated. The results showed that the heat transfer coefficient
increased as the particle size of aerogel increased. Furthermore, the direct solar transmittance
increased as the particle size of aerogel increased from 0.41m to 0.93mm, while the change
was limited as the particle size continued to grow. Finally, the visible light transmittance and

heat transfer coefficient decreased as the filling thickness of the aerogel increased [161].

Figure 2-12 Photos of aerogel glazing units with different particle sizes (a) 0.41mm (b) 0.64mm (c)
0.93mm and (d) 2.7mm, reproduced from [161]

Apart from the glazing system, aerogel granules can be mixed with plasters to improve the
thermal insulation performance of the building assemblies [160]. The rendering has the benefit

of having a simple implementation regarding the uneven surface and thus creating a
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continuous thermal insulation layer by filling the gaps and joints [162, 163]. The aerogel
enhanced plasters are water repellent due to the hydrophobic nature of aerogel, which avoids
the water absorption that could change the volumetric composition and the final thermal
insulation performance [164]. Berardi [160] investigated the effect of the mixing ratio of
aerogel granules to hydraulic lime-based plaster on thermal conductivity. The results showed
that the thermal conductivity could be reduced significantly to 0.0257 W/m.K when the
volume percentage of aerogel was 95%. Over 80% reduction in thermal conductivity was
achieved. However, the effect of the mixing ratio on the mechanical properties was not

mentioned.

2.2.4.2. Mechanical properties

The tensile strength and elastic modulus of silica aerogels are largely dependent on the network
connectivity and density [27]. It is difficult to determine these mechanical properties in terms
of specimen preparation or precisely measuring the small forces applied [165]. Therefore,
compression and flexural modes are usually performed to evaluate aerogel’s mechanical
performance [128, 166]. The compressive behaviour of aerogels shows that at a higher density,
it tends to shatter after very little strain, exhibiting brittle behaviour; at smaller density, in the
range of 80 to 150 kg/m?, silica aerogels can sustain compression up to 70% strain and return
back to the original volume [128]. A silica aerogel with a density of 100 kg/m® can withstand

a maximum load of 0.02 MPa under a three-point bending flexural test [166].

As previously mentioned, in order to strengthen the silica aerogel, the ageing and hybridization
process is critical [27]. Nevertheless, neat monolithic aerogel is not often used due to its fragile
nature. Besides, the mechanical properties are sensitive to the gel’s synthesis chemistry, the
environment, and storage history [167]. For instance, the compressive strength and elastic

moduli increase while the strain at fracture decrease with age [27].

2.2.4.3. Acoustic properties

The acoustic properties of silica aerogels are closely related to their thermal insulation
properties [27]. The acoustic propagation depends on the interstitial gas nature, aerogel density
and texture [168]. In the gel network propagation, the acoustic wave is attenuated both in
amplitude and velocity due to the wave energy being progressively transferred from the gas to
the aerogel’s solid network, which makes aerogel suitable for acoustic insulation devices [27].
Furthermore, aerogel has a wide range of acoustic impedance (103 ~ 107 kg/m?.s), which is

an ideal coupling material for ultrasonic detectors [103]. Finally, aerogel can be used as

42



underwater acoustic reflection material due to its extremely high porosity and ultra-light
density. For instance, the acoustic reflection effect can be improved by introducing the aerogel

on a submarine hull without increasing the overall weight [103].

2.2.4.4. Other properties and applications

Apart from the abovementioned properties and applications, aerogel has also drawn significant
attention as adsorption media for removing several environmental and human health-
threatening pollutants [169]. This includes CO; capture, volatile organic compounds removal,
in water treatment including oil and toxic organic compounds and heavy metal ions removal
[169].

2.2.5. Conclusion

Silica aerogel and its fabrication process have been investigated extensively [27]. The general
fabrication process involves sol-gel, ageing, solvent exchange, surface treatment, and drying
[27]. However, some detailed descriptions of the fabrication process are not commonly
mentioned, for example, the amount of solvent used for ageing and solvent exchange. It has a
nonnegligible impact in terms of cost-saving, especially in the UK. The cost for one litre of
Ethanol and n-Hexane is approximately £0 and £10, respectively [28, 29]. Therefore,
adequate usage of these solvents could lower the manufacturing cost. In addition, the
fabrication processes, including ageing temperature and drying process, could be optimised to

improve the properties of the aerogel.

2.3. Research on aerogel composites and applications

The mechanical performance of aerogel should not be ignored. However, it is rarely reported
in the previous section, as it is difficult to examine this property. This is due to the fragile
nature of aerogel. Fibre reinforcement could be an efficient way to enhance the material

structure. In the meanwhile, the thermal insulation performance may also be improved.

In this section, an overview of aerogel composites is presented, including the techniques for
preparing the composites. The influence of fibre types, fibre geometry (i.e., length, diameter
and orientation) on mechanical and thermal performance is explored. Finally, the potential

application and the knowledge gaps of aerogel composites are discussed.
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2.3.1. Introduction of silica aerogel composites

The research on optimising aerogels’ physical properties, such as pore structure and density,
has shown extensive progress. However, the improvement of the strength, fragility and
shrinkage rate of the aerogels are unsatisfactory, especially under ambient pressure drying [30].
This fragility could be due to the low densities and the disordered network morphology with
irregular pore structure. To strengthen the aerogels, thus improving mechanical properties,
researchers have mainly focused on reinforcing the silica network through Ostwald coarsening
or particle ripening and growth, further condensing the silica network with molecular

precursors and involvement of secondary reinforcement materials [30].

Ostwald coarsening phenomenon is generally seen in alloys, colloids, and ceramics, where the
particles grow at the expense of smaller ones to reinforce the material [30, 170]. Silica gels go
through Ostwald coarsening, and gels can be strengthened through extended ageing [171].
However, such a technique is time-consuming, and the prepared aerogels usually exhibit low

surface area and large pore size [30].

The silica gel network can be further condensed using reactive silanes to improve aerogels’
strength [30]. It is achieved by soaking the alcogel or aerogel in the solution phase silanes such
as TMOS, TEOS or sodium silicate [172-174]. This allows the residual uncondensed silanols
in the alcogel to further condense to form additional siloxane bonds strengthening the
polymeric network. However, it is not easy to control the deposition rate, thus the physical

properties such as density, porosity, and surface area [30].

The involvement of a secondary reinforcement seems to be an efficient way to strengthen the
aerogel structure and thus widen its application [31]. The common reinforcement techniques
involve incorporating polymer, embedment of fibres and granular reinforcement [30, 31].
These reinforcement materials are introduced into the alcogel before the gelation, and they
behave as a reinforcing scaffold for the aerogel structure, creating a robust physical framework
that supports the fragile aerogel network [30]. However, the involvement of the reinforcement
materials increases the density of composites significantly. Meanwhile, the surface area and
pore volume are decreased since the void space is replaced by the aerogel [30]. Nevertheless,
the massive improvement of mechanical properties compensates for these disadvantages, and
these techniques, especially for the composites embedded with fibres, has already been

commercialized.
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2.3.2. Fibre reinforcement

Fabrication of aerogel composites with embedded fibre is probably the most widely adopted
technique in academic research and industrial manufacturing. The involvement of fibre is an
effective way to prevent shrinkage during the drying process, especially the ambient drying
method. Thus, monolithic aerogel composites can be produced, and the mechanical properties
can be improved significantly. However, the challenge is to preserve the insulation properties,
minimise the increase of apparent density, and improve the dustiness due to the weak

interfacial bonding between the aerogel particle and fibres [22].

The ultimate properties of fibre reinforced aerogel composites could depend on the techniques
to mix the fibres with wet gel, type of fibres chosen (organic, inorganic or nanofibre),
parameters of fibres (fibre content, fibre length and diameter) and the associated drying

process.

2.3.2.1. Techniques for preparing fibre-filled aerogels

There are a number of ways to reinforce silica aerogels with fibres [22]. The predominant ones
are illustrated in Figure 2-13. Fibres can be dispersed in the silica sol prior to the gelation, as
shown in Figure 2-13 (a). The mixture is then poured into a mould for gelation. The amount
of fibres depends on the uniformity of dispersion, as aggregates or bundles could be formed
due to an excess of fibres that might weaken the structure and decrease the composites’
insulation performance. This procedure is usually used to fabricate strengthened and denser
materials [22]. Aerogel composites can also be obtained by pouring the sol over a fibre mat
previously placed within a mould, as shown in Figure 2-13 (b). A basic catalyst is usually
added before pouring the sol to induce the gelation in the mould. This process is typically used

to fabricate flexible aerogel composites such as aerogel blankets [22].
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(a)

dispersed fibres

SiO, sol pre-gelation ageing & drying dried gel

(b) one web layer of fibres multiple layers of fibres

Sio, sol pre-gelation web of fibres ageing & drying dried gel
(one or several layers)

Figure 2-13 Schematic procedures of silica aerogel composite synthesis (a) the addition of dispersed
fibres to the silica sol (b) silica sol poured into a mould where fibre sheet was pre-located, reproduced
from [22]

There are other similar processes to synthesise silica aerogels. This includes pouring all silica
sol into the mould and then immersing the fibre layer by layer and pouring the sol into a mould,
and soaking a fibre mat before gelation [22]. Besides, to obtain silica aerogel composite films
with extreme flexibility, the ideal technique involves the addition of electrospun nanofibres
since there is an improved integration between aerogel and nanofibres [175, 176]. This is
implemented by impregnating a web previously formed or electrospinning the fibres in situ

[176], which fully integrates the sol under accurate control of gelation time [176, 177].

2.3.2.2. Type of fibres as reinforcement materials

It is crucial to select the correct type of fibres, mainly depending on the primary requirement
of properties and the application. Fibres can be categorised into inorganic fibres and organic
fibres, depending on their chemical composition, as summarised in Figure 2-14. For example,
if the fibre reinforced aerogel composites are designed for use in a high-temperature
environment, the chosen fibres must be thermally resistant (i.e., inorganic fibres). They should
also have an extensive spectral complex refractive index throughout the infrared region [178].
Flexible fibres (i.e., organic fibre) or at least with an appropriate fraction should be considered
if the flexibility of the composites is needed [22, 179].
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2.3.2.2.1. Organic fibre reinforcement

Organic fibres are mainly used to achieve higher flexibility and lighter weight while reducing
shrinkage during drying [22]. In general, organic fibre with a high length-to-diameter ratio
provides better flexibility than natural inorganic fibres, which is advantageous for
manufacturing flexible aerogel composites [180]. Organic fibres can be categorized into
natural and synthetic, where the former can be referred to as cellulose fibre, and the latter is

known as polymer fibre.

Polymer fibres such as polypropylene, polyethene terephthalate (PET) and polyester fibres are
commonly used to fabricate aerogel composites. The first organic fibre embedded in silica
aerogels was a nonwoven structured polypropylene [22, 181]. The obtained silica aerogel
composites exhibited a better absorption property than conventional absorbing materials,
which could be used to remove hazardous chemicals from air and sewage disposal [181]. Oh
et al. [182] prepared ultra-porous and flexible PET/Aerogel blankets via ambient pressure
drying. The obtained sample exhibited excellent sound absorption and thermal insulating
properties. Martinez et al. [183] investigated the insulation performance of polyester fibre
reinforced silica aerogel composites. The obtained aerogel composites provided excellent
insulation properties, where the thermal conductivity was in the range of 0.015 to 0.018
W/m.K [183].

Natural fibres are seen as a potential substitute for petroleum-based polymers due to their

biocompatibility, biodegradability, and sustainability. In addition, they also reduce the carbon
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footprint of industrial products [22, 183]. Although natural fibre is not frequently used as silica
aerogel reinforced material, it still shows a great potential to produce low-cost composites
when combined with ambient pressure drying techniques [22]. For instance, silica aerogel
reinforced with cotton nonwoven mat could be used as a sound absorber [184]. Aerogel
reinforced with recycled cellulose fibres showed a promising potential for thermal and acoustic

insulation applications [185].
2.3.2.2.2. Inorganic fibre reinforcement

Inorganic fibres such as glass, mineral and ceramics fibres are commonly considered for
reinforcing aerogels, especially in thermal barrier systems due to the surpassing thermal
stability, along with a low thermal expansion coefficient [22]. As inorganic fibres are
thermally resistant, they are less prone to deteriorate in high-temperature environments than
organic fibres [186, 187]. For very high-temperature insulation (i.e., greater than 1400°C),
ceramic fibres, such as Al,Os, Fe,O3 based, or alumina-silica types, are the most suitable fibres
to embed in aerogel composites as they are generally not sensitive to thermal attack [188]. For
a moderate temperature range (i.e., less than 1100°C), glass fibres show a great interest in both
academic and industrial fields [22]. Therefore, a border operating temperature can be achieved

when aerogels are reinforced with inorganic fibres [22, 166].

As mentioned in section 2.3.2.1, fibres can be introduced into the composites mainly by
dispersing the fibres into the silica sol or immersing a pre-shaped fibre mat into the sol.
However, in most cases, it is not easy to get a uniform distribution of inorganic fibres in the
composites since the introduced fibres usually lead to precipitating themselves to the bottom
of silica sol. This may be due to the inorganic fibres typically having higher density and larger
fibre diameter [189]. Therefore, it is more common to involve a pre-shaped fibre mat as the
structural framework to prevent aerogel densification during ageing and ambient pressure
drying. At the same time, better insulation and mechanical performance can also be achieved
[22].

Among all the inorganic fibres, glass fibres are the most commonly used fibres as the aerogel
reinforcement in both academic and industrial fields [190-194]. Huang et al. [190] developed
a novel fabrication process to synthesise glass fibre reinforced silica aerogel composites,
where the entire preparation period can be as short as 20 hours. In this work, ethanol was used
as the primary solvent in the waterglass-based silica sol through ion concentration
modification to eliminate the conventional solvent exchange process. The obtained aerogel
composites showed an excellent flexural modulus of elasticity of 12 MPa and thermal
conductivity of 0.026 W/m.K [190].
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Lyu et al. [195] conducted the compression test of ceramic fibre reinforced silica aerogel
composites at room temperature and elevated temperature (300°C, 600°C and 900°C) to
investigate aerogel composites’ mechanical behaviour at a high-temperature environment. The
results indicated that the compressive strength and modulus both increased with increasing
exposure temperature, but the deformation recovery capability decreased. This may attribute
to the microstructure change caused by thermal sintering. Viscous flow and matter transport
caused by high temperature resulted in the fusion of aerogel particles, which led to a thicker
and stronger particle skeleton; thus, the stiffness and the strength of the composites was
improved. However, the formation and fracture of larger pores caused cracks, which degraded

the deformation recovery capability [195].
2.3.2.2.3. Electrospinning nanofiber reinforcement

The diameter of conventional organic and inorganic fibres is usually in dozens of or several
microns, which is significantly higher than the typical diameter of pores or silica secondary
particles of the silica aerogels [180]. The significant difference in the sizes of the reinforced
fibres and the aerogel matrix leads to a large contrast of the fibres and aerogels’ strains during
the drying process. This could cause larger cracks and weaker mechanical stability of the fibre
reinforced aerogel composites [196]. It is essential to reduce the fibres’ diameters and thus
decrease the difference in sizes of the fibres and aerogel matrix. Therefore, it improves

monolith integrity and the composites’ mechanical stability [180].

Electrospinning is a simple and low-cost method for producing polymer and ceramic fibres
with superfine diameters. This technique has been newly adopted in aerogel reinforcement
[180]. The diameter of fibres produced by electrospinning is as thin as 150 nanometers [197],
which is significantly smaller than the typical natural cotton fibre with an average value of 10
micrometres [198]. In the conventional nano-fibre producing process, the polymer is dissolved
in a solvent to achieve the required viscosity to yield continuous nano-fibres. It is then jetted
through a capillary spinneret under the influence of an electrostatic field, and finally, deposit

in the form of a web in collector support or directly into the sol cast [176, 180].

Wu et al. [180] prepared flexible silica aerogel composites reinforced with electrospun
polyvinylidene fluoride (PVDF) web via electrospinning and sol-gel processing. The pre-
prepared PVDF webs were added into the silica sol as a framework and the fibre reinforced
silica aerogel were obtained under ambient pressure. The results showed that the electrospun
PVDF nanofibre could significantly improve mechanical strength (almost six-fold compared

to pure aerogel) and flexibility of the silica aerogel. Meanwhile, a lower thermal conductivity
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(0.028 W/m.K) could be maintained, which showed great potential for thermal insulation

applications [180].

Although the obtained nano-fibres increase the adhesion between the aerogel and fibres, thus
improving the mechanical stability and strength [22], a higher degree of contact could increase
solid thermal conductivity, which may limit the use in the superinsulation field [180].
Therefore, continuous development is needed to improve the thermal insulation performance

and scale up the manufacturing process in the various application fields.
2.3.2.2.4. Recycled fibre reinforcement

Glass fibre-reinforced polymer composites have been developed extensively due to their high
specific mechanical properties, and they are increasingly used in the construction, automotive,
aerospace, and energy sectors [199, 200]. However, the major issue is how to deal with
material waste at the end of service life. Fibre recycling appears to be a promising option [199].
Besides, PET plastics bottles have become a significant problem to the environment nowadays
as they can lead to contamination of a wide range of natural terrestrial, freshwater and marine
habitats [20]. Therefore, there is an ever-increasing need to recycle PET plastic bottles and to
discover new innovative ways to reuse them [20]. One of the recycling methods for PET plastic
bottles is to convert them to PET fibres [20]. However, using recycled or waste fibres to

strengthen silica aerogel composites is only being studied at the laboratory scale [22].

Salomo et al. [20] successfully developed recycled PET fibre reinforced silica aerogels
through direct gelation of silica on PET. The PET fibres were recycled from plastic bottle
waste and pre-treated with dichloromethane to dissolve partially. The obtained composites
showed super-hydrophobicity with an average contact angle of 149.9< whereas the thermal
conductivity was approximately 0.037 W/m.K. Nevertheless, this work provides an alternative

solution for reusing plastic wastes [20].

The use of recycled cellulose fibres as reinforcement materials also showed great potential for
thermal and sound insulation [136, 201]. Feng et al. [201] successfully fabricated recycled
cellulose fibre reinforced silica aerogel via freeze-drying. The resulted composites possessed
excellent sound absorption properties compared to cellulose aerogels and commercial
polystyrene foams [201]. Markevicius et al. [136] used recycled paper fibres as the
reinforcement material to synthesise silica aerogel composites. The fibre agglomerates were
first expanded to create a self-supporting three-dimensional non-woven fibre network before

the gelation process. The more cost-effective ambient drying process was adopted in this work,
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and the obtained aerogel composites exhibited an extremely low thermal conductivity (0.016-
0.023 W/m.K) [136].

It is more desirable to use inorganic fibres as reinforcement materials for thermal insulation
applications, especially for the high-temperature environment due to their excellent thermal
stability. Even though the use of recycled inorganic fibres such as glass is scarcely reported,
and the use of recycled organic fibres is only seen at the laboratory scale. These works still

pave the way towards more sustainable and cost-effective materials [22, 157, 202].

2.3.2.3. Effect of fibre on aerogel composites

During the aerogel fabrication process, gel shrinkage is the critical factor determining the bulk
density and porosity [22], which consequently influences the final mechanical and thermal
properties. The incorporation of fibres as the skeleton frame could minimise or prevent
shrinkage during the ageing and drying process since casting volume is split into sub-volumes
between two adjacent fibres [22]. Thus, the internal movement of silica chains is inhibited,
while the drying stresses are limited to small units instead of one unit comprising the full body
of aerogel [22]. It was reported that the linear shrinkage of the neat silica aerogels produced
via supercritical drying is about 5-10%, while the shrinkage can be reduced to a negligible
level if fibres are integrated [22]. The shrinkage in silica aerogel composites mainly occurs
through the thickness direction, while monolithic non-reinforced aerogels shrink isotropically
[120, 203].

As mentioned earlier, the ultimate properties of fibre reinforced aerogel composites could
depend on various factors. The influence of fibre parameters such as fibre content, fibre length

and diameter on the properties of aerogel composites have been investigated [22].
2.3.2.3.1. Effect of fibre content on aerogel composites

The effect of fibre content on properties of aerogel composites is usually investigated via the
fibre dispersion method, as indicated in Figure 2-13 (a) above, where the fibres are dispersed

in the silica sol before the gelation.

Li et al. [204] synthesised attapulgite fibre reinforced silica aerogel composites, and the
influence of fibre content on the mechanical and thermal performance was studied. The results
showed that the bulk density of the aerogel composites first decreased and then increased with
increasing fibre content, while the porosity presented an opposite trend. It is worth mentioning
that the trend observed for thermal conductivity was similar to that of the bulk density, where
a small fraction (2%) of fibres decreased the thermal conductivity (from 0.0218 to 0.0198
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W/m.K) relatively to that of the neat aerogel. The thermal conductivity then increased from
0.0198 to 0.0228 W/m.K as the fibre content increased. The slight decrease in thermal
conductivity can be attributed to the rise in voids (higher porosity). However, as the fibre
amount continued to increase from 5% to 20%, the thermal conductivity increased almost
linearly since the fibres act as additional heat transfer passageways through the fibre structure.

Hence, the total thermal conductivity of the composites was increased.

Dissimilar results were also reported. Jiang et al. [205] synthesised the ambient dried silica
aerogel nanocomposites reinforced by micro-glass fibre mat (2-4 diameter), with controlled
volume content of 4.5, 6.8 and 9.1%. The fibre mat was immersed in the silica sol under
vacuum. The results showed that the thermal conductivity decreased from 0.0265 to 0.022
mW/m.k at a temperature of 650 <C, and the bending strength increased from 1.2 to 1.45 MPa
with increasing fibre volume. According to the authors, the thermal conductivity trend could
be attributed to the smaller diameter of fibres. The specific surface area was higher, which
resulted in lower radiative conductivity [205].

In summary, the embedment of fibres, as a structural frame, in the aerogel composites could
maintain the samples’ integrity due to the minimum shrinkage during the ageing and drying
process. The shrinkage of silica aerogel composites generally decreases with increasing fibre
content [22], and the shrinkage could be reduced further if the supercritical drying method is
adopted instead of ambient pressure drying. Moreover, the composites’ mechanical
performance could be significantly enhanced when the fibres are introduced, and strength is
generally increased with the addition of fibres content [206-208]. However, excess fibres could
have a negative effect on the mechanical properties of the composites as excess fibres could
lead to clusters. This causes fibres to slip off the bonding interface and crush the aerogel matrix;
thus, the compressive strength could be reduced seriously [208]. Finally, the fraction of fibres
reinforcing silica aerogel composites dictates their thermal conductivity [22], and it can also
be influenced by the type and the size of the fibre [136, 205]. The thermal conductivity of the
composites is more likely to be increased with the increase of fibre content [136, 194, 206,
208], although a small mass addition of the fibres could lower the thermal conductivity at the

beginning due to the increase of total voids [204, 209].
2.3.2.3.2. Effect of fibre size and orientation on aerogel composites

The intrinsic features of fibres such as length, diameter, length-to-diameter ratio, curvature,
and orientation angle also play a role in determining the ultimate performance of silica aerogel

composites [22].
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Jaxel et al. [206] investigated the influence of fibre length on the thermal and mechanical
performance of silica aerogel composites. Short human-made cellulose fibres with a length of
2, 6, 8 and 12 mm were used as the reinforcement materials. It was stated that no noticeable
influence of fibre length in cumulated shrinkage and bulk density was observed within the
experimental errors. However, the thermal conductivity of samples with 6 and 8 mm fibre
length (0.016 - 0.017 W/m.K) performed slightly better than that of samples with 2 and 12 mm
fibre length (0.017 — 0.018 W/m.K). The authors suggested that short length fibres might not
be sufficient to hold the silica phase together during the ambient drying process, resulting in a
large shrinkage. Thus, more voids were obtained between the silica phases. These voids did
not participate in the Knudsen effect and thus increased thermal conductivity. On the other
hand, longer length fibres might increase mutual contact, which increases the solid conduction.
Nevertheless, higher fibre lengths led to a significant improvement in mechanical properties.
The maximum stress increased from 18.9 to 98.2 kPa as the fibre length increased from 2 to
12 mm [206].

Fibre diameter is the other major factor influencing the final properties of the aerogel
composites, and there is an optimum diameter depending on the type of fibres. Zhao et al. [210]
developed an analytical model to estimate the total thermal conductivity of glass fibre
reinforced silica aerogel composites. The term ‘fibre extinction coefficient’ was used in the
model to determine the composite’s thermal insulation ability at a higher temperature. The
radiative thermal conductivity increased with increasing temperature, while it could be
reduced by a larger extinction coefficient [210]. According to the results, the glass fibres with
a diameter of 4, 6, and 8 m exhibited a much higher fibre extinction coefficient at a higher
temperature (>1000 K) compared to the fibre with a diameter of 1 and 10 pm. This means that
the radiative thermal conductivity would be reduced when the glass fibres with a diameter of
4,6, and 8 |um were used as the reinforcement materials. Thus, these composites displayed the
best insulation performance at a higher temperature (i.e., 0.08 W/m/K at 1300 K). However,

the fibre diameter was not critical at a lower operating temperature (<600 K) [210].

Apart from fibre length and diameter, fibre orientation also plays a vital role in aerogel
composites’ thermal insulation performance. The fibre orientation is defined as the angle
between the incident heat and the plane normal to the longitudinal axis of the fibre [211, 212].
Zhao et al. [210] investigated the influence of the incident angle of glass fibre on the thermal
conductivity of silica aerogel composites using an analytical model. In this model, the total
thermal conductivity was the sum of the conductive and radiative thermal conductivity. The

results demonstrated that as the incident angle varied from 0<(where fibres are perpendicular
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relative to the heat direction) to 40< the total thermal conductivity (heat source is
perpendicular to the aerogel composite) increased from 20 to 55 mW/m.K at 250 K, as shown
in Figure 2-15. As the operating temperature increased, the total thermal conductivity of
aerogel composites rose from 80 to 195 mW/m.K at 1250 K, with an increasing incident angle
[210]. The increase in the inclination angle resulted in an increase in the fibre extinction
coefficient. As a result, the radiative thermal conductivity was decreased. However, the
conductive thermal conductivity of the composite increased faster with increasing inclination
angle than the decrease in radiative thermal conductivity. Thus, the total thermal conductivity
of the composites increased with increasing inclination angle due to the importance of the

increased conductive thermal conductivity [210].
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Figure 2-15 Effect of fibre orientation on the total thermal conductivity of glass fibre reinforced silica
aerogel composites, reproduced from [210]

In summary, it can be concluded that the thermal and mechanical behaviours of the fibre-
reinforced silica aerogel composites can be influenced significantly by the intrinsic features of
fibres, such as length, diameter, and orientation angle. Therefore, the composites can be
designed according to the intended applications, either to achieve optimal insulation properties

or mechanical performance [22].

2.3.2.4. Modelling aerogel composites

It is often time-consuming and costly to design and fabricate fibre reinforced silica aerogel

composites by varying the fibre parameter such as fibre diameter, length, and orientation
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through physical tests. Accurate analytical models could facilitate system thermal and

mechanical analysis and guide the design of new materials for the intended applications [210].

Zhao et al. [210] developed an analytical model to estimate the total thermal conductivity of
fibre reinforced silica aerogel composites. A cubic array of spherical porous secondary
nanoparticles and a modified parallel-series model were proposed to model the combined solid
and gaseous thermal conductivities. An anomalous diffraction theory was used to predict the
fibre extinction coefficient, which is a crucial radiative property that determines the
composite’s thermal insulation ability at a high temperature. This model provided theoretic
guidelines for material designs with optimum parameters such as fibre type, fibre incident
angle, volume fraction and diameter of the fibres, as well as the aerogel nanoparticle and pore
sizes. The predicted thermal conductivity agreed well with the experimental data. A similar
approach was conducted by Tang [213].

Soorbaghi et al. [214] modified the classic unit cell model for nanocomposite aerogel by
considering the effect of phonon scattering, secondary porosity (a type of porosity pertained
to the closed-cell pores which were not measurable using BET), and clay mineral presence
since the classic unit cell model could show more than 250% deviation from the experimental
results. As a result, the addition of clay minerals to silica aerogel led to a 55% reduction in
thermal radiation heat transfer. The modified model showed an excellent agreement with the

experimental results with less than 10% deviation [214].

Webley et al. [215] discovered a simulation of fibrous thermal simulation where the thermal
conductivity of glass fibre blanket can be predicted. The fibre geometry was generated using
MATLAB, with the finite element analysis being carried out using ANSYS Workbench, as
indicated in Figure 2-16 (a). The simulation results showed an excellent agreement with the

experimental data [215].
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Figure 2-16 (a) the heat flux distribution in the fibrous phase, reproduced from [215], (b) the
generated cluster of silica aerogel matrix and (c) fibre distribution in the representative volume
element, reproduced from [216]

Lu et al. [216] proposed a new multi-scale model to investigate the relationship between the
mechanical properties and microstructure of fibre reinforced silica aerogel composites, as
shown in Figure 2-16 (b) and (c). A continuum damage constitutive model was established to
represent the behaviour of the silica aerogel matrix in the composite by implementing the
aerogel model with the discrete element method. A modified embedded element technique
was then proposed to generate the finite element model of the silica aerogel composite with
curve fibres. The numerical results showed that Young’s modulus and the tensile strength of
the composites were significantly affected by the primary particle size. Besides, the influence
of fibre parameters such as volume fraction, length, and curvature on composites’ mechanical

properties was also predicted [216].

The use of analytical models becomes an efficient way to study the relationship between the
composites design parameters (i.e., fibre length, diameter, orientation, and aerogel particle size)
and mechanical/thermal performance. It provides a guide to designing appropriate materials

for intended applications.

2.3.3. Aerogel composite properties and application

Fibre-reinforced aerogel composites preserve the unique properties of aerogel, such as high
porosity, low density, remarkable thermal conductivity, and very high specific surface area,
while the mechanical properties are improved. Therefore, aerogel composites show great
potential in thermal insulation, acoustic insulation, adsorption of harmful compounds and

many other applications [5, 22, 217].
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2.3.3.1. Thermal properties

Linhares et al. [22] summarised a few reported thermal insulation performances of aerogel
composites reinforced with different fibre types (e.g., aramid fibres, pectin nanofibers, glass
fibres, and attapulgite fibres). The composites’ thermal conductivity obtained via ambient
pressure drying was in the range of 0.016 to 0.026 W/m.K. A better insulation performance

was achieved via supercritical drying (0.014 to 0.02 W/m.K).

Aspen Aerogels, a US-based commercial aerogel developer, carried out two case studies to
improve the energy efficiency of old public housing [218, 219]. The first case was to apply
the Spaceloft® Insu-Cap™ on the wood frames of a nearly 300-year-old house to eliminate the
thermal bridging through the frame members in the walls, as shown in Figure 2-17 (a) [218].
The Insu-Cap™ is made of a 10 mm thick strip of flexible aerogel with peel-and-stick backing
for easy installation. Such modification improved the R-value of the walls by 15%. Besides,
the Insul-Cap™ also reduced the noise level, which produced both more energy-efficient and
quieter houses [218, 220]. The other case was to place two layers of 10 mm Spaceloft™ 9521
aerogel insulation to a building facing board, and these were then screwed directly into the
internal skin of the building, as shown in Figure 2-17 (b) [219]. The installation process was
50% faster than installing conventional insulation materials, as no framing was needed. As a
result, the apartment wall’s U-value was reduced by 44% (from 0.63 to 0.35 W/m?K), which

equated to a reduction of 900 kWh/yr energy use and 400 kg/yr in carbon emission.

Aerogel

Aerogel Facing board

Figure 2-17 (a) Spaceloft® Insu-Cap™ flexible aerogel with peel-and-stick backing on the wood
frames, (b) Spaceloft™ 9521 aerogel insulation to a building facing board, reproduced from [218,
219]

Apart from the superinsulation characteristic, silica aerogel composites reinforced with
inorganic fibres can also inhibit extreme temperature heat transfer [22]. The upper limit of
service temperature could be as high as 1200°C (when reinforced with mullite fibre) [221].

Therefore, these materials can protect building steel frames during fires, which prevent
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structure collapse [193]. It can also be applied in the aerospace industry, where high-

temperature resistance is required.

2.3.3.2. Acoustic properties

Noise pollution has become the most widespread and least controlled environmental issue
[222]. It causes psychological disorders, cardiovascular disease, loss of hearing, and high
blood pressure [222]. The conventional bulky nonwoven fabrics or foams may not always
satisfy the technical criteria for a practical engineering solution due to either thick panels or
heavy structures [222-224]. Thus, a more effective solution is needed to prevent human’s

health issues.

Noise mitigation is dependent on the material’s thickness, interrelated with the wavelength
[225]. In general, the thickness of each discrete insulation layer must be as least half of the
sound wavelength to attenuate the sound wave [222]. Sound wavelength increases with a
decreasing frequency, which means a low-frequency range (100-2000 Hz) requires a thicker
insulation barrier [22, 225]. This could be detrimental in confined spaces [22]. The porous
nature of silica aerogel inhibits heat transfer and provides an effective acoustic insulation
feature [22, 27, 226]. Since aerogel’s inherent fragility poses difficulties for most applications
[227], fibre reinforced aerogel composites could be an ideal material for the insulation of low

frequencies due to their efficiency at reduced thickness [184].

The acoustic insulation performance of aerogel could be influenced by several factors,
including the bulk density, interstitial gas pressure and overall texture [22, 228]. Martin et al.
[229] showed that the surface roughness and larger pores were beneficial for improving the
acoustic insulation property. This was achieved by varying the concentration of water-soluble
organic polymers (polyethene glycol) in the sol. The results indicated that aerogels with higher
pore dimensions were produced as the concentration of polyethene glycol in the sol increased.
This led to a significant reduction in acoustic velocity (from 241 to 103 m/s). However, the
addition of polyethene glycol resulted in a monotonic decrease of the yield stress and Young’s
modulus [229].

It has been shown that the acoustic performance can be improved by combining the fibres with
silica aerogels with reduced thickness compared to neat fibre blankets or polystyrene foam. It
widens the applicability of aerogel composites when the space for insulation is limited [22,
230, 231].

58



2.3.3.3. Adsorption properties

Due to its unique three-dimensional nanoporous structure with high permeability, high specific
surface area, high pore volume and porosity, aerogel has an outstanding adsorption
characteristic. Therefore, it has a great potential in wastewater treatment, such as adsorbents
of toluene, adsorbents of heavy metal ions, and clean-up oil spills [103, 232]. In particular,
silica aerogels can be used as absorbent materials to effectively absorb oil from water, which
is a promising candidate for saving the endangered environment, especially in marine oil
pollution [232]. What is more, the incorporation of fibres in aerogels is another approach for
such applications as the mechanical properties of the materials are improved, allowing the
repeatability of adsorption and desorption processes [232]. The manufacturing cost is also
lowered as ambient pressure drying could be adopted to obtain monolithic aerogel composites.
Wei et al. [233] prepared silica-fibre composite aerogels via a facile one-step polymer-
incorporation sol-gel process, followed by ambient pressure drying. It was concluded that the
adsorption capacity for organic pollutants (benzene, toluene) was around 6 to 8 times its mass
[233].

Fibre-reinforced aerogel composites present a remarkable potential in absorbing organic
pollutants and oil spillage [22, 232]. The maximum absorptive ability could reach eight times
the composite’s weight, and the sorption and desorption process could be repeated more than
one hundred times [232]. Nevertheless, further research is still needed to improve absorption

performance while lowering the manufacturing cost.

2.3.3.4. Other properties and applications

Aerogel exhibits a high energy absorption capability when cross-linking with polymers.
Therefore, it opens the way to potential applications under high impact, such as in automobile
collision and ballistic protection, where energy absorption at high impact speed is essential
[166].

Wu et al. [234] studied the ballistic characteristics of glass fibre reinforced aerogel composites.
The aerogel composite core was produced by cross-linking aerogel colloid and glass fibre via
sol-gel and supercritical drying method. It was then sandwiched by two hard skins (aluminium
plate, steel plate and polymethyl Methacrylate plate). The ballistic tests were conducted at both
low speed (about 350 m/s) and high speed (about 750 m/s) with a 7.62 mm ballistic gun. The
results showed that the anti-penetration capability of composites was improved under high-
velocity impact due to the strain rate strengthening effect compared to that of low-velocity

impact. The higher the strain rate is, the better the energy absorption capability will be. Despite
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the fact that the deformation area of the aerogel composite core was extensive, and the

destructions were severe, it still shows an effective energy absorption of bullets [234].

The low refractive index of silica aerogels promotes the development of sensing devices [22].
Boday et al. [235] prepared polyaniline nanofibre reinforced silica aerogel composite with a
substantial electrical conductivity. The composites could be used to prepare chemiresistor
sensors to detect acidic (HCI) and basic (Ammonia) gaseous molecules in the environment.
The introduction of aqueous HCI in aerogel composites resulted in a rapid colour change of
the composites from dark purple to green, which is indicative of polyaniline’s highly
conductive, protonated emeraldine base. In addition, as the quantities of polyaniline fibre
increased, the electrical conductivity increased almost linearly, with the highest value of 1.83
%10 S/cm. This value is slightly greater than the conductivity of a polyvinyl alcohol aerogel
loaded with carbon nanotubes [235].

Aerogel composites could also be used in insulation clothing for protection from thermal and
electric hazards, to protect workers exposed to molten substances or from flames at reduced
thickness [22, 236]. Conventional insulation clothing requires higher thickness to achieve
better thermal insulation performance, which could restrain the user’s movement [237].
Chakraborty et al. [236] investigated the radiant heat resistance of the aerogel blanket based
fabric. The aerogel blanket was sandwiched by an outer layer of woven fabric and an inner
layer of modacrylic/cotton fabric. It was found that an increase of 58% in the estimated burn
injury time was achieved with the presence of an aerogel blanket, which ensured much better
protection from heat and fire hazards. In addition, the effectiveness of the aerogel blanket as
protective shielding was improved with the increasing amount of silylating agent (TMCS).

Thus, the aerogel blankets showed great potential in the area of firefighting systems [236].

Other applications of fibre reinforced silica aerogel composites are mentioned in the literature
as drug delivery [238], space [239], separation technologies (membranes) [169], catalyst and

carrier materials for catalysis and electrocatalysis [240].

2.3.4. Conclusion

The fabrication of aerogel composites with embedded fibre is probably the most widely
adopted technique in academic research and industrial manufacturing. This is because the
involvement of fibre is an effective way to prevent shrinkage during the drying process,
especially the ambient drying method. Thus, monolithic aerogel composites can be produced,

and the mechanical properties can be improved significantly. However, the challenge is to
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preserve the insulation properties, minimise the increase of apparent density, and improve the

dustiness due to the weak interfacial bonding between the aerogel particle and fibres [22].

“Vacuumization’ could be adopted to improve the insulation performance and the service life
of aerogel composites. The vacuum insulation board with aerogel composites as the core
material can effectively minimise the heat transfer via air convection, which significantly
reduce its thermal conductivity [241]. It was suggested that the evacuation and sealing of silica
aerogels could reduce the thermal conductivity by 50% [237]. More importantly, sealing of

aerogel composites can prevent dust release during handling and processing.

2.4. Research on glass fibre recycling and applications

A comprehensive review of geopolymer and aerogel composites have been explored in
previous sections. The mechanical performance of the geopolymer could be further improved.
The fibre reinforced aerogel composite could be more economical and environmentally
friendly. Besides, an increasing amount of waste glass has been produced nowadays due to the
widespread use of glass in different applications [32]. The glass products are non-
biodegradable; thus, recycling and reusing glass are attractive, which could significantly
contribute to the prevention of environmental pollution [32].

In this section, an introduction of recycled glass fibre (rGF) is presented, with the recycling
technology described. The dissolving mechanism of glass in the alkaline environment is
addressed, and the influencing parameters on the dissolution rate are explored. In addition, the
reusing of glass waste in synthesizing geopolymer is reviewed, and the fabrication process of
the glass fibre mat is discussed. Finally, the research gaps of rGF in geopolymer and aerogel

composites are addressed.

2.4.1. Introduction of glass fibre recycling

Today, an increasing amount of waste glass has been produced due to the widespread use of
glass in different applications [32]. The glass products are non-biodegradable; thus, recycling
and reusing glass are attractive, which could significantly contribute to the prevention of
environmental pollution [32]. Glass fibres, as one of the primary forms of glass, are
extensively produced to be used in various applications. In particular, they are widely used as

reinforcement materials to improve the mechanical properties of composites.

Fibre-reinforced polymer composites are increasingly used in the construction and energy

sector due to their high specific mechanical properties [199]. The European Union aims to

61



increase the renewable energy share to 27% by 2030 and reduce greenhouse gas emissions by
80-95% as of 2050. Wind power, as one of the leading renewable energy sources, will play an
essential role in the future [199]. Glass fibre-reinforced polymer (GFRP) composites, as the
primary constitution of wind turbine blades, will be consumed significantly. According to a
market report by the German associations AVK and CCeV [242], The GFRP production
volumes in Europe steadily grew by 2.5% in 2015, reaching 1.1 million tonnes. This correlates
to 25% of the world’s total production volumes. In particular, 34% of Europe’s production
(0.37 million tonnes) is associated with the construction sector, in which wind turbines are
included. It was stated that the use of GFRP composites for wind turbine blades was around
50,000 tonnes in 2000 [243]. This figure increased to 150,000 — 186,000 tonnes in Europe in
2016, where a threefold increase was reached compared to the 2000 figures [243]. It is
estimated that the use of GFRP composites for wind turbine blades will increase to more than
300,000 tonnes in 2030 [243]. As a result, a significant number of fibre wastes will be

produced.

The standard service life of a wind turbine is approximately 20 to 25 years, and the wastes
from the blades contribute to a large fraction of composite waste [243]. Table 2-3 summarises
the GFRP composites waste from a life cycle perspective [243]. It is shown that the estimated
waste during manufacturing contributes to the most considerable portion of the total blade
weight (10-18%). This includes in-process waste such as dry fibre cut-off and cured
composites cut-offs from blade edge, blade testing and defective blades. Therefore, a
sustainable process for dealing with wind turbines wastes needs to be identified to ensure the

maximum environmental benefits of wind power [243].

Table 2-3 Composite waste from a life cycle perspective, reproduced from [243]

Life cycle phase  Manufacture Operation Upgrade/Retrofit End-of-life

Contributing -In-process -Routine Exchange of blades Decommissioni
causes to blade  waste service (due to failure or ng of turbines
waste -Blade testing  -Accidental upgrade to larger
-Defective damage rotor diameter)
blades
Estimated ~10-18% of ~3% of ~5% of total blade  ~5% of total
amount total blade total blade  weight blade weight
weight weight
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There are usually three ways to treat GFRP waste within the wind turbine sector: landfill,
incineration and recycling [243]. The landfill is not a preferred solution due to environmental
regulation. The most common way is incineration. The drawback is that up to 60% of solid
residuals are left behind as ash after incineration, which will either be landfilled or used in
building materials. However, the use of waste as filler material might be affected by local
legislation [243]. Recycling is generally achieved in three methods: mechanical, pyrolysis or
chemical recycling. Mechanical recycling is mainly implemented by wire saw, jaw cutter, and
crushers. The recycled GFRP composites can be reused for bridges, playgrounds, urban
furniture and filler materials [243].

Research is more focused on recycling, particularly in pyrolysis and chemical treatment [243].
Pyrolysis is a thermal decomposition process where the polymer binder is incinerated under
deoxidised and temperature-controlled conditions, resulting in the extraction of the fibre [243].
The recovered pyrolysis oil can potentially be used to sustain the reaction without an external
energy source. However, the drawback is the degradation of mechanical properties of
recovered fibre [199]. Solvolysis is a chemical process where reactive solvents are used to
decompose the polymer matrix, and the full length of fibres could be recovered with minimum
degradation of mechanical properties (up to 12% loss) at elevated temperature and pressure.
However, an excessive amount of energy and chemicals are required, which increase the
recovery cost [199]. More recently, Pender and Yang [244] from the Advanced Composites
Group of the University of Strathclyde developed an in-house thermal recycling process to
recycle the glass fibre from waste turbine blades. The GFRP wastes before and after the

recycling process are shown in Figure 2-18.

Figure 2-18 (a) GFRP cubes before the recycling process, and (b) Recycled glass fibre after the
recycling process
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Despite the fact that the recycling technology of waste wind turbines has been explored
extensively [199, 243-245], it will still require collaboration between the material suppliers,
wind industry and end-of-life sector to mark the wind turbines as not only renewable in terms

of the energy generation, but also in terms of material use [243].

2.4.2. Dissolution of rGF

Glass fibre recycling via the abovementioned technology usually suffers from a severe loss in
its ultimate strength and cannot be reused in the same form of composite applications [246].
Several approaches have been developed to restore the strength of the recycled glass fibre to
be reused as reinforcement again [246]. It was found that the strength of the recycled glass
fibre increased after immersion in dilute hydrofluoric acid. Hydrofluoric acid is an effective
chemical etchant to strengthen glass by removing surface flaws [247]. However, the toxicity
of hydrofluoric acid limits its use on a commercial scale. Instead, alkaline solution, such as
NaOH and KOH, is proven to be more effective in improving the strength of thermally
degraded glass fibres in a similar manner to hydrofluoric acid [248]. The alkaline solution

leads to modifying the damaged fibre surface and improving tensile strength [246].

The strength regeneration mechanism of thermally damaged glass fibres through alkaline
treatments is based on the Kinetics of the reaction between the glass and the alkaline solution
[246]. The chemical reactions involved in glass corrosion have been known for a long time
[249]. There are two main types of interactions between silicate glasses and aqueous solutions:
leaching of alkalis and network (congruent) dissolution [250]. Leaching or ion exchange of
alkali cations from glass occurs through the diffusion of H" or H3O* from the solution into the

glass to replace alkalis (e.g., Na*), as shown in Equation 2-6 [250]:

leaching

=Si-O-Na )+ Hy,,) —— =Si-OH )+ Na g, (Equation 2-6)

This reaction occurs in acid and neutral solutions, leaving the silica structure more or less
intact [249]. It also increases the pH of the solution [250]. It is worth mentioning that as alkalis
diffuse out of the glass surface, a Si-rich altered layer, known as the gel-layer, forms which

could condense and act as a barrier against further diffusion of ions into and out of glass [250].

Network dissolution (or hydrolysis) occurs at high pH, where the polar siloxane (Si-O) bonds
are broken through a nucleophilic attack of hydroxyl ions (OH-), according to Equation 2-7
[250]. The surface of silicate glass exposed to water is almost always hydrolyzed, and the Si-
OH group are abundant [250]. When the glass is in contact with an alkaline solution, the

hydroxyl ions attack the SiO, framework according to Equation 2-7 [246]. In addition, Al,O3
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(the third-largest E-glass component) can also react with OH- from NaOH solution in a similar
manner to SiO, [24].

hydrolysis .
=Si-0-Si=+OH H  ——— =Si-OH+HO-Si= (Equation 2-7)

Due to the basic nature, CaO (the second-largest component in E-glass) and MgO may not
react directly with NaOH, but instead, they are soluble in the alkaline environment, resulting
in further disruption of the glass network structure [246]. The breakdown of the silicate
network is thought to be an essential process of glass dissolution. The dispersion of network

modifiers such as CaO into solution can also contribute to glass dissolution [246].

Similar to the leaching process, when the glass reacts with the alkaline solution, a product
layer may form around the glass surface, meaning the hydroxide ions need to subsequently
diffuse through this layer before reacting with the glass [246]. This product layer is likely to
comprise sodium silicates, according to Equation 2-8. The product layer thickness can increase
with time, meaning the hydroxide ions takes longer to diffuse through and consequently, the

rate of glass dissolution will decrease [246].

Si0,+2NaOH=Na,Si0;+H,0 (Equation 2-8)
Several factors can significantly influence the glass dissolution rate, including solution
temperature, solution concentration, glass particle size, and stirring time [246, 249, 251]. It
has been shown that an increase in temperature induces an increase in dissolution rate [246,
249]. In the dissolution reaction, reactants collide not only with each other, but the collision
needs to possess enough energy to overcome the activation barrier of the reaction [246]. As
the solution temperature rises, the hydroxide anions gain more kinetic energy, resulting in
more collisions with enough energy in the reaction [246]. Torres-Carrasco et al. [251]
compared the dissolution rate of glass in the alkaline environment at room temperature (22°C)
and elevated temperature (80°C). The percentage of SiO2 solubilised could reach 60% after
six hours of treatment at 80°C, while only 1% of SiO» was solubilised at 22°C [251].

Solution concentration is another crucial factor affecting the glass dissolution rate. Sairah et
al. [246] presented that the dissolution rate increased with solution concentration. This may be
due to more hydroxyl ions being able to collide with the glass surface with enough energy for
the reaction to occur [246]. This behaviour was also reported in other studies [249]. Kouassi
et al. [249] and Torres-Carrasco et al. [251] investigated the influence of glass particle size on
the dissolution rate. The reduction of particle size increased the dissolution rate. These results

relate to a rise in surface reactivity linked to a specific surface area of glass [249].
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The dissolution rate of glass is significantly influenced by the reaction temperature, solution
concentration, glass composition and glass particle [250, 251]. In general, an increase in
solution temperature and concentration leads to an increase in dissolution rate, and a smaller
particle size favours the dissolution rate. In fact, the solubility of silica becomes significant at
a pH value higher than 10 [250]. However, the dissolved silica remains in the solution and can

reach high concentrations up to the solubility limit of alkali silicates [250].

2.4.3. Geopolymer with glass waste

The potential waste materials such as glass are promoted to be recycled and re-used as primary
or secondary raw materials in geopolymer fabrication to lower their negative environmental
impacts and preserve natural resources [33]. There are mainly two ways of introducing waste
glass in the geopolymer system. One is to use as partial mineral precursors to replace the
conventional aluminosilicate materials such as fly ash or metakaolin. The other is to use the
glass waste as a source of silica to partially replace commercial waterglass in the alkaline

activation of the geopolymer.

2.4.3.1. Waste glass as partial mineral precursors

Waste glass, as a partial mineral precursor, has been investigated extensively in the fly ash-
based geopolymer system [32-34]. Tho-In et al. [34] studied the mechanical performance of
geopolymer containing waste glass powder and high-calcium fly ash. The fly ash was replaced
by waste glass powder at the levels of 10%, 20%, 30% and 40% by weight to produce the
geopolymer pastes. The compressive strength tended to decrease as the replacement level of
glass increased. The author suggested that the replacement with glass changed the
silicon/aluminium ratio because of its high silicon content. High silicon/aluminium ratios
induce the formation of low-crosslinked aluminosilicate materials with decreased strength [34].
In contrast, Zhang et al. [33] introduced waste glass in the fly ash/furnace slag system by
replacing partial fly ash with the waste glass. The result showed that there was no apparent
difference in 1-day strength as the amount of glass increased. However, the compressive
strength increased significantly at 7 and 28 days with a higher amount of glass waste
replacement. Up to 35% strength gain was observed when 30% of fly ash was replaced by
waste glass. This increase may be attributed to the higher glass powder reactivity and
availability of soluble silica provided by the reaction between glass powder and NaOH, which

facilitates the geopolymerization process and leads to a higher amount of gel formation [33].
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Glass fibre waste, as a reinforcement agent, was also investigated in geopolymer production
[252]. The influence of glass fibre content (0.1%, 0.2%, 1%, 2% and 3%) and fibre length (6
mm and 20 mm) on the microstructure and mechanical performance of geopolymers were
evaluated. The results showed that the use of short and randomly distributed fibres
significantly enhanced the geopolymer’s compressive strength (by up to 162%) and tensile
strength (by up to 77%). It was also found that glass fibre content, rather than fibre length, was
the dominant factor affecting the geopolymer’s mechanical properties. Both compressive and
tensile strength increased with increasing fibre content for the length of 6 mm, while the
apparent density remained unchanged. For the samples with 20 mm fibre length, a further
increase in the fibre content reduced the compressive strength. This might be attributed to the
increase in porosity and size of the pores. Nevertheless, this research shows great potential in
reducing the amount of fibre waste from landfilling and potentially lowering the production

cost of geopolymer.

Novais et al. [253] introduced glass fibre fabrics waste produced during wind turbine blade
manufacturing in synthesizing geopolymer composites. The influence of fabric amount
(number of layers) on the sample’s flexural strength and apparent density was investigated.
The results showed a significant increase in flexural strength when the glass fibre fabrics were
used as reinforcement materials. Increasing the number of layers further enhanced the flexural
strength, with 144% improvement compared to the non-reinforced geopolymer. This study
provides a sustainable solution for glass fibre off-cuts coming from wind turbine blade
production, which could potentially increase the global sustainability of wind energy
production [253].

2.4.3.2. Waste glass as a substitute of waterglass

The concept of using glass waste as a source of silica to replace waterglass in the alkaline
activation of the geopolymer is more promising due to the expectation to provide an extra
environmental advantage. It avoids the high energy consumption and CO; emissions
associated with sodium silicate production, where temperatures around 1300°C are required

to melt sodium carbonate and silica mixtures [254].

Torres-Carrasco et al. [254] explored the feasibility of using glass waste as a potential alkaline
activator in geopolymers’ preparation. Three alkaline activators were used, NaOH 8M, NaOH
10M + 15% waterglass, and a solution of NaOH 10M mixed with different proportions of glass
powder waste (10, 15, and 25 g per 100 mL of solution). The glass waste was mixed with the

NaOH 10M solution and magnetically stirred at 80°C for 6 hours. The solution was
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subsequently filtered, and the liquid was used as the alkaline activator. The compression
results showed that samples’ strength was improved when a solution of NaOH 10M was used
instead of a NaOH 8M solution. In addition, the strength of samples increased further when
15% of waterglass was introduced. By replacing the commercial waterglass with waste glass
powder, the 1-day and 3-day strength of specimens were slightly less. In contrast, the 7-day
and 28-day strength of the specimens were higher than that of geopolymer using commercial
waterglass. However, an excess of waste glass (25 g) lowered the strength to values below the
findings for NaOH 8M. The author explained in terms of the solution pH, which declined
considerably as the content of Si from the waste glass in the medium increased, as well as in
terms of the SiO2/Na2O ratio [254]. Nevertheless, it still proves that waste glass can be used

as an effective alkaline activator in geopolymer preparation.

More recently, Toniolo et al. [255] investigated soda-lime waste glass powder usage in the
synthesis of fly ash-based geopolymer. The fly ash to glass powder ratio was varied according
to the theoretical SiO2/Al>O3 molar ratio in this work. The solid mixtures were directly mixed
with different NaOH solution concentrations (5M, 8M and 10M) mechanically for 4 hours to
obtain a homogeneous slurry of partially dissolved glass powders and activated fly ash. The
results indicated that the compressive strength tended to rise as the molarity of the solution
and the SiO/Al,O3 molar ratio increased. When the SiO»/Al>Os molar ratio increased, a higher
replacement level of glass was introduced in the samples. Glass was partially dissolved under
alkaline conditions, developing a silica-rich gel at the surface of the particles, hindering the
complete dissolution of the initial waste glass [255]. The silica available in the system was
enhanced with an increasing amount of glass in the formulation [255]. However, as one of the

crucial reaction parameters, the higher temperature was not considered in this work.

The feasibility of reusing waste glass powder as a substitute for waterglass is well
demonstrated [255]. It shows great potential in developing more economical and sustainable
geopolymers. More research is still needed to explore the potential influence of using waste

glass on the thermal performance of porous insulation geopolymers.

2.4.4. Fabrication of glass fibre mat

As a typical example of non-woven fabric, glass fibre mats are intended for the maintenance
of thermal insulation for various branches of industry [256]. The basic concept employed in
manufacturing a non-woven fabric is to convert fibre-based materials into two-dimensional
sheet structures with fabric-like properties such as flexibility, porosity, and mechanical

integrity [35]. The non-woven fabric manufacturing process generally consists of three stages:
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web formation, web bonding, and finishing treatment. Although modern technology allows
overlapping of some stages, and in some cases, all three stages can occur at the same time
[257].

Web formation is a process to arrange fibres in a sheet or web, and it can be implemented via
dry-laid such as carding, air-laid, wet-laid such as wet deposition and melt-blown. Since the
webs formed via web formation generally have a limited initial strength; thus, the web bonding

process is needed to consolidate the webs [257].

The web bonding process is classified into three types: thermal bonding (cohesive bonding),
chemical bonding (adhesion bonding), and mechanical bonding. The choice of the web
consolidation method strongly depends on the functional properties that are required, and the
type of fibre used [257]. Thermal bonding uses the thermoplastic properties of certain synthetic
fibres to form bonds under controlled heating. A low melt fibre or bicomponent fibre is
generally introduced at the web formation stage to perform the binding function later in the
process [257]. Chemical bonding refers to the application of a liquid-based bonding agent to
the web, and it can be applied uniformly by impregnating, coating or spraying [257].
Mechanical bonding is achieved by inter-fibre friction as a result of the physical entanglement
of the fibre. There are two main types of mechanical bonding: needle punching and
hydroentanglement. Hydroentanglement uses high-pressure water jets to cause the fibres to
interlace, and it is commonly applied to carded or wet-laid webs [257]. Needle punching uses
barbed needles to reposition some of the fibres from a horizontal to a vertical orientation to be

mechanically interlocked [35].

Needle punching is an inspiring and diverse trade involving technology for natural, synthetic
fibres and their blends [35]. The needle-punched structures have a wide range of applications
in both domestic and industrial markets, including automotive, blankets, wall coverings, and
geotextiles [35]. Needle punching technology is an eco-friendly and low energy consumption
process compared to chemical bonding and thermal bonding [35]. However, a considerable
amount of fibres is needed for this process, and it usually requires considerable space to set
up. In addition, it may be challenging to process short and low strength fibres, as the fibres
need to be long enough to sustain the repositioning force. Thermally recycled glass fibre
usually suffers from a severe loss in its ultimate strength [246]. The fibre length can be less
than 5 mm after the recycling process [258]. Therefore, chemical bonding may be a more

suitable technique for such fibres to investigate at a lab scale.

As a chemical bond technique, sizing is a thin surface coating of mainly organic materials

applied to nearly all types of human-made fibres during their manufacturing process [259]. It
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protects the filaments during handling, processing, and subsequent compounding and
composite processing [260]. On the fibre surface, size plays a vital role in determining the
final composites’ properties, such as improved adhesion between the fibre and the matrix,

mechanical properties [260].

Thomason [259] conducted a comprehensive review on size formulation, sizing effects in fibre

and composite processing, sizing and interphase adhesion, and sizing effects on composite

performance. The review showed that approximately 75% of the research on sizing containing

the four silanes, -aminopropyltriethoxysilane (APS), -glycidoxypropyltrimethoxysilane

(GPTMS), -methacryloxypropyltrimethoxy-silane (MPTMS) and vinyltriethoxysilane (VTES)
[259]. These silanes are molecules prepared from a silicon compound containing both organic

and inorganic reactive groups. This allows them to function as a coupling agent [258]. Silane

based coupling agents are commonly used due to the ability to join glass fibres with a range

of different matrices [258].

Silane coupling agents have the general structure [X-Si(OR)s], where X is a hydrolysable
group, and R is a methyl or ethyl group [258, 259]. Amino-silanes, especially APS, are the
most widely used silane coupling agents [258]. When silane is used to treat fibres in an aqueous
sizing, hydrolysis occurs to form silanol. This unstable silanol can be condensed onto the fibres
by eliminating a water molecule to produce a siloxane network. During this process, the Si-
OH group on the fibre surface may also participate, resulting in the siloxane network being
covalently bonded to the fibre surface [259], as indicated in Figure 2-19 [261]. Thus, the
presence of coupling agents enhances the chemical bonding between glass fibre. In addition,
when the treated fibre is involved in the polymer matrix, the X groups of the silane may still
be available to react with the reactive functions of the polymers. This leads to a strong network
bridging the fibre-polymer interphase [259]. It is suggested that sizing is probably the key
component influencing the success or failure of most reinforcement products and their

composites [259].
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Figure 2-19 Chemical structure of hydrolysed APS on the glass fibre surface, reproduced from [261]

2.4.5. Conclusion

Glass fibre recycling has been explored extensively [243]. The recycled glass fibre (rGF)
shows great potential in the fabrication of geopolymer and aerogel to lower their negative

environmental impacts and preserve natural resources [33].

Waste glass, as a partial mineral precursor, has been investigated extensively in the fly ash-
based geopolymer system [32-34]. The mechanical property of geopolymer generally
improved with the addition of waste glass. However, the effect of waste glass on the thermal
property of geopolymer is not commonly mentioned. In addition, the chemical structure of

the fibre dissolved in alkaline solution via FT-IR has not been studied comprehensively.

The fabrication of short recycled glass fibre (rGF) mats and incorporating the prepared rGF
mat with aerogel are rarely reported. Needle-punching, as a more eco-friendly and lower
energy consumption process, has been widely used to fabricate fibre mats compared to
chemical bonding and thermal bonding [35]. However, it may be challenging to process short
and low strength rGFs, as the fibres need to be long enough to sustain the repositioning force.
Sizing, as a chemical bond technique, shows great potential in manufacturing rGF mat due to

its ability to enhance the chemical bonding between glass fibre.
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2.5. Research on insulating package

It was stated in the previous research that the aerogel composites presented an excellent
thermal insulation performance [15]. In the packaging industry, conventional insulation
materials may no longer satisfy the requirement of temperature control during package
delivery due to increasing market demand for long-haul transportation of fresh goods (e.g.
foods and medicine). Besides, Synthetic (plastic) materials have become a significant problem
to the environment nowadays as they can lead to contamination of a wide range of natural
terrestrial, freshwater and marine habitats [20]. Therefore, the feasibility of using aerogel
composites in packaging is worth investigating to improve the thermal insulation performance

of the packagings and reduce plastic pollution.

In this section, an introduction of the insulating package is described, with an overview of the
insulating package market. Both analytical and experimental approaches to package insulative
performance are reviewed. Finally, the research gaps for both analytical and experimental
approaches are addressed.

2.5.1. An introduction of insulating package

The quality of temperature-sensitive goods such as seafood products and medicines is strongly
affected by the surrounding conditions [262, 263]. Insulated containers with phase change
materials or refrigerated containers are usually used to deliver these products to avoid
deterioration of their quality. According to the definitions of standards for special equipment
for the carriage of perishable foods, the insulated container is defined as: ‘Equipment of which
the body is built with rigid insulating walls, doors, floors and roofs, by which heat exchanges
between the inside and outside of the body can be limited’ [264]. Such an insulated container
is divided into two categories based on the overall heat transfer coefficient (U-value): a
normally insulated container with a U-value equal to or less than 0.70 W/m?K; a heavily
insulated container with a U-value equal to or less than 0.4 W/m?K [264]. Packages used to
deliver temperature-sensitive products are typically insulated by polyethene (PE) or expanded
polystyrene (EPS) liner, which is categorised as a heavily insulated container due to the low
U-value [264].

Apart from insulative performance, it is also required by law to reduce the possibility of
hazards [262]. The major hazards which might occur during transportation are physical,
chemical and biological hazards. Physical hazards are common hazards that the foreign

material may penetrate the container and interfere with food products [265]. However, the risk
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is relatively low for most insulating materials as few items are sharp or hard enough to cause
physical damage. Chemical hazards are the threat posed by the usage of unsuitable packaging
materials, cleaning agent’s residuals (in case of a reusable container) or leaks from cooling
substances [265]. Biological hazards are defined as the growth of parasites, bacteria and other
biological contaminants due to inappropriate temperatures maintained through transportation
[265]. These hazards need to be understood and investigated seriously to introduce new
insulating materials into the packaging industry. Physical hazards are not considered in the
investigation since the risk is low as mentioned earlier, and it is mainly determined by the
handing during transportation, although the fragility of insulation materials could influence

the insulation performance of the containers.

Regulation 450/2009/EC is adopted to provide major safety rules for all food contact material
across the whole European Union to reduce the risk of chemical hazards (contamination)
during the transportation of perishable goods [71]. The purpose of the law is to enhance the
safety, quality and shelf-life of the packaged foods and secure a high level of protection of
human health and the product. According to this regulation, all materials must not transfer
their constituents to food in any quantity that could endanger human health or bring any

organoleptic change or deterioration of the food [266].

As mentioned previously, biological hazards are mainly due to inappropriate temperatures
maintained in transportation. The temperature control during the production and retailing
process are not investigated here. Two types of food products are defined based on the post-
processing temperature, namely frozen food and chilled food [267]. It is recommended to
maintain the food temperature at -18<C (but must not be warmer than -12<C since few
microorganisms grow below -10<C [267]) to preserve the quality and safety of the frozen food.
This requires typically active cold chains such as refrigerated trucks to monitor and control the
temperature. Chilled foods (generally between 0<C and +5<C, but above -1 are more
sensitive to temperature than frozen foods as the former’s temperature can rise quickly [267].
Table 2-4 shows the maximum temperature limit for different types of products during
transportation. At chilled temperatures, the growth and activity of microorganisms slow down
only for a limited time (usually in days) [264]. Table 2-5 lists the minimum growth temperature
of the most common bacterial species. Therefore, accurate temperature monitoring and control
are essential to minimise contamination during any process stage to ensure chilled food quality
and safety. During the transportation stage, the thermal performance of the insulation liner

becomes critical to maintaining the temperature below the maximum limit [267].
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Table 2-4 Maximum temperature limit for different types of products during transportation, reproduced
from [264]

Product Maximum temperature
Raw milk +6<C
Red meat and large game +7<C

Meat products, pasteurised milk, butter, fresh dairy
products, ready-cooked foodstuffs (meat, fish, +6<C or temperature indicated
vegetables), vegetable products, concentrated fruit on the label
juice and fish products
Game, poultry and rabbits +4<C
Red offal +3<T
Minced meat +2<C or temperature indicated
on the label
On melting ice or at the

Untreated fish, molluscs and crustaceans o
temperature of melting ice

Table 2-5 Minimum growth temperature of most common bacterial species, reproduced from [267]

Bacteria species Minimum growth temperature
Salmonella 51Ct08.7T
Staphylococus aureus 9.5C10104<C
Escherichia coli 7.1C
Listeria monocytogenes -0.1Cto +1.2<C
Yersinia enterocolitica -0.9Ct0-1.3<T
Aeromonas hydrophilia 0.1Cto+1.2<T

2.5.2. An overview of the insulating package market

Market research shows that EPS and PE dominate the UK market share of materials used in
insulating packaging production (based on the data obtained and listed in Appendix-A). This
is because of its low cost and density as well as its relatively good insulation performance.
These materials are also resistant to water, making them a perfect insulation material for
shipping fresh seafood products. Another solution is natural materials such as natural wool
and cellulose. It is more environmentally friendly, but the manufacturing cost is higher than
EPS and PE with similar insulation performance. The market research data is listed in

Appendix-A.
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As a recent advanced insulation material, vacuum insulation panels (VIP) provide the best
thermal insulative performance at a high cost. A whole vacuum panel’s thermal conductivity
in its initial state is approximately 4 mW/m.K, whereas typical insulation materials such as
EPS or PE have a thermal conductivity of 46 to 76 mW/m.K [268]. Associated with gel packs,
EPS or PE insulated boxes can only keep the product’s temperature in between 2 to 8 T for
less than three days, depending on the external environments. VIP can keep the temperature
up to 10 days for the same cold source, or 2 to 3 times that of a classic insulation material
(based on the data shown in Appendix-A). Therefore, VIP can meet the specific needs of long-
haul shipping, potentially broadening the UK fishing market outside Europe for delivering
chilled products. However, a few drawbacks limit their application to building or shipping
medical products only [269]. Firstly, the cost is exceptionally high. Typical VIP is in a price
range of £35-£175 per square meter [269], which is almost 10 to 60 times that of a standard
EPS panel (£3 per square meter). Furthermore, unlike most conventional insulation materials,
VIP cannot cut to size on-site, which means that the panels must be pre-designed for specific
dimensions or requirements. Panels are susceptible to mechanical damage. Puncture or loss of
vacuum during any stage would significantly diminish the thermal performance and service
life [269].

Apart from the market share, the maximum transportation time provided by insulating
container manufacture were collected and analysed, as listed in Appendix-A. For EPS or PE
insulated cardboard boxes, the maximum transportation time (products stay chilled) varies
between 24h to 72h, whereas the natural wool insulated container can maintain the required
temperature for 24h to 62h. Maximum transportation time varies from supplier to supplier
using the same materials due to a lack of testing standards for such packaging types. The
difference is mainly influenced by different outside environmental conditions, the number of

products, and coolants within the box.

Phase change materials (PCM) is the only cold source to maintain the products within the box
to the desired temperature. Therefore, the amount of PCM, types of PCM could influence the
overall packaging thermal performance. It can also be seen from Appendix-A that most
package suppliers tend to use PCM to extend the thermal performance. Ice and ice-based
products, especially ice pack sheets, are the most common PCM only due to their low cost. Ice
pack sheets contain expandable, non-toxic beads, which could absorb 20 more time its weight
in water. It is convenient to use and environmental friendly. Ice is also an entirely natural
substance, meaning there is no danger of chemical hazard in case of coolant leakage. The

alternative solution is to use gel packs, which typically contain water, substances to lower the

75



freezing temperature, such as propylene glycol, a thickening agent, and non-toxic blue
colouring [270]. Gel packs usually take longer to melt due to lower overall surface area but at
a higher cost [271].

2.5.3. Thermal conductivity of insulation materials

Thermal insulation materials are highly porous and consist of a solid matrix full of small voids
that comprise 90% or more of the total volume [272]. The material’s apparent thermal
conductivity is the macroscopic result of the various energy flow paths found in its complex
porous structure, which includes conduction through the solid matrix, gas conduction in the

voids and radiation across the internal pores [273].

The apparent thermal conductivity at the microscopic level depends on numerous factors such
as cell size, diameter and arrangement of fibres or particles, transparency to thermal radiation,
type and pressure of the gas and bonding materials [272]. A minimum apparent thermal
conductivity of the materials could be achieved by varying these factors. At the macroscopic
level, the apparent thermal conductivity largely depends on density, moisture content,
temperature, and age [273]. The effect of pressure, such as compression of the material, also

influences the insulation material's effective thermal conductivity [274, 275].

Dom mguez-Munoz et al. [273] have summarised the density-thermal conductivity relationship
with the most commonly seen insulation materials, as shown in Figure 2-20 [273]. It has been
concluded that density is the crucial factor influencing the conductivity once temperature and
humidity content is fixed at reference conditions [273]. At high densities, the thermal
conductivity increases with the density as porosity decreases [273]. The lowest thermal
conductivities are found when the density of a material is 30 to 60 kg/m® [273]. It is worth
mentioning that the radiative portion of the thermal conductivity is a reciprocal function of
density due to more solid shields being found as density increases to prevent radiant exchange
[273]. However, the increase in density leads to a significant increase in solid conduction,
which is predominant in the overall heat transfer. Therefore, the thermal conductivity increases

at high densities.
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Figure 2-20 Thermal conductivity of insulating materials at 10°C and dry state, aged samples,
reproduced from [273]

Koc met al. [276] investigated the influence of moisture content on the thermal properties of
porous building materials. It was found that an increase in moisture content was detrimental
to the thermal properties of materials. The thermal insulation materials with similar thermal
properties in a dry state may have substantially different thermal characteristics in the water-
saturate state. This is because the capabilities to accept moisture are different. For example,
expanded polystyrene, with its closed pore structure and hydrophobicity, was able to absorb
only 3.3 vol% of moisture; thus, its thermal conductivity remained practically unaffected
(increased from 0.038 to 0.05 W/m.K). The thermal conductivity of mineral wool with open
pores increased significantly from 0.037 to 0.772 W/m.K as the moisture content increased to
60%. This is because the heat conduction of water is nearly twenty-five times more than air
[277]. Therefore, it is necessary to use moisture-repellent insulation materials for building

insulation applications.

Alvey et al. [278] studied the effects of moisture content and temperature on three
commercially available aerogel blankets. It was found that the impact of moisture on thermal
performance largely depended on the composition and manufacturing process of composites.
Although all three aerogel blankets contained PET fibres, which is known to be hygroscopic,
the combination of glass and PET fibres encompassed by the hydrophobic aerogel could
minimise the uptake in moisture. However, the possibility of hygroscopy and hydrolysis is
more significant when the fibres are loosely nested with the aerogel particles. The hydrolysis
causes permanent damage that prevents the fibres from returning to their original state. Thus

the blankets expanded significantly (shown in Figure 2-21 [278]), and thermal performance
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was decreased. Besides, aerogel blankets consisting of bi-component fibres could be more
sensitive to change in temperature due to a difference in thermal expansion properties of the
two components [278].

Figure 2-21 Comparison of aerogel blanket samples before exposure (left), with 1 and 5 weeks of
exposure at 65.5°C and 90% RH, reproduced from [278]

The effect of ageing is commonly seen in plastic foam materials [279]. The ageing of plastic
foam can be classified into three stages. The conductivity of a foam insulation material
increases at a relatively high rate early in the life cycle. It then slows down to a lower rate for
most of its life until the conductivity eventually plateaus. Diffusion of the highly insulating
blowing agents has a significant impact on thermal conductivity. Simultaneously, the infusion
of air from the environment also influences thermal performance as it may carry moisture into
the material. It is suggested that the infiltration of exterior air takes place over the first 1-2
years of the material life cycle, while the diffusion of blowing agent gasses takes place over
10-20 years [279].

The effect of mechanical loading on insulation materials’ thermal performance has also been
investigated [274, 275]. Kolich et al. [274] studied the influence of mechanical compression
on thermophysical properties of car interior leather-foam plastic insulation. It was shown
clearly that the thermal conductivity of the leather foam sample increased with increasing
pressure. This behaviour may be attributed to the change in contact heat resistance between
the leather and the foam. With increased compression, the cracks present either in the form of
microvoids or in the leather-foam interface would highly influence the apparent thermal
conductivity.

An opposite trend was found for aerogel composite materials. Sletnes et al. [275] investigated

the effect of uniaxial compression on the thermal conductivity of commercially available
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aerogel insulation blankets by compressing the samples in a heat flow meter apparatus. The
results showed that a reduction of 11.5% in apparent thermal conductivity was obtained when

the load increased to 22 kPa.

Shi et al. [280] carried out a microstructure analysis on ceramic fibre reinforced aerogel
composite before and after compression. It was shown clearly that the particle size was the
same as that of the specimen without deformation after compression. However, as the
composites were compressed, densification likely occurred as a result of a better entanglement
of clusters, as illustrated in Figure 2-22 [280]. This led to a drastic decrease in the pore size
located between clusters. Therefore, heat transfer in the gaseous state may be reduced, so as

the apparent thermal conductivity of the materials.

Figure 2-22 Illustration of solid transport of aerogel particles induced by compression, reproduced
from [280]

It is well shown that density, moisture content, temperature, ageing, and mechanical loading
significantly impact the thermal conductivity of insulation materials. However, the effect of
these parameters may vary significantly between materials; thus, more research is needed to

gain a deep understanding of the thermal conductivity of materials [275].

2.5.4. The analytical and experimental approaches to packaging insulative

performance

It is often time-consuming and more costly to design an insulative package through physical
tests [281]. Therefore, it is beneficial to develop a predictive model for packaging design under
consideration of key design parameters such as insulation materials, packaging geometry,

surrounding environment.

G. Burgess [282] and S. Choi [36] have developed a mathematical model that included
packaging material, the geometry of the package, geometry of product and degree of contact

between the product and the container. This model was used to predict the insulating package’s
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performance by calculating the thermal resistance of a multi-layered wall. Package heat
penetration rate was then calculated by considering the basic heat transfer principles covering
conduction, convection and radiation. Ice melt test was then used to validate the mathematical
model, and the factors affecting the insulating performance, including the geometry of the
package and product, were discussed [36, 282]. Finally, the effect of aluminium foil and the
variable outside temperature was discussed. It was found that with aluminium foil applied on
the outside of the package, the heat penetration rate reduced by 17%, and the percentage
decrease was more significant with less wall thickness. However, the explanation was not
mentioned. It was also stated that the outside temperature during distribution influenced the
performance of the insulating materials. However, larger experimental errors was obtained (in
most cases within 30%) [36].

J. Terpak et al. [37] has developed a mathematical model and simulated using MATLAB to
investigate the time required for products to reach 32<C when considering heat transfer by
conduction, convection and radiation individually and combined. The model started with the
thermal energy balance and eventually solved the analytical solution by determining the
temperature as a function of time. Despite this transient approach, simplified package
geometry and construction were limiting factors that could lead to significant uncertainty.
Nevertheless, the model clearly showed that the change of surface emissivity could
significantly influence the thermal radiation, and the change of insulation liner thickness
resulted in a substantial difference in heat conduction. It is also worth mentioning that aerogel,
as a novel material, was utilised in packaging, which could improve the thermal performance
of packaging significantly [37]. Unfortunately, little experimental data was obtained to

validate the transient model.

J. Singh et al. [283] investigated the thermal insulation performance of packaging designated
for delivering pharmaceutical drugs and vaccines. System thermal resistance was calculated
using the ice melt test based on G. Burgess’s model [282]. Experimental work was carried out
by inserting a temperature monitor probe into a product. A phase change material was used to
maintain the product at a designated temperature range as long as possible. Twenty different
types of packages were designed by varying the thickness and type of insulation material and
dimensions of the packages to investigate the factor affecting the insulation performance. The
starting temperature of the experiment was not mentioned. It was indicated that the interaction
between the R-value and the wall thickness significantly influenced the length of time, and the
thermal insulative packages stay in the desired temperature range of 2°C to 8°C. It was optimal

to use low wall thickness except when high R-values accompanied it. This finding could be
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used as a guide for container manufacturers using greater wall thickness only for high R-values

materials.

D. Stubbs et al. [284] developed a numerical model to investigate the effect of quantity and
position of gel packs on the period for which maximum product temperature could be
maintained below 5°C and 8°C. The results indicated that the performance of packages was

maximised when the product was surrounded by refrigerants.

B. Margeirsson et al. [285] investigated the temperature distribution within the package using
computational fluid dynamics (CFD) and verified it experimentally. Thirty-two EPS boxes
were built into four layers on a Euro pallet. The results showed that a temperature difference
of up to 8.5°C was recorded for the products. The maximum temperature difference within a
single box was approximately 7°C stored for 6.4 h at a mean ambient temperature of 18.5°C
[285]. This finding suggests that temperature distribution within a package is inconsistent.
Therefore, careful design such as positioning the product and phase change materials,

container size related to products is needed to minimise the temperature variations.

K. Valtysdittir et al. [286] redesigned a standard rectangular EPS box by increasing the internal
corner radius and thinner the wall further away from the corners using CFD methods. Such a
design reduced the box weight by 11% compared to the standard EPS box. Meanwhile, the
thermal insulation performance was improved significantly, which extended approximately 2
to 3 days longer freshness period and prolonged shelf life up to 1 to 2 days [286]. However,

the explanation of the findings was not mentioned.

2.5.5. Conclusion

In this section, an introduction of the insulating package was described, with an overview of
the insulating package market. In addition, A number of researches have been focused on
investigating the thermal performance of packaging, including analytical models and
experimental work. However, the use of aerogel composites in this field is rarely reported.
Besides, the factors influencing package insulation performance have not been studied
comprehensively. Furthermore, a simplified analytical model accompanied by the ice melt test
lead to significant uncertainty; therefore, both the analytical model and experimental work

could be improved.
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2.6. Conclusions of the literature review

In this chapter, highly insulating materials, including porous geopolymer and aerogel, were
reviewed comprehensively. Their reaction mechanism and fabrication process were first
described. The research status and their application were then explored. Finally, several
knowledge gaps were addressed and restated below.

For geopolymer, the foam expansion mechanism and the expansion rate at different
temperature of the geopolymer slurry is rarely reported. This could be used to indicate how
different pore structures are obtained by varying the foaming agent. In addition, the thermal
performance of the geopolymer can be improved by varying the design parameters.
Furthermore, the involvement of the waste glass in geopolymer could improve the mechanical
property of geopolymer. However, the effect of waste glass on the thermal property of
geopolymer is not commonly mentioned. Finally, the chemical bonding state of the fibre
dissolution in alkaline solution via FT-IR has not been studied comprehensively. These will
be explored in this thesis.

For aerogel and aerogel composite, some detailed descriptions of the fabrication process of
aerogel are rarely reported, for example, the amount of solvent used for ageing and solvent
exchange. It has a nonnegligible impact in terms of cost-saving, especially in the UK. The cost
for one litre of Ethanol and n-Hexane is approximately £50 and £10, respectively [28, 29].
Therefore, adequate usage of these solvents could lower the manufacturing cost. In addition,
the fabrication processes, including ageing temperature and drying process, could be optimised
to improve the properties of the aerogel and aerogel composites. Dustiness during handling
and processing should also be prevented. In addition, the involvement of recycled glass fibre

could maximise environmental benefits. These will be discussed in this thesis.

Aerogel composites presented an excellent thermal insulation performance. Thus, the
feasibility of using aerogel composites in packaging is worth investigating to improve the
thermal insulation performance of the packagings and reduce plastic pollution. A number of
researches have been focused on investigating the thermal performance of packaging,
including analytical models and experimental work. However, the use of aerogel composites
in this field is rarely reported. In addition, the factors influencing package insulation
performance have not been studied comprehensively. Furthermore, a simplified analytical
model accompanied by the ice melt test lead to significant uncertainty; therefore, both the

analytical model and experimental work could be improved.
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3. Fabrication and characterisation of porous

geopolymer with excellent thermal performance

As mentioned in the background research, insulation in buildings or any other sector is an
energy-efficient strategy leading to lower energy consumption [6]. Porous geopolymer
possesses a high potential for commercial insulation applications since it is more economical
and environmentally friendly than cement-based foamed concrete [23]. Geopolymer can be
fabricated using industrial solid waste (i.e., fly ash and furnace slag), and it produces less
carbon dioxide as well as consumes less energy during manufacturing than traditional cement
[19, 24, 25]. Therefore, it is worth studying the physical, thermal, and mechanical properties
of the geopolymer.

A number of researches have been carried out to investigate the properties of porous
geopolymer. Foaming agents and foam stabilizers are the key factors determining the final
properties of the material, and it was reported considerably. However, the foam expansion
mechanism and the expansion rate at different temperature of the geopolymer slurry is rarely
reported. This could be used to indicate how different pore structures are obtained by varying
the foaming agent. In addition, the thermal performance of the geopolymer can be improved

by varying the design parameters.

In this chapter, the feasibility of synthesizing inorganic porous geopolymer is evaluated using
industry by-product fly ash as the raw material. The foaming agent is set as the variable, and
the influence of the foaming agent on the properties of the geopolymer is discussed. Pore
structure, bulk density, thermal conductivity, and compressive strength test are the critical
parameters for characterising the prepared specimens. The effect of foaming agent amount on

the foam expansion rate is also investigated, and the foam expansion mechanism is discussed.

3.1. Experimental

In this section, the materials used to synthesise porous geopolymer are listed. The preparation

process and the characterisation method are described.

3.1.1. Materials

Coal fly ash (Fineness category N - <40% retained on the 45 um sieve according to BS EN450)

was provided by Cemex (a member of the UK Quality Ash Association). Sodium silicate
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solution (SiO2:Na;O ~ 3.345) and NaOH pellet purchased from VWR are used as an alkaline
activator (AA). NaOH pellets were premixed with deionized water to obtain a 10M sodium
hydroxide solution. Calcium stearate and hydrogen peroxide (H.O2, 30 wt%) was supplied by
VWR.

3.1.2. Sample preparation

In this work, the amount of H,0O, was set as the variables, as shown in Table 3-1. The weight
ratio of alkaline activator to fly ash was fixed to 0.9, and the weight ratio of sodium silicate
solution to 10M NaOH solution was set to 1.23:1. Figure 3-1 presents the preparation process
of a geopolymer. Sodium silicate and NaOH were firstly mixed according to the pre-set ratio
using mechanical stir for 2 minutes at 300 rpm to form AA. Fly ash and calcium stearate was
then mixed for 3 minutes at 300 rpm to create a dry mixture. The premixed alkaline activator
was then poured into the dry mix and continued to stir for 3 minutes at 600 RPM to make a
uniform slurry. H,O, was then added into the mixed slurry and stirred for 1 minute to ensure
H20, was well distributed in the slurry. The fresh paste was poured into a mould with half-
filled to allow the paste to expand freely and then covered with cling film to avoid moisture
moving in or out the mould. A triplet plastic mould of 50 mm =50 mm >50 mm was used to
fabricate the geopolymers for density and compressive strength measurement, as indicated in
Figure 3-2 (a). 80 g of fly ash was used to fabricate three specimens. For thermal conductivity
measurement, a rubber mould of 30 cm =30 cm was used, as indicated in Figure 3-2 (b). 240
g of fly ash was used to fabricate one specimen, and other raw materials were adjusted
according to Table 3-1. The mould was then placed on a shaker for 1 minute before transferring
into an oven at a temperature of 60 <C. After 24 hours, the sample was de-moulded and exposed

to the ambient environment for free moisture releasing and further ambient curing for 24 hours.

Table 3-1 Mix proportions of fly ash-based geopolymer

Sample label  Fly ash (g) AA/Fly ash Calcium stearate (wt%) H.0; (wt%)

HOC2 80 0.9 2 0
H2C2 80 0.9 2 2
H4C2 80 0.9 2 4
H6C2 80 0.9 2 6
H8C2 80 0.9 2 8

Note: wt% of calcium stearate and H>O: are calculated by the weight of fly ash
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Slurry preparation Foaming Casting Curing Porous geopolymer

Figure 3-1 Preparation procedure of geopolymer

Figure 3-2 (a) triplet plastic mould of 50 mm x50 mm %50 mm and (b) rubber mould of 30 cm %30
cm

3.1.3. Characterisation of geopolymer

3.1.3.1. Density and porosity

The oven-dry density of geopolymer was calculated based on the measurement of the dry mass
of the specimen divided by the volume of the sample according to ASTM C513. The
specimens were dried in an oven at 110<C for 24 hours and weighed using an electronic
balance. The volume was calculated by measuring the length, width, and height with callipers,
and each dimension was measured three times across the whole sample range to get an average

value. The porosity was calculated based on the following Equation:

(p‘=1-plb—“”‘ (Equation 3-1)

5 P
where ¢; is the porosity; pgulk is the dry density of the geopolymer without a foaming agent
(i.e., 0% H,0y); p;'mlk is the dry density of the geopolymer at a particular foaming agent amount

(i.e., 2%, 4%, 6%, and 8%). It was assumed that pgulk is the true density of geopolymer,
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meaning that the prepared geopolymer’s porosity is considered 0%. This approximate value is
used to estimate the porosity of the porous geopolymer with various foaming agent content for
simplicity, despite the fact that it leads to a systemic error of the porosity calculation.

3.1.3.2. SEM imaging

The pore morphology of geopolymers was obtained using a Scanning Electron Microscope
(SEM, HITACHI S-3700N) with 15 kV voltage on the fracture of samples without gold
coating to discover the influence of synthesizing parameters on pore morphology, as shown in

Figure 3-3.

Figure 3-3 (a) Scanning Electron Microscope (SEM, HITACHI S-3700N) and (b) sample loading

3.1.3.3. Thermal conductivity

The Netzsch Heat Flow Meter 436 with a thickness gauge was used to measure the thermal
conductivity and thickness of geopolymers accurately, according to ASTM C518-17. The
specimens were prepared with a size of 30 cm < 30 cm, and the average thickness of the
samples was 1.7 cm. An example of the specimen is illustrated in Figure 3-4 (a). The
measurement was carried out at a mean temperature of 20<C, with a temperature difference of
20 <C between the hot and cold plates. In this case, the average temperature of the hot and cold
plates was 30C and 10<C, respectively. An external chiller was used to maintain the
temperature of the cold plate. Room temperature (20<C) or closer to this temperature is a
typical temperature range to characterise the thermal conductivity, which is mentioned in
many research [70, 191]. A constant pressure load of 0.7 kPa was applied during all

measurements, as shown in Figure 3-4 (b).
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Figure 3-4 (a) Geopolymer with 2% H,0O, (b) Sample loading in HFM

3.1.3.4. Compression test

Specimens for compressive strength measurement were cast in triplet plastic moulds of 50 mm
x50 mm x50 mm, and post-cured for 7 days at ambient conditions before measurement. The
7-day compressive strength measurement was tested using a 50 KN Instron machine with a
loading rate of 1 mm/min according to ASTM C513. The gauge length reading accuracy of
the machine is +0.2%. A minimum of 3 specimens was tested to calculate an average
compressive strength and modulus. Several measures were employed to improve the accuracy
of the measurement. The samples were polished using sandpaper to obtain a flat surface before
testing, as shown in Figure 3-5. It was then transferred to the equipment to make sure the
surfaces of the clamps were in parallel with the sample surface. This guaranteed a uniform
load applied to the specimens. In addition, a known load (5 N) was applied to the materials
before testing (ensure full contact with samples) to minimise the contact error so that the

accuracy of the strain measurement is improved.
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Figure 3-5 Geopolymer with 4% H,0, (a) before and (b) after polishing

3.1.3.5. Water absorption

The water absorption test was conducted by submerging the specimens in water at ambient
temperature, according to ASTM C796. For the porous samples, a glass jar was placed on top
of the specimens to keep the specimens below the water surface (Figure 3-6). After 24 hours,
specimens were removed from the water and allowed excess water to run off (30 seconds)
before weighing them using electrical balance. The average mass of water absorbed was
calculated by subtracting the oven-dry mass from the specimens’ wet mass. The water

absorption by mass can be determined using the Equation:

Absorption, % by mass =100 % (Equation 3-2)

where my, is the mass of water absorbed by geopolymer in 24 hours in g; m is the mass of the
geopolymer measured in section 3.1.3.1in g.

Figure 3-6 Specimens (a) before and (b) during immersion in water
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3.1.3.6. Volume expansion

Volume expansion of geopolymer slurry with different amounts of H,O, was tested using a
graduated cylinder with a 2 ml scale. The prepared slurry was poured into the cylinder with an
initial volume of 20 ml, and the volume change was recorded every 2 minutes until the volume
remained constant. Both room temperature and elevated temperature were examined to
investigate the foaming rate at different conditions. The elevated temperature was conducted

in an oven with a pre-set temperature of 60°C.

3.1.3.7. FTIR analysis

The chemical environments of molecular bonds of geopolymer were determined via Fourier
transform infrared analysis (FTIR Agilent Technologies 4100 Exo Scan). The spectral range
was set from 4000 to 650 cm™ as there is considerable spectral noise outside this range. A
diamond ATR (attenuated total internal reflectance) was used as the diffuse reflectance
interface. The samples were crushed and ground into powders for the FTIR test. A minimum

of 10 specimens was tested, and the raw data generated were analysed using OriginLab.

3.2. Results and discussion

In this section, the influence of the foaming agent on the properties, including pore structure,
bulk density, thermal conductivity, and compressive strength test, of the geopolymer is
discussed. The effect of foaming agent amount on the foam expansion rate is also investigated,

and the foam expansion mechanism is discussed.

3.2.1. Effect of H,O, content on the pore structure

Figure 3-7 shows the microstructure of porous geopolymers with various amounts of foaming
agents. The average pore dimensions were measured and calculated via ImageJ. An average
of fifteen pores was measured on each SEM image, and an average of three SEM images was
measured for each specimen. It can be seen from Figure 3-7 (a) that the unreacted fly ash
particles are presented, and this may be due to the contact area for the reaction being blocked
by the excess water molecules, and this, in turn, affected the geopolymerization process
between the aluminosilicate and alkaline activator. Besides, the fineness of fly ash also
contributes to the dense structure, which helps reduce the formation of microcracks [287]. In
contrast, it can be seen from Figure 3-7 (b) to (d) that samples with the addition of H,O, exhibit

a porous structure. H,O; is thermodynamically unstable and can be easily decomposed into
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water and oxygen. The bubble of O; is trapped within the paste, expanding and generating
void (macropores). The volume expansion of the material depends on the amount of oxygen
produced by the reaction shown in Equation 2-3 [68, 71]. Therefore, the pore size becomes
larger with foaming agent addition as more oxygen is produced, and it is clearly shown in
Figure 3-8. This may result in the pore wall being too thin to resist curing shrinkage, and foam
stabilizer may not be sufficient to avoid bubbles coalescing, crushing the pore wall and
increasing the connected holes, as clearly shown in Figure 3-7 (d). Besides, with the increase
of H,O; addition, the amount of water produced by decomposition increases. Thus, the
viscosity of the slurry reduces, and the flow degree increases. During the gas generation
process, the ultimate shear stress of aerated slurry rises instantaneously. Thus, the generated

bubbles are merged into larger pores in a small range [25].

3.00mm Il AMRL-W 15.0kV 42.7mm x15 SE

Figure 3-7 SEM image of geopolymer cross-section with (a) 0% (red mark indicates the unreacted fly
ash particle), (b) 2%, (c) 4% and (d) 8% H,O; respectively
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Figure 3-8 Effect of H,O, content on average pore dimensions

3.2.2. Effect of H,O, content on density and porosity

Figure 3-9 shows the effect of H,O; content on the bulk density and porosity of the samples.
As expected, the bulk density reduces as the porosity increases with the increment of foam
content. It can be predicted from Equation 3-1 that the sample with a small bulk density shows
high porosity, and the relationship between bulk density and porosity presents an inverse
function. As the H,0O content increases from 0% to 2%, the bulk density drops promptly from
1.17 to 0.38 g/cm?®, a 67% reduction. In contrast, the porosity rises sharply to 67%. This is due
to the slurry’s foaming capacity being determined directly by foam content [17]. As the
amount of H,O; increases further from 2% to 6%, the slurry pores become bigger, as described
in section 3.2.1, resulting in a further decrease in density and increase in porosity. However,
the changing rate is lower and eventually levels off. This may be attributed to the foams’
relatively weak stability before curing, as the air bubbles cannot be trapped within the slurry.
Instead, the air bubbles escape from the slurry surface and burst. Moreover, with the increase
of H20;addition, the amount of water produced by deposition increases [25]. The loss of water
in the sample causes noticeable shrinkage during the drying process. Thus, the changing rate
of density after H,O, content of 4% is not evident relatively to that before 4%. As the amount
of H20; increases further to 8%, a slight increase in density was observed. This may be due to
the collapse of the specimen as the bubble shell’s strength is not strong enough to hold the

immense void. This is described in more detail in section 3.2.4.
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Figure 3-9 Effect of H,O, content on bulk density and porosity of geopolymer

3.2.3. Effect of H203 content on thermal conductivity

The influence of H,O; addition on the thermal conductivity of the geopolymer is shown in
Figure 3-10. When the H,0, content increases, the slope of thermal conductivity shows a
similar trend as the density. As the H,O, content increases from 0% to 2%, the thermal
conductivity reduces significantly from 156 mW/m.K to 81 mW/m.K, declining nearly 50%.
This is due to many unconnected pores being introduced into the geopolymer foam matrix
when the foaming agent is present. As a result, the thermal conductivity of the specimens
decreases to a large extent. As the H,O, content increases further to 8%, the thermal

conductivity reduces slightly and gradually levels off to a minimum value (51 mW/m.K).
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Figure 3-10 Effect of H,O- content on thermal conductivity of geopolymer

Pore characteristics such as porosity, pore size, and distribution significantly impact thermal
conductivity, thus the heat transfer of the porous materials [277]. Considering the heat transfer
in porous building materials such as geopolymer, the porosity, conductivity of the solid matrix,
and the type of the fluid in the pores (water or air) are the main factors influencing the effective
thermal conductivity [277]. It was proved that if the solid matrix’s thermal conductivity is
larger than that of the fluid (air or water), the thermal conductivity decreases with increasing
porosity [288]. Similarly, the thermal conductivity increases with increasing porosity if the
solid matrix’s thermal conductivity is smaller than that of the fluid (air or water) in the pores
[288].

The porosity-thermal conductivity relationship of the geopolymer with and without the data
point of 0% H,O, content is shown in Figure 3-11. It is suggested that for the specimen with
the same material mix proportions, thermal conductivity is inversely proportional to porosity.

In both cases, a linear relationship is observed.
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Figure 3-11 Porosity and thermal conductivity relationship of geopolymer with various H.O; content

3.2.4. Effect of H,O, content on volume expansion

Figure 3-12 and Figure 3-13 (a) show the volume expansion of slurry with various H,O;
content at room temperature (23°C). It can be seen that the volume is expanded gradually and
reaches a constant level after 35 minutes. As the amount of H.O- increases from 2% to 6%,
the volume expands significantly from 125% to 220%, whereas further addition of H,O; has
no obvious impact on the volume expansion. There are two competing mechanisms during the
volume expansion process: one is the expansion due to trapped bubbles; the other is escaped
bubbles. The former is responsible for expansion, and the latter reduces the amount of
theoretical expansion if all bubbles were to be trapped. As the amount of H,O; increases from
2% to 6%, more oxygen is generated via the decomposition process of H20, and the bubble
of O3 is trapped within the paste, expanding and generating void (macropores). At this point,
the number of trapped bubbles is greater than the escaped bubbles. However, as the amount of
H>0: increase further, the bubble generation rate becomes faster. The bubble shell’s strength
is not strong enough to hold the void, resulting in more bubbles are escaped. As a result, the
number of trapped bubbles is equal to or less than the escaped bubbles. Thus, the further

addition of H»O; has no obvious impact on the volume expansion.

Figure 3-13 (b) and Figure 3-14 show the volume expansion of slurry with various H,O>
content at elevated temperatures (60°C). The volume is expanded almost linearly for all H2O-
content initially. The slope gets larger as the amount of H,O: increases from 2% to 6%. The
volume expansion increases remarkably from 180% to 450%, whereas further addition of H20-

has no impact on the volume expansion. The volume expansion then gradually levels off after
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10 minutes except for the specimen with 8% H2O, content. The volume starts to shrink due to
the excessive amount of foaming agent is introduced, and the bubble generation rate becomes
faster. The elevated temperature stimulates the deposition rate of H,O-, and the air bubbles
merge to form a large void [289]. Thus, the volume expansion at the elevated temperature is
higher, as shown in Figure 3-15. However, the bubble shell’s strength is not strong enough to
hold the immense void, and therefore the specimen is collapsed [290]. This reduces the volume
expansion for the sample with 8% H,0-.

Figure 3-12 Photos of volume expansion of geopolymer slurry with the different amounts of H,0,
content (2%, 4%, 6%, and 8%) at (a) initial stage, (b) after 10 minutes, (c) after 20 minutes and (d)
after 30 minutes under room environment (23 <C)
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Figure 3-13 Volume expansion result of geopolymer slurry with different amounts of H,0, at (a)
room temperature (23<C) and (b) 60C
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Figure 3-14 Photos of volume expansion of geopolymer slurry with different amounts of H,O, content
(2%, 4%, 6%, and 8%) at (a) initial stage, (b) after 10 minutes, (c) after 20 minutes, and (d) after 30
minutes at 60<C

500

— 400 -

S

S

‘% 300 1

C

<

o

3

o 200 -

c

S

=

< 100 A
—e—\/olume expansion at room temperature
—&—\olume expansion at 60C

0 L] L] L] L]
0% 2% 4% 6% 8% 10%

wt% H,0,
Figure 3-15 Volume expansion comparison of geopolymer slurry with different amounts of H,O, at

room temperature (23<C) and at 60<C

3.2.5. Effect of H20O> content on the water absorption rate

The water absorption by mass of geopolymer at different H,O- ranges is shown in Figure 3-16.
It can be seen from Figure 3-16 that the amount of H,O; significantly influences the water
uptake by the geopolymer. As H,O; content increases from 0% to 2%, the water absorption by
mass rises substantially from 37% to 150% of its own mass. This is attributed to the porous

structure, and water is filled into the surface pores. It is worth mentioning that a 37% water
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uptake is observed for the specimen with 0% H,O,, and this may be due to the water diffusion
into the geopolymer. Once water diffuses into the materials, it is possible to get into ‘close’
pores, which may have many small cracks. Even if there are not many cracks presented, the
water can also diffuse into the pores through pore-pore walls. As the H,O; content increases
further to 6%, the water absorption by mass continues to rise to 300% of its own mass. This is
because the porosity and pore sizes increase with the addition of H,O2, resulting in more water
being absorbed. However, when the H,O content increases to 8%, the water absorption drops.
This is because of the reduced porosity as shown in Figure 3-9 and larger pores due to
collapsing of pore walls. The water absorption is less because large pores cannot hold pore-
filled water due to large gravitational force.
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Figure 3-16 Effect of H,O, content on water absorption by the mass percentage of geopolymer
3.2.6. FTIR analysis

The FTIR spectra analysis was used to identify the chemical composition of the inorganic
bonds present in the Si- glassy or crystalline phases of fly ash within a geopolymer [74]. Figure
3-17 shows the FTIR spectra of geopolymer with various H,O, content. The broad bands
located at approximately 3340 cm™ and 1650-1600 cm™ represent O-H stretching and O-H
bending, respectively. These peaks tend to weaken with the addition of H,O, content, and this
could attribute to the unreacted alkaline activator presented within the geopolymer. The
porosity and pore sizes increase with the addition of H>O>, resulting in water to be evaporated
more easily. The distinct band near 1000 cm™ is ascribed to Si-O-Al asymmetrical vibration

[291]. The Si-O-Si stretching vibration is detected at the wavenumber range of 1300-950 cm”
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! [292]. The Si-O-Si stretching vibration is more prominent than the O-Si-O bending mode.
Therefore, it is logical to use the Si-O-Si to indicate the degree of geopolymerization [293,
294]. The band near 1400 cm™ is related to sodium carbonate via alkali metal hydroxide

reaction with atmospheric CO- [38].
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Figure 3-17 FTIR spectra of fly ash and geopolymer with different H,O, content

In addition, the spectrum of fly ash shows broadband in the range of 900-1200 cm ™, which is
attributed to the heterogeneous characteristic of fly ash. It is formed by a mixture of the glassy
surface layer (SiO2) and crystalline matrix components such as mullite and quartz [295, 296].
Thus, the resulting band is a broad range of the overlapping peaks with a centre at
approximately 1041 cm™, assigned to the asymmetric stretching vibration of Si-O-T (T = Si
or Al) bonds of SiO4 or AlO, tetrahedra. It is worth mentioning that the Si-O-T (T = Si or Al)
band position is shifted to lower wavenumbers (950 cm™) upon polymerization, which
indicates a chemical change in the matrix. This shift showed the incorporation of Al into Si-
O-Si non-bridging oxygen in the silicon tetrahedral [295, 297]. This confirms the

independence of strength development on inherent polymerization [74].

3.2.7. Effect of H,O, content on compressive property

Figure 3-18 shows the 7-day compressive strength of geopolymers with various H,O; content.
It can be seen that the involvement of the foaming agent is one of the critical factors affecting

the mechanical performance of the samples. When the foaming agent is introduced (2%), the
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compressive strength decreases significantly from 2.36 to 0.25 MPa, with almost 90% of
strength loss due to the porous structure. As the foaming agent’s amount increases further to

8%, the compressive strength drops to 0.01 MPa.
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Figure 3-18 Effect of H,O, content on the compressive strength of geopolymer

Figure 3-19 shows the compressive strain at failure and modulus of geopolymers with various
H20, content, and the stress-strain behaviour of geopolymer with various H>O, content is
plotted in Figure 3-20. The geopolymer with 0% H,O; content shows a failure strain of 0.002
at the maximum load (2.36 MPa). As the H,O- content increases from 0% to 2%, the failure
strain reduced significantly to 0.0012 at the maximum load (0.25 MPa). The failure strain then
rises to a similar strain magnitude compared to the geopolymer with 0% H»0, as the H,0;
content increases to 4%. As the H,O, content of geopolymer increases further, the strain at the
maximum load then fluctuates around 0.002. This suggests that 2% H.O, content is a threshold
in terms of the failure strain. Figure 3-19 also shows Young’s modulus of geopolymer with
various H>O> content. The effect of H.O. content on Young’s modulus presents a similar
pattern as the compressive strength of geopolymer, as shown in Figure 3-18. When the
foaming agent is introduced (2%), Young’s modulus decreases significantly from 191 to 34
MPa. As the H,O; content increases from 2% to 8%, the decrease in Young’s modulus exhibits
an almost linear relationship. The reduction of Young’s modulus with increasing H,O, content

shows that the resistance to deformation at a given pressure load is decreased.
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Figure 3-19 Effect of H,O, content on the compressive failure strain and modulus of geopolymer
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Figure 3-20 Stress-strain curve of geopolymer with (a) 0%, (b) 2%, (c) 4%, (d) 6% and (e) 8% H,0,
respectively

The thermal-mechanical relationship of geopolymer is presented in Figure 3-21. It is shown
that geopolymer’s compressive strength increases almost linearly as geopolymer’s thermal
conductivity increases. Thus, there should be a trade-off between thermal and mechanical
performance, depending on the requirement. There are no specific strength requirements for
insulating concrete in ASTM C332, although the thermal conductivity is far below the
maximum limit (1.5 W/m.K). By referencing ASTM C869 (standard specification for foaming

agents used in making preformed foam for cellular concrete), the minimum compressive
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strength for cellular concrete made with preformed foam is 1.4 MPa, whereas the thermal
requirement is not mentioned. Therefore, the mechanical properties of the specimens still need
to be improved.
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Figure 3-21 Thermal conductivity versus compressive strength of geopolymer with different amounts
of H202 (0%, 2%, 4%, 6%, and 8%)

3.3. Conclusion

In this chapter, the foamed geopolymer was successfully synthesised by varying foaming agent
content. Properties such as density, porosity, thermal conductivity, water absorption rate, and
compressive strength were investigated. The effect of foaming agent amount on the foam

expansion rate was also examined, and the foam expansion mechanism was discussed.

The foaming agent proved to be a critical factor influencing the pore structure, thus, the density,
thermal conductivity and the compressive strength of the geopolymer. The calculated porosity
reached 83% when the H,O; content was 8%. As the foaming agent content increased from 0%
to 8%, the density reduced by 85% to 171 kg/m®. The effect of H,O, content on thermal
conductivity had a similar trend as the density. The lowest thermal conductivity value obtained
in this work was 51 mW/m.K at H,O- content of 8%, and a reduction of 67% was obtained
when compared to the sample without any foaming agent. The thermal conductivity value is
superior to most of the foamed concrete reported. This finding suggests that geopolymer can
be an ideal substitute for foamed concrete since it is more economical and environmentally

friendly with superior thermal insulation performance compared to foamed concrete.
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The volume expansion test indicates two competing mechanisms: one is the expansion due to
trapped bubbles; the other is escaped bubbles. As the amount of H,O, increased, more oxygen
was generated via the decomposition process of H,O, and the bubble of O, was trapped within
the paste, expanding and generating void (macropores). At this point, the number of trapped
bubbles was greater than the escaped bubbles. However, as the amount of H,O; increased
further, the bubble generation rate became faster. The bubble shell’s strength was not strong
enough to hold the void, resulting in more bubbles were escaped. As a result, the number of
trapped bubbles was equal to or less than the escaped bubbles. Thus, the further addition of
H20- had no obvious impact on the volume expansion. The elevated temperature stimulated
the deposition rate of H,O-, and the air bubbles merged to form a large void. Thus, the volume
expansion at the elevated temperature was higher. This finding could be used to indicate how

different pore structures are obtained by varying the foaming agent.
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4. Fabrication and characterisation of silica aerogel

with an improved fabrication process

Apart from porous geopolymer, silica aerogel also shows great potential in thermal insulation
application due to its highly porous structure. It gives unique properties such as high specific
surface area (500-1500 m?/g), high porosity (80-99%), low bulk density (0.03-0.35 g/cm?®) [26],
extremely low thermal conductivity (12-30 mW/m.K) [22], high acoustic resistance and strong
adsorption [22]. The involvement of aerogel in buildings or any other sector could be an
energy-efficient strategy leading to lower energy consumption. Therefore, it is worth studying
the synthesizing mechanism as well as the characterisation of the materials.

Silica aerogel and its fabrication process have been investigated extensively [27]. The general
fabrication process involves sol-gel, ageing, solvent exchange and drying [27]. However, some
detailed descriptions of the fabrication process are not commonly mentioned, for example, the
amount of solvent used for ageing and solvent exchange. It has a nonnegligible impact in terms
of cost-saving, especially in the UK. The cost for one litre of Ethanol and n-Hexane is
approximately £50 and £10, respectively. Therefore, adequate usage of these solvents could
lower the fabricating cost. In addition, the fabrication processes, including ageing temperature

and drying process, could be optimised to improve the properties of the aerogel.

In this chapter, the feasibility of synthesizing silica aerogel is evaluated using a more
economical sodium silicate as the precursor. The effect of ageing and solvent exchanging
temperature on the pore structure of aerogel are examined. The minimum amount of solvent
used to synthesise aerogel is investigated. Properties including morphology, pore structure,
bulk density, BET surface area, hydrophobicity, thermal stability and thermal conductivity are

examined as the critical parameters for characterising the prepared specimens.

4.1. Experimental

In this section, the materials used to synthesise silica aerogel are listed. The preparation

process and the characterisation method are described.

4.1.1. Materials

The precursor used to synthesise aerogel was sodium silicate (34.6 wt%, VWR UK, Na;O:
SiO; = 3.43). Other agents, including HCI (37%), ammonia solution (NH4OH, 28%), ethanol
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(EtOH), n-Hexane (95%) and Chlorotrimethylsilane (TMCS > 98% GC), were purchased from
VWR UK. Deionised water was supplied by the lab.

4.1.2. Sample preparation

Figure 4-1 illustrates the schematic diagram for the preparation of silica aerogel. Sodium
silicate was diluted with deionised water with a 1:3 volume ratio. Hydrolysis of the diluted
sodium silicate solution was carried out by adding 6M HCI while stirring, which formed silicic
acid sol with a pH of ~2.0. The hydrogel was prepared by adding 2M NH,OH while stirring
to reach a pH of ~5.0. The silica sol was poured into a glass container with a screw lid. Gelation
occurred within 10 minutes, and a porous network was formed. EtOH was used for ageing
with a 2:1 volume ratio to the gel, and the ageing process was conducted at 45 <C for 24 hours.
EtOH was replaced by n-Hexane twice in 32 hours at 45°C. The surface modification was
carried out by adding the silylating mixture of TMCS: n-Hexane in the volume ratio of 1:4 for
24 hours at 45<C. Then the silylated gel was dried in ambient pressure at 50<C, 80<C, 100<C,
and 120<C for 6 hours respectively to obtain hydrophobic silica aerogels. The fabrication

process of the silica aerogel is shown in Figure 4-2.
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Figure 4-1 Schematic diagram for the preparation of silica aerogel

105



Silica sol preparation ~ Gelation Aging and solvent exchange

T T R w—

Silica aerogel  SWcaserogel  Siica merogel  Siica neroy

siica serogel  Sicaserce T SH gl Shcaser

Sillca aeroge! S et - Sticat

lica aero, S - )
/ 1

Silica aerogel Drying in oven

Figure 4-2 Fabrication process of silica aerogel

4.1.3. Sample characterisation

4.1.3.1. Density and porosity

The bulk density of aerogel was calculated using the measured volume of the samples by a
calliper and their mass by an electronic balance with an accuracy of #0.01 g. The aerogel was
pre-shaped before the measurement. An average of five measurements was conducted with

errors showing a 95% confidence limit.

The porosity of the aerogel was calculated as follow:

0= (1/’;—) x100% (Equation 4-1)

where ¢, is the porosity, p, is the bulk density of aerogel, and p_ is the skeleton density of the

silica aerogel, generally p =2.2 g/cm? [298].

4.1.3.2. SEM imaging

The morphology of aerogel was investigated by Field Emission Scanning Electron Microscope
(FE-SEM, HITACHI SU6600) with a voltage of 15 kV (Figure 4-3 (a)). The samples were
gold coated using an AGAR sputter coater before analysing (Figure 4-3 (b)).
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Figure 4-3 (a) Field Emission Scanning Electron Microscope (FE-SEM, HITACHI SU6600), (b)
AGAR sputter coater

4.1.3.3. Gas adsorption

Gas adsorption measurements were conducted using a Micromeritics ASAP2420 Surface Area
and Porosity Analyser (Figure 4-4). Surface area, pore volume and average pore size were
determined via analysis of the cryogenic nitrogen adsorption/desorption isotherm.
Approximately 0.1 g of sample was subject to a degas cycle of 30 min at 50 <C, followed by
120 min at 110<C, at a pressure of 10 mHg. This process removed any residual solvent or
surface contaminants from the samples. Degased samples subsequently underwent a 40 point
adsorption cycle between the relative pressures (sample pressure/saturation vapour pressure)
of 0.01 and 1, followed by a 30 point desorption cycle between the relative pressures of 1 and
0.1. Sample temperature was maintained at a constant value of -196<C throughout the

experiment using a liquid nitrogen bath.

Figure 4-4 Micromeritics ASAP 2420 Surface Area and Porosity Analyser
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4.1.3.4. Hydrophobicity test

Contact angle measurements were obtained using Kruss DSA30 (Hamburg, Germany) and
HPLC grade water (Merk, Switzerland), as shown in Figure 4-5. The data were analysed in
Advance software (Kruss, Germany) using manual fitting of a baseline and shape of the water

drop. An average contact angle was calculated based on seven measurements of each sample.

Figure 4-5 Kruss DSA30 (Hamburg, Germany)

4.1.3.5. FT-IR analysis

The chemical environments of molecular bonds of the aerogel were determined via Fourier
transform infrared analysis (Agilent Technologies 4100 Exo Scan), as shown in Figure 4-6 (a).
The spectral range was set from 4000 to 650 cm™ as there is considerable spectral noise outside
this range. A diamond ATR (attenuated total internal reflectance) was used as the diffuse
reflectance interface. The aerogel samples were crushed and ground into powders for the FTIR
test. The analysis involved the application of pressure to the samples with a clamp to allow
full contact with the diamond ATR crystal, as shown in Figure 4-6 (b). A minimum of 10

specimens was tested, and the raw data generated were analysed using OriginLab.
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Figure 4-6 (a) Agilent Technologies 4100 Exo Scan (b) detailed view of the sample

4.1.3.6. Thermal gravimetric analysis

Thermal stability, which refers to the temperature up to which the aerogel retains its
hydrophobicity, was tested by thermal gravimetric analysis (TGA, TA Instruments Q50),
according to ASTM E2550. This is shown in Figure 4-7. The sample was heat-treated in the
air from 20<C up to 800 <C with a rate of 10C.min.

Figure 4-7 (a) TGA, TA Instruments Q50 (b) aerogel sample loading

4.1.3.7. Thermal conductivity

The XIATECH TC3000E was used to measure the thermal conductivity of the aerogel,
according to ASTM 1113-2019. It is a transient hot-wire method based on the non-steady-state
principle. The hot wire sensor was sandwiched by two layers of samples. The aerogel powder
was ground and sieved using a 1250 um mesh, and the aerogel powder was then held in a
special sample holder with a dimension of 5 cm x5 cm 1 cm, as shown in Figure 4-8. Two
batches of aerogels with the same parameters are needed to fill the sample holder. The change
of pore structure caused by grinding is not considered here. A Pyrex glass was put on the
samples to minimise the airflow around the aerogel samples. Before testing, the device was

calibrated by a standard PMMA glass. This was implemented by referencing the standard
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inspection report of the PMMA glass provided by the equipment manufacturer, ensuring the

measurement error was within #3% of the standard values.

Figure 4-8 XIATECH TC3000E thermal conductivity meter

4.2. Results and discussion

In this section, the effect of ageing and solvent exchanging temperature on the pore structure
of aerogel are examined. The minimum amount of solvent used to synthesise aerogel is
investigated. Properties including morphology, pore structure, bulk density, BET surface area,

hydrophobicity, thermal stability and thermal conductivity of the silica aerogel are examined.

4.2.1.1. Morphology and physical properties

The solvent to gel (amount of sodium silicate, HCI and NH4OH) volume ratio was first
investigated to reduce the amount of expensive solvent (EtOH and n-Hexane) being used. Two
factors are used to judge if the materials are synthesised successfully before conducting proper
characterisation: the appearance (colour of aerogel) and hydrophobicity. The hydrophobicity
was tested by dropping a water droplet on the material surface, and the water droplet will float
on the material surface if the aerogel is prepared successfully. Figure 4-9 shows the
morphology of aerogel prepared with solvent to gel volume ratio of 1:1, 1.5:1, and 2:1. It can
be seen that the aerogel is fabricated successfully when the ratio of solvent to gel is 2:1. When
the amount of solvent is less efficient (i.e., 1:1 and 1.5:1), the water inside the gel may not be
replaced by the solvent completely. As mentioned in the literature, the key mechanism of
ageing and solvent exchange is to minimise the capillary pressure during the drying process.
It is shown that the surface tension of most solvents is only a third of that in water, which
means that the capillary pressure could be reduced by three times if the water is replaced by
those solvents completely during drying [27], according to Equation 2-5. Thus, powder form
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or small piece is fabricated if water is not replaced by the solvent completely. In addition,
hydrophilization agents are insoluble in water, and drying of these mixtures (agent and water)
could have a negative impact on the final product. This may be the reason for the yellowish
crystalized product being formed. The hydrophobicity test also failed for the sample prepared
with less solvent to gel ratios (i.e., 1:1, 1.5:1). Thus, the hydrophobization process is not
successful. Therefore, a solvent to gel volume ratio of 2:1 is selected for future sample

preparation.

Figure 4-9 The morphology of aerogel prepared with solvent: gel (amount of sodium silicate, HCI,
and NH4OH) volume ratio (a) 1:1, (b)1.5:1, and (c) 2:1

To investigate the influence of ageing temperature on the pore structure of the silica aerogels,
the ageing and solvent exchange process of silica gel were conducted at both ambient
temperature (23<C) and 45<C. The ageing process was conducted in EtOH for 24 hours, and
EtOH was replaced by n-Hexane twice in 32 hours for both cases. The physical properties of

both samples are summarised in Table 4-1.

Table 4-1 Physical properties of silica aerogel aged and solvent-exchanged in both room temperature
(23<C) and 45°C

Sample Density Porosity  BET surface Pore volume Pore size
(g/cm?) (%) area (m?/q) (cm®g™) (nm)

At 23°C 0.19840.008 91 461 1.43 13.3

At 45°C 0.18440.018 91.6 72643.5 2.78 12.1

It is found that aerogel aged and solvent-exchanged at higher temperatures leads to a lower
apparent density, higher specific surface area and pore volume, and finer average pore
diameter. This may be because that solvent-exchanging at a higher temperature increases the
solvent diffusivity according to the theory of diffusion in gel, resulting in a higher coarsening

of the gel network [205]. This promotes the dissolution and reprecipitation of the silica gel
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[299]. The further hydrolysis and condensation of unhydrolyzed groups and the esterification
of silanols occur as well [299]. In addition, aerogel aged and solvent-exchanged at higher
temperatures is more homogeneous and bulk in size, as shown in Figure 4-10. It means that
shrinkage of the wet gel during the dry process was reduced when the gel was aged and
solvent-exchanged at higher temperatures. This leads to high skeletal strength, high specific
surface area and pore volume. The effect of heat-treatment ascribed as the Ostwald ripening
process is very similar to the one observed for silica aerogels derived from supercritical drying
except using the methanol at T > 240°C [299]. The silica gel is heated up to a temperature
above the critical point, enhancing the backbone strength and reducing the collapse or cracking
of silica aerogel during the drying process [299]. Furthermore, increasing the ageing and

solvent-exchanging temperature shortens the fabrication time while improving silica aerogels’

properties [299].
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Figure 4-10 the photo and the microstructure of silica aerogel aged and solvent-exchanged at (a) (c)
23°C and (b) (d) 45°C

Figure 4-10 (c) and (d) display a highly branched polymeric structure of silica aerogel
regardless of the influence of ageing and solvent-exchange temperature. However, it can be
visualised that larger pores were formed for the aerogel aged and solvent-exchanged at
ambient temperature (Figure 4-10 (c), whereas the pores are finer and more uniformly
distributed for the ones aged at 45<C (Figure 4-10 (d)). As a result, higher surface area and
pore volume are obtained when aerogel is aged and solvent-exchanged at a higher temperature.
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The pore size distribution (PSD) of the samples aged and solvent-exchanged at both ambient
(23<C) and 45<C is shown in Figure 4-11 (a). It can be seen that the silica aerogels exhibited
meso- and macro-pore size region (2-40 nm) and centred at 12-18.3 nm and 18 nm,
corresponding BJH mean pore diameter of 12.1 nm and 13.3 nm, respectively, as shown in
Table 4-1. Figure 4-11 (b) shows the N, adsorption-desorption isotherm of the silica aerogel
aged and solvent exchanged at both ambient and 45<C. It presents a type 1V(a) isotherm with
a H3 hysteresis loop at P/Py > 0.6 [300], revealing the mesoporous characteristics of the aerogel.
The sharp increase of isotherms in the high relative pressure region (P/Py = 0.95-1.0) is due to

the liquid condensation suggesting the presence of macropores [191].
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Figure 4-11 (a) Pore size distribution (PSD) and (b) N, adsorption-desorption isotherms of aerogel
aged and solvent-exchanged at ambient temperature (23 <C) and 45°C

4.2.1.2. Hydrophobicity and FT-IR analysis

Figure 4-12 (a) and (b) show the photo and microscopic images of a water droplet on the
treated surface of the silica aerogel, respectively. The average water contact angle for aerogel
is 129.0 £12.9< This excellent water-repellent property is a result of the treatment of the
specimens with TMCS, where the stable methyl groups are responsible for the excellent

hydrophobicity of the silica components [20].
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Figure 4-12 (a) Photo of a water droplet on the treated surface of silica aerogel and (b) microscopic
image of water contact angle measurement of silica aerogel

The hydrophobicity of aerogel is attributed to the attachment of -Si(CHs)s group to the gel
surface, which can also be confirmed by the FTIR analysis. Figure 4-13 shows the FTIR
spectrum of TMCS-treated silica aerogel. It can be seen that apart from the Si-O-Si (absorption
peak at about 755 cm™ and 1050 cm™), the surface-treated aerogel shows strong absorption
peaks at about 850 cm™, 1260 cm™ and 2980 cm™, corresponding to Si-CHjz groups and -CHs
groups [26, 191]. The presence of these absorption peaks confirms the attachment of -Si-CHs
groups from the TMCS to the silica aerogel surface, indicating that the surface modification
process is successful. Moreover, the bonds at ~3450 and ~1650 representing -OH groups
disappear after surface modification. The amount of Si-OH groups reduces after the
modification process, according to Equation 4-2, which leads to a weaker absorption intensity
of -OH [26].

(CH3),SiCl+ =Si-OH — =Si-O-Si(CH3) 3+HCI (Equation 4-2)
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Figure 4-13 FTIR spectrum of TMCS-treated silica aerogel
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4.2.1.3. Thermal conductivity

Figure 4-14 and Figure 4-15 show the morphology and thermal conductivity values of aerogel
before and after grinding. It is seen that finer particle size leads to a lower thermal conductivity
(25.1 mW/m.K), and this value is slightly below the thermal conductivity of the air (i.e., 26
mwW/m.K) [301]. It is also worth mentioning that this value is comparable to the literature with
similar precursors and drying processes (23.7 to 25.9 mW/m.K) [191, 302].

Figure 4-14 In-house silica aerogel (a) before and (b) after grinding
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Figure 4-15 Thermal conductivity values of in-house aerogel before and after grinding

During the thermal conductivity measurement of aerogel particles, the air is one of the most
significant factors influencing the aerogel’s effective thermal conductivity. Due to the irregular
shape of the aerogel particles, the gap between aerogel particles increases with larger particle
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sizes. Therefore, the bulk density of aerogel particles is reduced [303]. Due to the nano-porous
structure, the average pore size of monolithic neat silica aerogels is less than the mean free
path, which restricts the free movement of air molecules within the backbone structure. Thus,
the convection heat transfer within aerogel is negligible. The thermal conductivity of aerogel
particles is a combination effect of air conductivity through gaps among aerogel particles and

conductivity of aerogel, and this can be expressed as [304]:

_ da _—

A= is—(ﬂ-a—is)‘;—’s’ (Equation 4-3)

where 4 is the effective thermal conductivity; 4 is the solid conduction of aerogel; 4, is the
thermal conductivity of air; p, is the bulk density of the aerogel particle, and p_is the skeleton

density of the aerogel.

By grinding the aerogel granules, the gap between aerogel particles improves, leading to a
lower air conductivity. Thus, the effective thermal conductivity of aerogel decreases, as

described in Equation 4-3.

The structure of nano-porous silica aerogels leads to a reduced heat transfer within the gaseous
phase compared to the heat transfer within the free-moving gas [301]. Therefore, silica
aerogels can achieve effective thermal conductivity values far below the thermal conductivity
of the air (i.e., 0.026 W/m.K) at the ambient condition [301].

4.2.1.4. Thermal stability

The TGA curve under the air of the silica aerogel is presented in Figure 4-16. It is shown that
a sharp decrease in the TGA curve is presented at a temperature of approximately 400°C due
to the oxidisation of the -CHsz group. A slight weight loss before 100°C is observed due to the
evaporation of the residual solvent and water molecules [26]. Figure 4-17 displays the
hydrophobic performance of surface-treated aerogel before and after the thermal gravimetric
analysis. It clearly shows that the aerogel sample sinks into the water after the thermal
gravimetric analysis (Figure 4-17 (b)), meaning that the aerogel becomes hydrophilic. This

can also be verified using FTIR analysis.

Figure 4-18 shows the FTIR spectrum of TMCS-treated silica aerogel and after heat treatment
(800<T). It can be seen that the strong absorption peaks at about 850 cm™, 1260 cm™ and 2980
cm?, corresponding to Si-CHs groups and -CHs groups, disappeared after thermal treatment
at high temperature due to pyrolysis. The heat-treated aerogel becomes hydrophilic; thus, it

will absorb water which could diminish the thermal insulation performance.
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Figure 4-16 TGA curve of silica aerogel

Figure 4-17 aerogel sample (a) floats on the water surface before heat treatment and (b) sinks into the
water after heat treatment (800 <C)
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Figure 4-18 FTIR spectrum of TMCS-treated aerogel and aerogel after heat treatment (800 <C)

4.3. Conclusion

Waterglass-based silica aerogel was successfully synthesised via ambient pressure drying. The
minimum amount of solvent used to synthesise aerogel was investigated. A few detailed
fabrication processes, including ageing temperature and drying process, were optimised to
improve the properties of the aerogel. The physical property, microstructure, hydrophobicity,

thermal conductivity and thermal stability of the aerogel were characterised.

It was experimentally demonstrated that there was a minimum solvent to gel ratio (2:1) to
fabricate aerogel successfully. When the amount of solvent was less efficient (i.e., 1:1 and
1.5:1), the water inside the gel may not be replaced by the solvent completely. As a result,
large capillary pressure was presented due to the high surface tension of water. Thus, powder
form or small piece was fabricated after the drying process. In addition, hydrophilization
agents were insoluble in water, and drying of these mixtures (agent and water) could have a
negative impact on the final product. This may be the reason for the yellowish crystalized
product being formed. The hydrophobicity test also failed for the sample prepared with less
solvent to gel ratios (i.e., 1:1, 1.5:1). Thus, the hydrophobization process was not successful.
This finding provides guidance for fabricating aerogel with a minimum amount of solvent if
the manufacturing cost is considered. The impact of excessive solvent (i.e., 3:1) on the physical
properties of aerogel is unknown, but the benefit of using the minimum ratio on the economic

aspect is obvious. The fabrication process of aerogel was also optimised. The results indicated
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that the aerogel aged and solvent-exchanged at a higher temperature (45°C) led to a lower
apparent density, higher specific surface area and pore volume, and finer average pore
diameter. Ageing and solvent-exchanging at a higher temperature might also have enhanced
the backbone strength and reduced the collapse or cracking of silica aerogel during the drying
process. The obtained silica aerogel aged at a higher temperature possessed high porosity
(91.6%) and a high specific surface area (726 m?/g). The thermal conductivity test indicated
that smaller particle size (<1250 um) leads to a lower thermal conductivity (25.1 mW/m.K)
compared to larger particles (1250 to 3500 um), and this value was below the thermal
conductivity of the air (i.e., 26 mW/m.K) at the ambient condition. This finding indicates that
proper optimisation of the fabrication process can improve the properties of silica aerogel,

which shows great potential in thermal insulation application.

The mechanical performance of thermal insulation materials should not be ignored. However,
it is not mentioned in this chapter, as it is difficult to examine this property due to the fragile
nature of aerogel. Thus, fibre reinforcement could be an efficient way to enhance the material
structure. In the meanwhile, the thermal insulation performance may also be improved. This

will be investigated in the next chapter.
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5. Vacuum sealed fibre-reinforced silica aerogel

composites with excellent thermal conductivity

The research on optimising aerogels’ physical properties, such as pore structure and density,
has shown extensive progress. However, the improvement of the strength, fragility and
shrinkage rate of the aerogels are unsatisfactory, especially under ambient pressure drying [30].
The involvement of a secondary reinforcement seems to be an efficient way to strengthen the
aerogel structure and thus widen its application [31]. Therefore, it is worth investigating the
silica aerogel reinforced with fibre.

Fabrication of aerogel composites with embedded fibre is probably the most widely adopted
technique in academic research and industrial manufacturing. This is because the involvement
of fibre is an effective way to prevent shrinkage during the drying process, especially the
ambient drying method. Thus, monolithic aerogel composites can be produced, and the
mechanical properties can be improved significantly. However, the challenge is to preserve
the insulation properties, minimise the increase of apparent density, and improve the dustiness

due to the weak interfacial bonding between the aerogel particle and fibres [22].

In this chapter, glass fibre mats are embedded in silica sol to form fibre reinforced aerogel
composites. The fabrication process, including ageing temperature and drying process, is
optimised to improve the physical, thermal and mechanical properties of the aerogel composite.
The prepared aerogel composite is then vacuum sealed to prevent dustiness during handling,

and its influence on thermal conductivity is investigated.

5.1. Experimental

In this section, the materials used to synthesise fibre reinforced aerogel composites are listed.

The preparation process and the characterisation method are described.

5.1.1. Materials

The precursor used to synthesise aerogel was sodium silicate (34.6 wt%, VWR UK, Na,O:
SiO; = 3.43). Other agents, including hydrochloric acid (HCI, 37%), ammonia solution
(NH4OH, 28%), ethanol (EtOH), n-Hexane (95%) and Chlorotrimethylsilane (TMCS), were
purchased from VWR UK. The polyethene terephthalate (PET) fibre needled blanket
(AIRBLEED 10) was supplied by Aerovac systems Keighley Ltd. The density of the material
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is 55 kg/m? with a nominal thickness of 6 mm without compression. The glass fibre (GF)
needled mat was purchased from an online store (Mijexhaust Ltd.); the density of the fibre mat

is 120 kg/m? with a thickness of 10 mm.

5.1.2. Sample preparation

5.1.2.1. The fabrication process of aerogel blanket

Figure 5-1 illustrates the schematic diagram for the preparation of silica aerogel and fibre
reinforced aerogel composites. Sodium silicate was diluted with deionised water with a 1:3
volume ratio. Hydrolysis of the diluted sodium silicate solution was carried out by adding 6M
HCI while stirring, forming silicic acid sol with a pH of ~2.0. The hydrogel was prepared by
adding 2M NH4OH while stirring to reach a pH of ~5.0. The silica sol was poured into a mould
containing a PET blanket or GF mat. The mat was impregnated in the sol for 4 minutes. The
excessive silica sol was then poured out, and the quantity was measured using a beaker. The
amount of silica sol attached to fibres was calculated by subtracting the amount of sol poured
out from the total volume (the volume of sodium silicate, HCI and NH4OH). Gelation occurred
within 30 minutes, and a porous network was formed. EtOH was used for ageing with a 2:1
volume ratio to the gel (the amount of sol attached to fibres). The ageing process was
conducted at 45<C in an oven for 24 hours. EtOH was replaced by n-Hexane twice in 32 hours
at 45°C. The surface modification was carried out by adding the silylating mixture of TMCS:
n-Hexane with a volume ratio of 1:4 for 24 hours at 45<C. Then the silylated gel was dried in
ambient pressure at 50C, 80C, 100<C, and 120<C for 6 hours respectively to obtain
hydrophobic PET or GF-silica aerogel composites. The fabrication process of the GF-aerogel

composite is shown in Figure 5-2.
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Figure 5-1 Schematic diagram for the preparation of silica aerogel and fibre reinforced aerogel
composites
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Figure 5-2 Fabrication process of GF-aerogel composites
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5.1.2.2. Vacuum sealing of aerogel blanket

It was stated that the thermal conductivity of aerogel composites could be reduced by
vacuuming and sealing the blanket [237]. In addition, the sealing of aerogel composites could
prevent dust release during handling and processing. It was decided to investigate the benefits

of vacuum sealing of the aerogel blankets.

The aerogel composite was placed in a vacuum sealing bag, and the open end of the bag was
sealed using a commercial food sealer, as shown in Figure 5-3 (a). A vacuum pump was then
used to evacuate the air by inserting a needle into the sealing bag (Figure 5-3 (b)). The vacuum
pressure was controlled below -0.8 bar. The needle hole was finally melted using a hair

straightener.

Figure 5-3 Photo of (a) sealing and (b) vacuum of a GF-aerogel composite

5.1.3. Sample characterisation

5.1.3.1. Density and porosity

The bulk density of the aerogel composites was calculated using the measured volume of the
samples and their mass by an electronic balance with an accuracy of £0.01 g. An average of

five measurements was conducted with errors showing a 95% confidence limit.

The true density (density of fibre itself without voids in the mat) of the GF mat and PET
blanket was measured using a density determination kit, as shown in Figure 5-4. The density
determination kit is performed by Archimedes’ principle. This principle states that every solid
body immersed in a fluid apparently losses weight by an amount equal to that of the fluid it

displaces. The density of the solid can be calculated as follows [305]:
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p=——(p P )P, (Equation 5-1)

wa-w;
where p is the density of the sample, w, is the weight of the sample in air in g, w is the weight
of the sample in the liquid (deionised water in this case) in g, p; is the density of the water at

measured temperature (0.99802 g/cm?® at 21°C), p, is the density of air (0.0012 g/cm?) [305].

An average of eight measurements was conducted with errors showing a 95% confidence limit.

Figure 5-4 True density measurement of glass fibre mat using a density determination kit

The porosity of the aerogel composites was calculated as follow:

q,i:@“ %100% (Equation 5-2)

Pa
where ¢, is the porosity, p, is the bulk density of aerogel composites, p; is the skeleton

density of the silica aerogel, generally = 2.2 g/cm® [298], and py is the true density of fibre

measured and calculated using Equation 5-1.

5.1.3.2. SEM imaging

The morphology of aerogel composites was investigated by Scanning Electron Microscope
(SEM, HITACHI S-3700N) with 5 kV voltage, as shown in Figure 5-5 (a). The samples were

gold coated using AGAR sputter coater before analysing.
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Figure 5-5 (a) Scanning Electron Microscope (SEM, HITACHI S-3700N) and (b) sample loading

5.1.3.3. Gas adsorption

Gas adsorption measurement was conducted according to the procedure described in section
4.133.

5.1.3.4. Hydrophobicity

Contact angle measurement was conducted according to the procedure described in section
4.1.3.4.

5.1.3.5. FT-IR analysis

The chemical environments of molecular bonds of the aerogel composites were determined
via Fourier transform infrared analysis, and it was conducted according to the procedure

described in section 4.1.3.5.

5.1.3.6. Thermal gravimetric analysis

The thermal gravimetric analysis was conducted according to the procedure described in
section 4.1.3.6.

5.1.3.7. Thermal conductivity

The thermal conductivity test was conducted according to the procedure described in section
3.1.3.3. The specimens were prepared with a size of 18 cm < 18 cm. Standard testing was
conducted with a compressive load of 13.8 kPa (2 psi) and a mean temperature of 20<C, with
a temperature difference between the hot and cold plates of 20<C. The equipment has a
measurement range of 0.002 to 2.0 W/m.K, with an accuracy of +1 to 3%. An average of three

specimens was prepared and measured to get an average result.
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5.1.3.8. Compression and bending test

The mechanical performance of aerogel composites was evaluated by the compression and
three-point bending using a 50 KN mechanical tester (Instron 5969, Figure 5-6). The constant
loading rate for the compression test was 0.5 mm/min, according to ASTM C165, and the
specimen’s size for compression was 50 x50 <10 mm, as shown in Figure 5-7 (a). The sample
dimensions for three-point bending were 100 x50 <10 mm, as shown in Figure 5-7 (b). The
support span was set to 60 mm. The sample’s flexural stress, flexural strain and flexural

modulus of elasticity can be calculated as:

o= 23%2 (Equation 5-3)
&= 6L—[§t (Equation 5-4)
E= % (Equation 5-5)

where o is the flexural stress in MPa, & is the flexural strain in the outer surface, E is the
flexural modulus of elasticity in MPa, P is the applied load in N, L is the support span, setting
as 60 mm, D is the maximum deflection of the sample centre in mm, W and t are the width and

thickness of the specimen in mm, respectively.

Figure 5-6 50 kN mechanical tester (Instron 5969)
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Figure 5-7 GF-aerogel samples for (a) compression test and (b) bending test

5.2. Results and discussion

In this section, the physical, thermal and mechanical properties of the aerogel composite are
investigated after optimisation of the fabrication process, including ageing temperature and
drying process. The effect of vacuum sealing and variable compressive load on the thermal

conductivity of the aerogel composites is discussed.

5.2.1.1. Morphologies and physical properties of aerogel composites

Table 5-1 summarises the physical properties of the aerogel and aerogel composites. The bulk
density of the GF mat and PET blanket is calculated as 0.12 g/cm?® and 0.07 g/cm?, while the
bulk density of the GF-aerogel and PET-aerogel composites increase slightly to 0.17 g/cm?®
and 0.10 g/cm?, respectively. This is because the voids in the fibre mat are occupied by aerogel.
The true density of the PET and GF fibres was determined based on the measurement described
in section 5.1.3.1 and calculated using Equation 5-1. The true density of the GF and PET fibre
is 2.56 +0.08 g/cm?® and 1.37 £0.04 g/cm?, respectively. The porosity of the composites was

calculated based on Equation 5-2 using these measured values.

The specific surface area was obtained by Brunauer-Emmett-Teller (BET) model, and the
mean pore diameter was calculated by Barrett-Joyner-Halenda (BJH) method. However, these
can only use to obtain the surface area and pore volume for the sample pore size less than 100
nm (mainly aerogel). Since the adsorption capacities were measured according to the mass of
the sample (per gram), the composites have less pure silica aerogel compared to the neat silica
aerogel with the same weight. Thus, the BET surface area and pore volume of the aerogel
composites are much lower compared to the neat silica aerogel. The pore volume was
calculated based on the quantity of adsorbed gas at P/P,=0.99 and the density of liquid nitrogen
(0.8081 g/cm®).
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Figure 5-8 (a), (c), (e) and (b), (d), (f) present the photos and the microstructures of PET-
aerogel, GF-aerogel, and commercial aerogel blanket (Spaceloft®), respectively. It can be seen
from Figure 5-8 (b) and (d) that the silica aerogel matrix adheres to the PET and glass fibre
tightly, and the microstructure of the commercial aerogel blankets shown in Figure 5-8 (f) is

well-replicated in this work (Figure 5-8 (d)).

Table 5-1 Physical properties of the aerogel and aerogel composites

Sample Bulk Density  Porosity BET surface Pore volume Pore size
(g/cm?) (%) area (m?/g) (cm®g™) (nm)

Aerogel 0.18440.018 91.6 72643.5 2.78 12.1

PET-aerogel 0.1040.001 87.0 19545.8 0.66 10.2

PET blanket 0.0740.001 94.9 - - -

GF-aerogel 0.1740.018 85.6 17747.6 0.75 12.2

GF mat 0.1240.002 95.5 - - -
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Figure 5-8 (a), (c), (e) the photos and (b), (d), (f) the microstructure of PET-aerogel, GF-aerogel, and
commercial aerogel blanket (Spaceloft®), respectively

The pore size distribution (PSD) of the aerogel composites is shown in Figure 5-9 (a). It can
be seen that the silica aerogel exhibits meso- and macro-pore size region (2 - 40 nm) and
centred at 18 nm, corresponding BJH mean pore diameter of 12.1 nm, as shown in Table 5-1.
Both PET-aerogel and GF-aerogel composites have narrower pore size distribution, with a
mean pore diameter of 10.2 nm and 12.2 nm, respectively. Figure 5-9 (b) shows the N
adsorption-desorption isotherm of the aerogel, GF-aerogel and PET-aerogel composites. It
presents a type 1V(a) isotherm with a H3 hysteresis loop at P/Py > 0.6 [300], revealing the
mesoporous characteristics of the aerogel. The sharp increase of isotherms in the high relative
pressure region (P/Pg = 0.95-1.0) is due to the liquid condensation suggesting the presence of
macropore [191]. The fibre-reinforced aerogel composites retain the aerogel nature in terms
of the microstructure. The pore sizes are much smaller than the mean free path of air (70 nm)
in the atmosphere, which could reduce the heat transfer via the gaseous phase. Thus, the

thermal insulation performance of the aerogel composites could be improved.
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Figure 5-9 (a) Pore size distribution (PSD) and (b) N2 adsorption-desorption isotherms of aerogel, GF-
aerogel, and PET-aerogel composites

5.2.1.2. Hydrophobicity and FTIR spectra of aerogel composites

Figure 5-10 (a), (b) and (c), (d) show the photos and microscopic images of a water droplet on
the treated surface of PET-aerogel and GF-aerogel composites, respectively. The average
water contact angle is 137.8°+14.3<and 121.0°+8.8< respectively. This excellent water-
repellent property is stemmed from the treatment of the specimens with TMCS, where the
stable methyl groups are responsible for the excellent hydrophobicity of the silica components

[20].

Figure 5-10 (a) (b) the photos of a water droplet on the treated surface and (c) (d) microscopic image
of water contact angle measurement of PET-aerogel and GF-aerogel composites, respectively
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Figure 5-11 shows the FTIR spectrum of TMCS-treated silica aerogel, glass fibre and TMCS-
treated GF-aerogel composites. The band at 1060 cm™ is caused by the symmetric stretching
vibrations of Si-O-Si bonds [306], and the peak at 900 cm' shows the characteristics of
stretching bands of the Si-OH for E-glass fibre. The surface-treated aerogel and aerogel
composites show strong absorption peaks at about 850 cm™, 1260 cm™ and 2980 cm™,
corresponding to Si-CHj; groups and -CHs; groups [26, 191]. The presence of these absorption
peaks confirms the attachment of -Si-CHs groups from the TMCS to the silica aerogel surface,
indicating that the surface modification process was successful. Moreover, the bonds at ~3450

and ~1650 representing -OH groups disappear after surface modification.

Si-OH

CHs

—Glass fibre mat
—— GF-aerogel composite _ _
— Aerogel Si-O-Si

Transmittance (Arbitrary Units)

4000 3600 3200 2800 2400 2000 1600 1200 800 400
Wavenumber (cm)

Figure 5-11 FTIR spectrum of glass fibre, TMCS-treated silica aerogel, and TMCS-treated GF-
aerogel composite

The FTIR spectrum of silica aerogel, PET fibre and PET-aerogel composite is illustrated in
Figure 5-12. Strong absorption peaks at about 712 and 1730 cm™, corresponding to the
interaction of polar ester groups and benzene rings, and stretching of C=0 of the carboxylic
acid group are well captured within PET-aerogel composite. This indicates that the aerogel is
well bonded with the PET fibre. The detailed absorption band of the PET blanket is
summarised in Table 5-2 [307].
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Figure 5-12 FTIR spectrum of silica aerogel, PET fibre and PET-aerogel composites

Table 5-2 Absorption band of PET blanket, reproduced from [307]

Absorption band (cm™) Bands
2969 C-H, Symmetrical stretching
2350 Axial symmetrical deformation of CO2
1730 Stretching of C=0 of carboxylic acid group
Stretching of the C-O group deformation of the O-H group

1453, 1410 and 1342 and bending and wagging vibrational modes of the ethylene
glycol segment

1240 Terephthalate group (OOCC6H4-COO)
1096 and 1050 Methylene group and vibrations of the ester C-O bond
972 and 872 Aromatic rings 1,2,4,5; Tetra replaced

Vibrations of adjacent two aromatic H in p-substituted
1960 and 795 ]
compounds and aromatic bands

712 Interaction of polar ester groups and benzene rings
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5.2.1.3. Thermal properties of aerogel composites
5.2.1.3.1. Thermal conductivity of aerogel blankets

Figure 5-13 shows the measured thermal conductivity of PET blanket, GF mat, PET-aerogel
and GF-aerogel composites at a mean temperature of 20°C, with a constant loading pressure
of 13.8 kPa. A noticeable improvement in thermal conductivity is achieved when aerogel is
introduced into the fibre matrix, especially for GF-aerogel composite, where the thermal
conductivity drops from 29.6 mW/m.K to 18.4 mW/m.K. A slight improvement can be found
for PET-aerogel composites (reduces from 27.4 mW/m.K to 24.3 mW/m.K). It is worth
mentioning that the thermal conductivity of both composites is lower than the neat aerogel
granule. This behaviour can be explained through the combination heat transfer mechanism of
porous materials, including solid conduction by fibre and aerogel particles, gas conduction

inside aerogel pores and voids between fibres, convection in voids between fibres, and

29.6
27.4
253
24.3
18.4
I 15.4

Aerogel PET blanket PET-aerogel GFmat  GF-aerogel Aspen
granule spaceloft®

radiation.

Thermal conductivity (mW/m.k)

Figure 5-13 Measured thermal conductivity for aerogel granule (prepared in-house), PET blanket,
PET-aerogel, glass fibre mat, GF-aerogel, and commercial Aspen Spaceloft® blanket at a constant
pressure load of 13.8 kPa, with a mean temperature of 20°C

In porous insulating materials, the total effective heat transfer is dominated by the contribution

of the non-convective gas within the hollow spaces or pores [308]. The gas conductivity in a
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porous medium is determined by the number of gas molecules as a transfer medium as well as
by the number of ‘walls’ on the way from the hot to the cold side [308]. It is stated that
convection in a porous medium can be neglected if the material’s pores are less than 4 mm
[309, 310]. A reduction in insulating material’s gas thermal conductivity is achieved by either
reducing the pressure or introducing a nano-structured core material [220]. By reducing the
pressure, the number of gas particles in a given volume of space is reduced; thus, the mean
free path between collisions of particles is increased [220]. When the pore diameter of the
material becomes less than the mean free path of gas molecules, such as in aerogels, the
molecules will only collide with the pore surface without transferring energy, known as the
Knudsen Effect [220]. The heat transfer in the solid grain of aerogel should flow mainly
through phonons or localised oscillations [310]. As the solid grain sizes of aerogel are in the
range of 2-5 nm, the phonon-grain boundaries scattering occupies the main position and lowers

the phonon mean free path in aerogel; thus, the solid thermal conductivity is reduced [310].

5.2.1.3.2. Thermal conductivity of vacuum-sealed aerogel blankets

Figure 5-14 shows the comparison of thermal conductivity of aerogel composite under ambient
and vacuum at a mean temperature of 20°C, with a constant loading pressure of 13.8 kPa. A
noticeable reduction of the thermal conductivity can be found for the GF-aerogel sample. The
thermal conductivity decreases from 18.4 mW/m.K to 13.8 mW/m.K, with 25% reduction.
This value is superior to the commercial Aspen aerogel blanket at ambient condition (15.4
mW/m.K). As mentioned previously, the heat transfer of fibre reinforced aerogel composites
consist of solid conduction, gaseous conduction and radiation. It was stated that the most
effective way of improving the thermal insulation properties of materials is to reduce the
gaseous thermal conductivity [220]. When a vacuum system is introduced, the number of gas
particles in a given volume of space is reduced or eliminated; thus, the mean free path between
collisions of particles is increased [220]. When the pore diameter of the material becomes less
than the mean free path of gas molecules, the molecules will only collide with the pore surface
without transferring energy (Knudsen Effect). Therefore, the heat transfer by the gas phase
present within the composite is minimised. Thus, a lower thermal conductivity value can be

achieved.

It can also be found from Figure 5-14 that only a 3% reduction of the thermal conductivity is
obtained for the PET-aerogel sample. As mentioned previously, a slight decrease in thermal
conductivity is obtained when aerogel is reinforced by a PET blanket (reduces from 27.4
mwW/m.K to 24.3 mW/m.K) under the ambient condition. This may be because the porosity of
the GF mat (95.5%) is slightly higher than the PET blanket (94.9%), as shown in Table 5-1. It
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leads to a higher mass percentage of aerogel in the GF-aerogel composite as more voids can
be occupied by aerogel. Thus, the reduction in thermal conductivity of GF-aerogel is higher
than the PET-aerogel composite.

m Aerogel composites under ambient
m Aerogel composites under vacuum 243

23.6

18.4

Thermal conductivity (mW/m.k)

GF-Aerogel PET-Aerogel

Figure 5-14 The comparison of thermal conductivity of GF-aerogel and PET-aerogel under ambient
and vacuum at a mean temperature of 20°C, with a constant loading pressure of 13.8 kPa

5.2.1.3.3. Thermal conductivity of aerogel composites at various pressure loads

The thermal conductivity of glass fibre reinforced aerogel composite against various loading
pressure is shown in Figure 5-15. The result shows that lower thermal conductivity is achieved
with higher pressure, with a logarithmic order, and there is no sign of level-off with continuing
increasing pressure. However, the applied load is limited by the apparatus. The thermal
conductivity of GF-aerogel composite can reach as low as 18.6 mW/m.k at a pressure of 15
kPa, which is significantly lower than conventional organic foams (i.e. EPS, 35 mW/m.k). As
mentioned previously, gas conductivity is the dominant heat transfer path. Compressing the
composites blanket results in a change in its microstructure; thus, the porosity varies with
compression. Assuming that the volume of fibres and aerogel particles (solid volume) does
not change at each loading step, only the pore volume decreases [311]. Based on the
mathematical model developed in Hoseini [311], the porosity of the GF-aerogel composite
decreases slightly as the pressure load increases. As the composite is compressed, densification
likely occurs as a result of a better entanglement of clusters, leading to a decrease in the pore
size located between clusters [280]. This suppresses gas conduction heat transfer due to fewer
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collisions between gas molecules and an increasing number of elastic collisions between gas
molecules and pore wall [312]. Thus, the thermal conductivity decreases with increasing

pressure load.
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Figure 5-15 Thermal conductivity of glass fibre reinforced aerogel composite at various loading
pressure with a mean temperature of 20°C

5.2.1.3.4. Thermal stability

The TG curve of synthesised silica aerogel, PET-aerogel and GF-aerogel composites is shown
in Figure 5-16. A slight weight loss before 100°C is observed due to the evaporation of the
residual solvent and water molecules [26]. No apparent weight loss can be seen for the glass
fibre mat due to its pure inorganic composition. By introducing inorganic glass fibre, the
aerogel composite maintained almost 95% of its weight, where only 5% of the weight is lost
at 800<C. The synthesised glass fibre reinforced aerogel composite achieves excellent thermal
stability at a high temperature. For PET-aerogel composites, it remains thermally stable up to
300<C which significantly limit their use. It is also worth mentioning that the GF-aerogel
composite made in this project is more thermally stable at a higher temperature than the

commercial aspen aerogel blanket.
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Figure 5-16 TGA curve of PET blanket, PET-aerogel, GF mat, GF-aerogel composite, and

commercial Aspen blanket

5.2.1.4. Mechanical properties of aerogel composites

Figure 5-17 (a) - (d) show the photos of the neat PET blanket, PET-aerogel composite, GF
mat, and GF-aerogel composite during the compression test. The average compressive strength
is summarised in Figure 5-18. Fibre-reinforced aerogel composites exhibit excellent
compressive performance than the specimen without aerogel, especially for GF-aerogel
composite. A three-fold improvement in compressive strength (4.7 kPa) is achieved at 25%
strain compared to the neat glass fibre mat (1.12 kPa). This can be explained using the stress-

strain curve shown in Figure 5-19.
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Figure 5-17 Photos of (a) PET blanket, (b) PET-aerogel composite, (¢) GF mat, (d) GF-aerogel
composite during the compression test

m 10% strain
| 25% strain

N w SN 1
1 1 1 1

Compressive strength (kPa)

=
1

PET blanket PET-aerogel GF mat GF-aerogel

Figure 5-18 Compressive strength of PET blanket, PET-aerogel composite, glass fibre mat, and GF-
aerogel composite at 10% and 25% strain

Figure 5-19 shows the stress-strain curve of GF mat, GF-aerogel, PET blanket, and PET-
aerogel composites. In general, the stress-strain curve of GF-aerogel and PET-aerogel can be

138



divided into four different stages: the contact stage, the linear stage, the yielding stage, and the
densification stage [191]. At the contact stage, the strain varied from 0% to 15% is caused by
the uneven surface of the specimens. The strain in the range of 20% to 25% represents the
linear stage, where the slope of the curve remains unchanged. The nanopores of silica aerogel
act as the main load capacity part, while the fibres are only responsible for the structural
integrity of the composites [313]. The linear stage between the composites and the neat fibre
is well distinguished in Figure 5-19. The strain in the range of 25% to 40% shows the yielding
and densification stage, where the stress increases significantly. At the yield stage, fibres act
as the main load capacity part, resulting in a rapid increase in stress. At the densification stage,
the significant increase in stress is mainly due to the collapse of aerogel and gradual

densification of the porous structure [313].
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Figure 5-19 The compressive stress-strain curves of GF mat, GF-aerogel, PET blanket, and PET-
aerogel composite

From the inset shown in Figure 5-19, the strain from 20% to 25% of PET-aerogel and GF-
aerogel shows preferable linearity corresponding to the linear stage. Thus, Young’s modulus
is calculated based on the strain of 20% (ge5q9,)and 25% (€,50,)and the corresponding
compressive stress (0,99, and o,5¢,). The calculated compressive modulus of PET blanket,
PET-aerogel, GF mat, and GF-aerogel is summarised in Table 5-3 and Figure 5-20. It can be
seen clearly that the introduction of aerogel presents an increase in Young’s modulus,
especially for the GF-aerogel composite. A five-fold improvement in modulus (45.33 kPa) is

achieved compared to the neat glass fibre mat (9.07 kPa), whereas the increase of modulus of
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PET-aerogel is 24% compared to the neat PET blanket. This shows that the involvement of
aerogel in the fibre matrix enhances the resistance to compressive deformation at a given
pressure load.

Table 5-3 Compressive stress at the strain of 20% and 25% and the calculated Young’s modulus of the
samples

Sample 0209, (kPa) 02509, (kPa) Young’s modulus (kPa)
PET blanket 1.0340.19 2.3540.22 26.3340.94
PET-aerogel 1.2040.08 2.8340.29 32.6044.11

GF mat 0.6740.05 1.1240.05 9.0740.94
GF-aerogel 2.4340.45 4.7040.67 45.33#4.71
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Figure 5-20 Compressive modulus of PET blanket, PET-aerogel composite, GF mat, and GF-aerogel
composite

Figure 5-21 (a) - (d) show the photos of neat PET blanket, PET-aerogel composite, GF mat,
and GF-aerogel composite during 3-point bending test. The average flexural strength is
summarised in Figure 5-22. It is evident that fibre reinforced aerogel composite shows
excellent flexural performance than that of the specimen without aerogel, especially for glass
fibre reinforced aerogel composite. Nearly three-fold improvement in flexural strength is
achieved at 25% strain compared to the neat GF mat. This is well indicated in the stress-strain

curve shown in Figure 5-23. The strain from 0% to 10% in Figure 5-23 indicates a linear stage
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where the slope of the curve remains unchanged. This is used to calculate Young’s modulus
of the sample. The strain from 10% to 25% shows a non-linear stage with a declining slope,
meaning that the resistance to deformation tends to decrease. This is due to the layers split of
the composites as the top side surface is in compression where the bottom side surface is in

tension.

Figure 5-21 Photos of (a) PET blanket, (b) PET-aerogel composite, (c) GF mat, (d) GF-aerogel
composite during 3-point bending test
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Figure 5-22 Flexural strength of PET blanket, PET-aerogel composite, glass fibre mat, and GF-
aerogel composite at 10% and 25% strain
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Figure 5-23 The flexural stress-strain curves of GF mat, GF-aerogel, PET blanket, and PET-aerogel
composite

The calculated flexural modulus of PET blanket, PET-aerogel, GF mat, and GF-aerogel is
summarised in Figure 5-24. It can be seen clearly that the introduction of aerogel presents an
increase in the flexural modulus, especially for the GF-aerogel composite. A two-fold

improvement in modulus (606 kPa) is achieved compared to the neat glass fibre mat (253 kPa),
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whereas the increase of modulus of PET-aerogel is 38% compared to the neat PET blanket.
This shows that the involvement of aerogel in the fibre matrix enhances the resistance to

flexural deformation at a given pressure load.
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Figure 5-24 Flexural modulus of PET blanket, PET-aerogel composite, GF mat, and GF-aerogel
composite

5.4. Conclusion

In this chapter, PET and glass fibre mats were embedded in silica sol to form fibre reinforced
aerogel composites. The fabrication process, including ageing temperature and drying process,
was optimised to improve the physical, thermal and mechanical properties of the aerogel
composite. The prepared aerogel composite was then vacuum sealed to prevent dustiness

during handling, and its influence on thermal conductivity was investigated.

The GF-aerogel composites obtained from the optimised process showed excellent thermal
conductivity (18.4 mW/m.K at a pressure load of 13.8 kPa). It is worth mentioning that vacuum
sealing of the aerogel composites did not only prevent dustiness during handing but also
improves the thermal performance. The thermal conductivity could be further reduced to 13.8
mW/m.K by vacuum sealing the GF-aerogel composite. This finding suggests a more efficient
way of fabricating aerogel composite with maximum benefit (lowering the thermal
conductivity and preventing dustiness during handing). The influence of the pressure load on
the thermal conductivity of the GF-aerogel composites was also investigated. The result

showed that lower thermal conductivity was achieved with higher pressure, and there was no
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sign of level-off if the load pressure continued to increase. This might attribute to the
microstructure change under compression. The GF-aerogel composites also possessed
excellent thermal stability. The aerogel composites maintained almost 95% of their weight,
where only 5% of the weight was lost at 800<C. The compression and bending tests proved
that the aerogel composites could endure considerable compressive and flexural strain without
structural destruction. These outstanding characteristics indicate that GF-aerogel composites
have great potential in the thermal insulation field, especially for a moderate temperature

environment (i.e., less than 800°C).
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6. Eco-friendly geopolymer and aerogel composites

reinforced with recycled glass fibre

The fabrication and characterisation of geopolymer have been investigated in previous
chapters. The mechanical performance of the prepared geopolymer could be further improved.
Besides, an increasing amount of waste glass has been produced nowadays due to the
widespread use of glass in different applications [32]. The glass products are non-
biodegradable; thus, recycling and reusing glass are attractive, which could significantly
contribute to the prevention of environmental pollution [32]. Therefore, It is worth
investigating the involvement of recycled glass fibre in the geopolymer.

Waste glass, as a partial mineral precursor, has been investigated extensively in the fly ash-
based geopolymer system [32-34]. The mechanical property of geopolymer generally
improved with the addition of waste glass. However, the effect of waste glass on the thermal
property of geopolymer is not commonly mentioned. In addition, the chemical structure of

fibre dissolved in alkaline solution via FT-IR have not been studied comprehensively.

In this section, recycled glass fibre (rGF) is introduced into the geopolymer. The rGF is
partially or fully dissolved in sodium hydroxide solution to form the alkaline activator. The
effect of rGF content on the mechanical and thermal properties of geopolymer is examined. In
addition, the chemical environments of molecular bonds of the fibre dissolution in alkaline

solution via FT-IR are investigated.
6.1. Geopolymer with recycled glass fibres

6.1.1. Experimental

In this section, the materials used to synthesise geopolymer with rGF are listed. The
preparation process and the characterisation method are described.

6.1.1.1. Materials

The glass fibres were recycled in-house according to the procedure described in section 6.1.1.2.
The original fibres were E-glass fibres supplied by Hexcel Reinforcements UK Ltd. Coal fly
ash (Fineness category N - <40% retained on the 45 um sieve according to BS EN450) was

provided by Cemex (a member of the UK Quality Ash Association). Sodium silicate solution
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(Si02: Na20 = 3.345) and NaOH pellet purchased from VWR are used as an alkaline activator
(AA). NaOH pellets were premixed with deionized water to obtain a 10M sodium hydroxide
solution. Calcium stearate and hydrogen peroxide (H202, 30 wt%) was supplied by VWR.

6.1.1.2. Sample preparation

The fibre recycling process is shown in Figure 6-1. The glass fibre reinforced epoxy
composites (GF-EP) were prepared in-house, as described in Pender [258]. The composites
were first granulated using Zerma Granulator by Summit Systems Ltd, with a screen size of 5
mm. The granulated composites were then heat-treated in a furnace at 570 <C. The obtained
glass fibres had an average fibre length of 2 mm based on fibre length distribution analysis
[258].

Recycled glass fibres GF-EP granules in furnace

Figure 6-1 Fibre recycling process

Figure 6-2 presents the fibre dissolution process. 0 to 25 g rGF with an increment of 5 g was
mixed with 100 ml 10M NaOH solution. The mixed solution was magnetically stirred at 95<C
for 24 hours at a speed of 600 rpm. The hot plate was set to 125<C to obtain a solution
temperature of 95<C, and this was measured using a K-type thermocouple. An insulation layer
(aluminium foil and PET blanket) was applied around the plastic container to minimise heat
loss. The solution was then filtered using filter paper, and the filtered paste was dried at 110°C
for 2 hours. The filtered solution and the solid from drying out the filtered (meaning what is
left on the filter paper) were characterised using FTIR analysis. The unfiltered mix solution

was used as the alkaline activator to synthesise geopolymer according to the procedure

146



described in section 3.1.2. All parameters were remained the same apart from the alkaline
activator, as described in Table 6-1.

Filtered solution

t_I!Iﬁ s

NaOH solution

Stirring at 95°C After stirring Filtering

Recycled glass fibres Solid from drying out the filtered

Figure 6-2 rGF dissolution process

Table 6-1 The description of various alkaline activator

Sample ID Sample description (Alkaline activator)
SS + NaOH Mixture of commercial sodium silicate and 10M NaOH solution

5¢ of rGF dissolve in 100ml 10M NaOH solution and mix with
SS + 5¢ rGF ) ) N )

commercial sodium silicate solution

10g of rGF dissolve in 100ml 10M NaOH solution and mix with
SS +10g rGF ) ) N ]

commercial sodium silicate solution

15¢g of rGF dissolve in 100ml 10M NaOH solution and mix with
SS + 159 rGF ) ) . ]

commercial sodium silicate solution

20g of rGF dissolve in 100ml 10M NaOH solution and mix with
SS +20g rGF ) ) . ]

commercial sodium silicate solution

25¢g of rGF dissolve in 100ml 10M NaOH solution and mix with
SS + 259 rGF

commercial sodium silicate solution

6.1.1.3. Sample characterisation
6.1.1.3.1. Density and porosity

The oven-dry density and porosity of geopolymer were characterised according to the

procedure described in section 3.1.3.1.
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6.1.1.3.2. SEM imaging

The pore morphology of geopolymer was characterised according to the procedure described

in section 3.1.3.2.
6.1.1.3.3. Thermal conductivity

The thermal conductivity measurement was conducted according to the procedure described

in section 3.1.3.3.
6.1.1.3.4. Compression test

The compressive strength measurement was conducted according to the procedure described
in section 3.1.3.4.

6.1.1.3.5. FTIR analysis

The FTIR analysis of the filtered solution and the solid from drying out the filtered was
conducted according to the procedure described in section 3.1.3.7.

6.1.2. Results and discussion

In this section, the effect of rGF content on the mechanical and thermal properties of
geopolymer is examined. In addition, the chemical bonding state of the fibre dissolution in

alkaline solution via FT-IR is investigated.

6.1.2.1. Morphology and physical properties

Figure 6-3 shows the dry density and porosity of geopolymer alkaline activated by sodium
silicate with various rGF content. It can be seen that the dry density of geopolymer increases
with the increasing amount of rGFs in the alkaline activators up to 15 g rGF. This is mainly
due to the unreacted solid particles presented during the fibre dissolution process. A higher
amount of rGFs leads to higher unreacted/undissolved residual fibres, as shown in Figure 6-4.
In addition, as the rGFs content increases to 15 g, the reaction mechanism may reach a
saturation state, meaning that there is a considerable amount of rGFs undissolved. This is well
presented in the SEM image shown in Figure 6-5. As the rGFs content increases further to 20
g, a significant amount of fibre clusters is generated due to the presence of excessive fibres
and inefficient stirring, as shown in Figure 6-4. This is also well presented in the SEM image
shown in Figure 6-6. However, there is no noticeable effect on the porosity with the addition

of rGF content.
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Figure 6-3 Dry density and porosity of geopolymer alkaline activated by SS with various rGF content
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Figure 6-5 SEM image of geopolymer alkaline activated by SS+15¢g rGF showing undissolved fibre
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Figure 6-6 SEM image of geopolymer alkaline activated by SS+20g rGF showing fibre clusters

The SEM images of geopolymer activated by SS+NaOH, SS+5¢g rGF, SS+10g rGF, SS+15g
rGF, SS+20g rGF and SS+25g rGF are shown in Figure 6-7 (a) - (f), respectively. The main
reaction product in the alkaline activation of fly ash is an amorphous polymer, an
aluminosilicate hydrate (N-A-S-H gel) whose chemical composition and microstructure vary
depending on the nature of the activator used [254]. At the macroscopic level, the pore size
appears to reduce with fewer connection holes as the amount of rGFs increases, as shown in
Figure 6-8.

Figure 6-7 SEM images of geopolymer activated by (a) SS+NaOH, (b) SS+5¢ rGF, (c) SS+10g rGF,
(d) SS+15¢ rGF, (d) SS+20g rGF, and (f) SS+25¢g rGF, respectively
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Figure 6-8 Average pore dimensions of geopolymer alkaline activated by SS with various rGF content

6.1.2.2. Thermal conductivity

Figure 6-9 shows the thermal conductivity of geopolymer alkaline activated by SS with
various rGF content. In general, there is no significant influence on thermal conductivity with
the addition of rGF, despite the fact that the thermal conductivity of geopolymer activated by
20 g rGF content increases to 65 mW/m.K. This is suggested as an outlier. The thermal
conductivity-porosity relationship shown in Figure 6-10 also supports this suggestion. The
heat transfer in porous building materials such as geopolymer, the porosity, conductivity of
the solid matrix (particle), and the type of the fluid in the pores (water or air) are the main
factors influencing the effective thermal conductivity [277]; although the pore size seems to
reduce with fewer connection holes as the amount of rGFs increases. The porosity remains
almost unchanged regardless of the rGF content, as it was well proved that the amount of H,0,
significantly influenced the porosity of geopolymer. The addition of rGF, thus the density, has

no noticeable impact on the thermal conductivity of geopolymer when ignoring the outlier.
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Figure 6-10 Calculated porosity and thermal conductivity relationship of geopolymer with rGF

6.1.2.3. Compressive property

The compressive strength of geopolymer alkaline activated by SS with various rGF content is
shown in Figure 6-11. A linear increase in compressive strength is observed as the number of

rGFs dissolved in NaOH solution increases up to 15g rGF. The compressive strength increased
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from 92 to 165 kPa, with a 79% improvement. As the amount of rGFs increases, the content
of Si in the system rises, so as the SiO,/NaO ratio. The variation in the SiO2/Na,O ratio may
lead to a change in the degree of polymerisation. It has been shown in other work that the
higher the ratio, the greater the connectivity among silicon atoms. Thus, the degree of
polymerisation increases [254]. Therefore, the compressive strength of geopolymer is
improved with the addition of rGF. However, As the addition of rGF increases further to 20 g,
the compressive strength of geopolymer starts to reduce. As mentioned earlier, only a portion
(32.29 g) of the prepared NaOH+ 20 g rGFs solution (150.39 g) was used to fabricate three
specimens (50 x50 x50 mm), meaning that some of the precipitated fibre clusters may not be
used to fabricate the sample. The actual fibre dissolves in NaOH solution may be less than the
specimen made with less rGFs, so as the SiO,/Na,O ratio. Thus, the connectivity among silicon
atoms is also reduced, leading to a lower degree of polymerisation. As a result, the compressive

strength drops to 128 kPa when the rGF content increases to 25 g.
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Figure 6-11 Compressive strength of geopolymer alkaline activated by SS with various rGF content

Figure 6-12 shows the compressive strain at failure of geopolymers alkaline activated by SS
with various rGF content. The stress-strain behaviour of geopolymer with various rGF content
is plotted in Figure 6-13. The geopolymer without rGF shows a failure strain of 0.0021 at the
maximum load (92 kPa), and the addition of rGF generally has a lower failure strain than the

geopolymer without rGF. However, the stress-strain curve shown in Figure 6-13 shows that
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the geopolymer with any rGF content presents a higher peak than the one without rGF. This
indicates that the involvement of rGF is beneficial for increasing the compressive strength.

Figure 6-12 also shows Young’s modulus of geopolymers alkaline activated by SS with
various rGF content. The effect of rGF content on Young’s modulus presents a similar pattern
as the compressive strength of geopolymer, as shown in Figure 6-11. When the rGF content
increases from 5 to 15 g, Young’s modulus increases from 12.2 to 22.6 MPa. As the rGF
content increases further to 25 g, Young’s modulus tends to decrease. The increase of Young’s
modulus at 15 g rGF shows that the resistance to deformation at a given pressure load is
increased.
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Figure 6-12 Compressive strain at failure and compressive modulus of geopolymer alkaline activated
by SS with various rGF content
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Figure 6-13 An example of the stress-strain curve of geopolymer alkaline activated by SS with various
rGF content

The porosity-compressive strength relationship of the geopolymer with rGF is shown in Figure
6-14. In general, the compressive strength decreases with increasing porosity. A small change
in porosity (from 81% to 83%) could have a noticeable reduction in the compressive strength
(165 kPa to 92 kPa).
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Figure 6-14 Dry density and compressive strength relationship of geopolymer
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6.1.2.4. FTIR analysis

Figure 6-15 shows the FTIR spectra of DI H20, 10M NaOH solution, commercial sodium
silicate solution, and the filtered solution prepared in this work. The peaks at about 650 cm™,
1600 cm™ and 3300 cm™ are assigned to the hydroxyl groups of adsorbed and bound water
[314]. The Si-O-Na absorption stretch is indicated at about 1000 cm™. No apparent difference
in the spectra of NaOH solution and filtered solution can be observed, apart from the
wavelength in the range of 800 cm™to 1000 cm™. This range is critical in determining the
chemical structure of the solutions. In order to study the detailed chemical structure of the
prepared samples, the commercial sodium silicate solution and prepared filtered and unfiltered
solution was dried at 150 °C for one hour to obtain dry solids and crushed to powder, as shown

in Figure 6-16.

——DI H20 1600 1000 | 650

——NaOH solution (10M)
——Sodium silicate solution (commercial)
—Filtered solution

3300

Absorbance (Arbitrary Units)

4500 4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm?)

Figure 6-15 FTIR spectra of DI H,O, 10M NaOH solution, commercial sodium silicate solution, and
the filtered solution prepared in this work
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Figure 6-16 Photos of sodium silicate solution, filtered solution and unfiltered solution before drying
(@) — (c), solids after drying (d) — (f), and crushed powder (g) — (i)

Figure 6-17 shows the FTIR spectra of the solid from drying out the filtered (meaning what is
left on the filter paper), solid from drying out sodium silicate, solid from drying out the
unfiltered solution, and solid from drying out filtered solution. The peaks at 1423 cm™ and
around 2900 cm™ is attributed to sodium carbonate [315]. The bicarbonate salt structure
observed in this peak range could be formed between APS (silane) on glass fibres and carbon
dioxide. However, APS should have been oxidized from the fibre after heat treating at 570 <C.
It is most likely that these absorbances appear due to organic contaminants (carbon dioxide)
on the glass from handling or the atmosphere. Moreover, Sairah [316] demonstrated that the
intensity of the peak at around 2900 cm™ decreased sharply due to the oxidisation of APS after
heat treating the fibres. This peak appeared again in the NaOH treated fibres more prominently
than in as received fibres. It was suggested that it might be due to the interaction between

organic contaminants and alkali to form a carboxylic species [316].

157



2900 1423 964, , 830
——Solid from drying out filtered solution
Solid from drying out unfiltered solution
——Solid from drying out sodium silicate
—Solid from drying out the filtered
—.—.A—L—/__\ e

-

Absorbance (Arbitrary Units)

|
i

T T — T _—— | E— T T
4500 4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm-t)

Figure 6-17 FTIR spectra of solid from drying out the filtered (meaning what is left on the filter
paper), solid from drying out sodium silicate, solid from drying out the unfiltered solution, and solid
from drying out filtered solution. All solutions were dried in an oven at 150°C for 1 hour

The Si-O-Na absorption stretch is indicated at 964 cm™ [317], where this peak is observed at
1000 cm™ for the commercial sodium silicate solution. The intensity of this peak is much
weaker in the filtered and unfiltered solution than in the filtered dry solid. This suggests that
the Si-O-Na is hardly dissolvable in an aqueous solution, and it could be due to part of sodium
ions being wrapped in the crystal interior [314]. The addition of alkali cations in silicates
destroys the silicate polymerised network. As a result, the Na observed in IR spectra shifts to
a lower wavenumber of the main peaks associated with Si-O-Si bonds stretching and bending
[315]. The inclusion of alkali metal cations breaks down the Si-O-Si bonds to form Si-O-M
(where M is the alkali metal cations), and Si connects with non-bridging oxygen (NBO) [315].
The research suggested that a higher concentration of NBO groups could be observed with the
addition of alkali concentration in the silica network [315]. This improves the dissolution of

silica and its availability to form Si-rich structures [315].

The peak observed at about 3500 cm™ in the solid from drying out the filtered and unfiltered
solution is suggested as unreacted NaOH [315]. New Si-O-Si stretching bands appear at about
710 cmand 880 cm™, which are attributed to the aggregation of tetrahedral and hence formed

Si-O-Si [314]. It is worth mentioning that the strong peaks presented at wavenumber position
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964 to 878 cm™ may suggest as anhydrous sodium metasilicate, which is composed of a chain

of Si-O tetrahedra, each sharing two oxygens with adjacent Si-O groups [315].

The qualitative analysis of the dry solid is well implemented via FTIR. It can be concluded
that the chemical structure of the obtained dry solid shows a disordered sodium silicate
structure with a considerable amount of reactive NBO groups. It is concentrated on the solid

surface, allowing a faster dissolution and availability for the reaction of Si [315].

6.1.3. Conclusion

The feasibility of introducing recycled glass fibre (rGF) into the geopolymer system was
investigated. The rGFs were dissolved in sodium hydroxide solution to form the alkaline
activator. The effect of rGF content on the physical properties, thermal and mechanical
performance was discussed. In addition, the chemical structure of the fibre dissolution in

alkaline solution via FT-IR was investigated.

The addition of rGF showed that the dry density of geopolymer increased (227 kg/m?® to 246
kg/m®) with the increasing amount of rGFs in the alkaline activators up to 15 g. The density
then started to drop, whereas the porosity remained almost unchanged regardless of the rGF
content (between 81% and 83%). Besides, the addition of rGF had no noticeable impact on the
thermal conductivity of geopolymer (51.1 to 54.6 mW/m.K) when ignored the outlier since
the porosity tends to dictate the thermal behaviour of porous material. Furthermore, the FTIR
analysis showed that the chemical structure of the obtained dry solid had a disordered sodium
silicate structure. Finally, a linear increase in compressive strength was observed as the
number of rGFs dissolved in NaOH solution increased up to 15g rGFs. The compressive
strength increased from 92 to 165 kPa, with a 79% improvement. However, further increase

of rGF content led to a reduction of the compressive strength.

The involvement of rGF in geopolymer significantly increase the strength without diminishing
the thermal performance. In addition, a considerable amount of recycled glass fibre is being
reused. This paves a promising way to maximise environmental benefits and shows great

potential in the thermal insulation field.

6.2. Aerogel with recycled glass fibres

The fabrication and characterisation of aerogel composites have been investigated in previous
chapters. The fibre reinforced aerogel composite could be more economical and

environmentally friendly. Today, an increasing amount of waste glass has been produced due
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to the widespread use of glass in different applications [32]. The glass products are non-
biodegradable; thus, recycling and reusing glass are attractive, which could significantly
contribute to the prevention of environmental pollution [32]. Therefore, It is worth

investigating the involvement of recycled glass fibre in aerogel composites.

The fabrication of short recycled glass fibre (rGF) mats and incorporating the prepared rGF
mat with aerogel are scarcely reported. Needle-punching, as a more eco-friendly and lower
energy consumption process, has been widely used to fabricate fibre mats compared to
chemical bonding and thermal bonding [35]. However, it may be challenging to process short
and low strength rGFs, as the fibres need to be long enough to sustain the repositioning force.
Sizing, as a chemical bond technique, shows great potential in manufacturing rGF mat due to
its ability to enhance the chemical bonding between glass fibre. Therefore, the feasibility of
fabricating the rGF mats and incorporating the prepared rGF mat with aerogel is investigated.

In this chapter, recycled glass fibre (rGF) is introduced into aerogel composites. The rGF is
used to fabricate the glass fibre mat via wet deposition and chemical bonding process to
support the aerogel network. The mechanical and thermal performance of the rGF-aerogel
composites is characterised and compared with the aerogel composite reinforced with a

commercial glass fibre blanket (prepared in the previous chapter).

6.2.1. Experimental

In this section, the materials used to synthesise fibre mat and aerogel composites are listed.

The preparation process and the characterisation method are described.

6.2.1.1. Materials

The chopped glass fibres (cGF, PPG 8069) were supplied by the PPG Fibreglass Company.
The fibres were received non-dried with a sizing that is optimised for dispersion in aqueous
media. The nominal fibre diameter is 10 um, and the nominal fibre length is 9 mm. The density
of the fibre is 2.55 g/cm?®.

The polypropylene fibres (Armafloc DA3/6) were supplied by Goonvean Fibres Ltd. The
polypropylene fibres are chopped with a nominal length of 6 mm, and the density of the fibre
is 0.91 g/cm?®,

The rGFs were recycled in-house, as described in Pender [245]. An end-of-life offshore wind

turbine blade was cut into regular pieces using a water jet cutter before being thermally
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recovered. The average fibre length after recycling is 6.8 mm, and the density of the fibre is
2.65 #0.1 g/cm®,

(3-Aminopropyl)triethoxysilane (APS) was used as the coupling agent to bind glass fibres,
and it was supplied by Sigma-Aldrich UK. It was diluted with deionized water with a 1:99
mass ratio. The precursor used to synthesise aerogel was sodium silicate (34.6 wt%, VWR UK,
Na,O: SiO, = 3.43). Other agents, including hydrochloric acid (HCI, 37%), ammonia solution
(NH4OH, 28%), ethanol (EtOH), n-Hexane (95%) and Chlorotrimethylsilane (TMCS), were
purchased from VWR UK.

6.2.1.2. Sample preparation

Figure 6-18 shows the fabrication process of a GF/PP mat. A pre-determined amount of GF/PP
was first mixed via the wet deposition method. The GF or GF/PP fibres were stirred in water
suspension at 1200 RPM for 10 minutes before draining the water. The obtained wet mats
were dried in an oven with a set temperature of 110°C for 4 hours. For the samples with pure
rGFs, an additional heating process (570<C) was carried out to remove surface residuals
(mainly carbon after the recycling process). The coupling agent (APS) was then sprayed using
a spray container on both sides of the mat and redried at 110°C for 20 minutes to obtain the

fibre mat.

Fibres after wet deposition

v
o P

|

Final dried fibre mat APS Spraying

Figure 6-18 Fabrication process of GF/PP mat

The obtained fibre mats are shown in Figure 6-19, and they were then used as the fibre matrix
to synthesise fibre reinforced silica aerogel composites following the procedure described in

section 5.1.2.
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Figure 6-19 Fibre mat (5 <5 cm) made with mass ratios of cGF: PP (a) 3:7, (b) 5:5, (c) 7:3, (d) neat
cGF and (e) neat rGF, respectively

6.2.1.3. Sample characterisation
6.2.1.3.1. Density and porosity

The bulk density of the aerogel composites was calculated using the measured volume of the

samples and their mass by an electronic balance with an accuracy of 0.01 g.

The porosity of the aerogel composites was calculated as follow:

L

Pa Py Pg

Porosity=—7— x100% (Equation 6-1)

Pa

L1L
s

where p, is the bulk density of aerogel composites, ps is the skeleton density of the silica
aerogel, generally p, = 2.2 g/cm® [298], and pg is the density of fibre. The density of mixed

fibre is calculated based on the proportion of the fibres.

6.2.1.3.2. SEM imaging

The morphology of aerogel composites was investigated according to the procedure described
in section 5.1.3.2.

6.2.1.3.3. Gas adsorption

Gas adsorption measurement was conducted according to the procedure described in section
5.1.3.3.
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6.2.1.3.4. Hydrophobicity
The hydrophobicity test was conducted according to the procedure described in section 5.1.3.4.
6.2.1.3.5. FT-IR analysis

The chemical environments of molecular bonds of the aerogel composites were determined
via Fourier transform infrared analysis, and it was conducted according to the procedure

described in section 5.1.3.5.
6.2.1.3.6. Thermal gravimetric analysis

The Thermal stability test was conducted according to the procedure described in section
5.1.3.6.

6.2.1.3.7. Thermal conductivity

The XIATECH TC3000E was used to measure the thermal conductivity of the aerogel
composites, according to ASTM 1113-2019. It is a transient hot-wire method based on the
non-steady-state principle. The measuring accuracy is =+ 3%. The hot wire sensor was
sandwiched by two layers of samples with a sample size of 5 cm x5 cm. A Pyrex glass was
put on the samples to ensure a uniformly distributed load was applied. A cylindrical weight
(5009) was put on the pyrex glass to ensure the sensor was well contacted with both sample
surfaces, as shown in Figure 6-20. The pressure load was calculated to be 2.7 kPa. Before
testing, the device was calibrated by a standard PMMA glass.

Figure 6-20 XIATECH TC3000E thermal conductivity meter
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6.2.1.3.8. Compression test

The compression tests were conducted according to the procedure described in section 5.1.3.8.

6.2.2. Results and discussion

In this section, the effect of the cGF/PP ratio on the physical properties, thermal and
mechanical performance was first investigated. The mechanical and thermal performance of
the rGF-aerogel composites is then characterised and compared with the aerogel composite

reinforced with a commercial glass fibre blanket (prepared in the previous chapter).

6.2.2.1. Morphology and physical properties

Figure 6-21 shows the effect of the cGF/PP ratio on bulk density and porosity of the aerogel
composites. In general, the bulk density shows an increasing trend as the number of cGF
increases. This is because cGF has a much higher density (2.55 g/cm?®) than PP (0.91 g/cm®).
However, a considerable error is presented due to the irregular shape of the samples resulting
in a measurement error of the sample dimensions. This leads to a considerable error for
calculating the density shown in Figure 6-21. It is also indicated that the effect of the cGF/PP
ratio has no obvious impact on the porosity of the composite, and the porosity for all samples
is greater than 87%. The sample with the lowest density (GF/PP ratio of 3:7) does not correlate
with the highest porosity, and this may be because the porosity is calculated based on the
density of the composites, density of glass fibre and PP fibre as indicated in Equation 6-1.

Thus, measurement errors could build-up, leading to an error in calculating the porosity.
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Figure 6-21 Effect of cGF/PP ratio on the density and porosity of aerogel composites

Table 6-2 summarises the physical properties of GF-aerogel made with the commercial needle-
punched blanket (as described in chapter 5), in-house cGF mat, and in-house rGF mat. It can
be seen that the GF-aerogel made with the commercial needle-punched blanket has the largest
density and lowest porosity among those three composites. It is well known that the BET only
characterises pores smaller than 100 nm. However, much of the porosity in aerogel blanket,
unlike in aerogel itself, is attributed to large pores. Thus, the BET results cannot characterise
full pores in the aerogel blanket. The BET surface area per unit mass of all aerogel blankets is
much lower than the neat aerogel, as the mass of the aerogel blanket consists of fibre mass and
aerogel mass. The cGF-aerogel composite has the lowest density, whereas the BET surface
area and pore volume are significantly lower than the others. This may be because the
connection between aerogel and fibres is low (as seen in the SEM images below), limiting the
reduction of gel shrinkage during the drying process. The aerogel particles could easily fall off
during handling. Thus, less mass percentage of aerogel could be presented within the samples,
leading to a significant low BET surface area and pore volume per unit mass. The rGF-aerogel
composite possesses excellent physical properties. The BET surface area and pore volume are
almost doubled compared to the GF-aerogel made with the commercial blanket while a lower
density is maintained. It is worth mentioning that the APS sprayed on the in-house rGF mat
does not cause the same problem as commercial sizing did (in-house cGF mat). This may be
because a much diluted APS solution was used (1 %wt) and the amount of APS applied on the

mat is low (not throughout all fibres).
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Table 6-2 Physical properties of the aerogel, GF-aerogel (with a commercial needle-punched blanket),
cGF-aerogel (with in-house cGF mat), and rGF-aerogel (with in-house rGF mat) composites

Sample Density Porosity =~ BET surface  Pore volume  Pore size
(g/cm?) (%) area (m?g)  (cm’g™) (nm)
Aerogel 0.18440.018 91.6 726 2.78 12.1
GF-aerogel with
] 0.17040.018 85.6 184 0.75 12.2
commercial blanket
cGF-aerogel with
) 0.12140.007 89.2+1.4 65 0.32 15.9
in-house cGF mat
rGF-aerogel with
0.13440.008 89.6+1.4 311 1.22 12.3

in-house rGF mat

Figure 6-22 and Figure 6-23 show the morphology and SEM images of synthesised aerogel
composites reinforced with mat mass ratios of cGF: PP at (a) 3:7, (b) 5:5, (¢) 7:3, (d) neat cGF
and (e) neat rGF, respectively. It can be seen from Figure 6-23 (a) to (c) that an increasing
proportion of glass fibre (smaller diameter) is well captured in the SEM images. In addition,
the comparison between Figure 6-23 (d) and (e) seems to indicate that the aerogel composite
reinforced with rGF exhibits better connectivity between aerogel and fibre compared to the
one with cGF. This is also well observed during the impregnating process, as shown in Figure
6-24. In Figure 6-24, the rGF mat is well impregnated in the sol, whereas the cGF mat is
appeared as ‘white colour (colour of the fibre)’ and float on the sol surface. This means that
the sol is not easy to ‘coat’ on cGF fibres, although the sol can still flow into the voids within
the mat. Nevertheless, a considerable amount of aerogel is presented in the voids between

fibres for all samples.
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Figure 6-22 Morphology of synthesised aerogel composites reinforced with mat mass ratios of cGF:
PP (a) 3:7, (b) 5:5, (c) 7:3, (d) neat cGF and (e) neat rGF, respectively

300um

Figure 6-23 Microsturcture of synthesised aerogel composites reinforced with mat mass ratios of cGF:
PP (a) 3:7, (b) 5:5, (c) 7:3, (d) neat cGF and (e) neat rGF, respectively
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Figure 6-24 Photo of neat rGF and neat cGF mat impregnate in silica sol

The pore size distribution (PSD) of the cGF-aerogel and rGF-aerogel composites are shown
in Figure 6-25 (a). It can be seen that the cGF-aerogel and rGF-aerogel composites have finer
pore size distribution, with a mean pore diameter of 15.9 nm and 12.3 nm, respectively. The
higher the peak, the higher the pore volume of the average pore diameter. Figure 6-25 (b)
shows the N adsorption-desorption isotherm of the cGF-aerogel and rGF-aerogel composites.
They present a type 1V(a) isotherm with a H3 hysteresis loop at P/Po > 0.6 [300], revealing the
mesoporous characteristics of the aerogel. The sharp increase of isotherms in the high relative
pressure region (P/Po = 0.95-1.0) is due to the liquid condensation suggesting the presence of
macropore [191]. The fibre-reinforced aerogel composites retain the aerogel nature in terms
of the microstructure. The pore sizes are much smaller than the mean free path of air (70 nm)
in the atmosphere, which significantly reduces the heat transfer via the gaseous phase. Thus,

the thermal insulation performance can be improved [191].
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Figure 6-25 (a) Pore size distribution (PSD) and (b) N, adsorption-desorption isotherms of rGF-
aerogel and cGF-aerogel composites

6.2.2.2. Hydrophobicity and FTIR analysis

Figure 6-26 (a) - (e) and Figure 6-27 (a) - (e) show the photo and microscopic images of a
water droplet on the treated surface of aerogel composites reinforced with mat mass ratios of
cGF: PP at (a) 3:7, (b) 5:5, (c) 7:3, (d) neat cGF and (e) neat rGF, respectively. The average
contact angle is presented in Figure 6-28. It can be seen that the average contact angle is
between 128<to 147< This excellent water-repellent property is stemmed from the treatment

of the specimens with TMCS, where the stable methyl groups are responsible for the excellent

-
!

hydrophobicity of the silica components [20].

(b)

Figure 6-26 The photos of a water droplet on the treated surface of aerogel composites reinforced with
mat mass ratios of cGF: PP at (a) 3:7, (b) 5:5, (c) 7:3, (d) neat cGF and (e) neat rGF, respectively
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Figure 6-27 The microscopic images of water contact angle measurement of aerogel composites
reinforced with mat mass ratios of cGF: PP at (a) 3:7, (b) 5:5, (c) 7:3, (d) neat cGF and (e) neat rGF,
respectively
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Figure 6-28 Average contact angle of aerogel composites reinforced with mat mass ratios of cGF: PP
at (a) 3:7, (b) 5:5, (c) 7:3, (d) neat cGF and (e) neat rGF, respectively

The hydrophobicity of aerogel is attributed to the attachment of -Si(CHs)s group to the gel
surface, which can also be confirmed by the FTIR analysis. Figure 6-29 shows the FT-IR
spectrum of fibre mat with different GF/PP mass ratios. It can be seen that apart from the Si-
O-Si (absorption peak at about 755 cm™ and 1050 cm™), all aerogel composites show strong

absorption peaks at about 850 cm™, 1260 cm™ and 2980 cm™, corresponding to Si-CHs groups
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and -CHjs groups [26, 191]. The presence of these absorption peaks confirms the attachment
of -Si-CHjs groups from the TMCS to the aerogel composite surface, indicating that the surface
modification process was successful. Moreover, the bonds at ~3450 and ~1650 representing -

OH groups disappear after surface modification.

—neat rGF —neat cGF —7:3 (cGF:PP)
5:5 (cGF:PP) —3:7 (cGF:PP)
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Figure 6-29 FTIR spectrum of aerogel composites reinforced with various fibre mat mass ratios
(GFIPP)

6.2.2.3. Thermal properties

The example of the TG curve of synthesised aerogel composites reinforced with various fibre
mat mass ratios (GF/PP) is shown in Figure 6-30. It is evident that a higher percentage of cGF
leads to better thermal stability. For the composites reinforced with fibre mat mass ratios of
3:7, 5:5 and 7:3, they remain thermally stable up to 210<C due to the thermal degradation of
PP fibres. For the composite reinforced with neat cGF and neat rGF, a decrease in the gravity
curve is presented at a temperature of approximately 400°C due to the oxidisation of the -CHs
group [26]. The aerogel composite reinforced with both in-house cGF and rGF mat maintained
over 93% of its weight, where only up to 7% of the weight is lost at 800<C. It is worth
mentioning that the composite made with rGF has slightly better stability than the one made
with neat cGF. Nevertheless, the aerogel composites reinforced with neat glass fibre achieve

excellent thermal stability at a high temperature.
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The mass percentage of the aerogel was calculated by subtracting the mass of the fibre mat
from the aerogel composite, and the mass percentage of PP and glass fibres were calculated
based on the mass ratio in the fibre mat. This is based on the assumption that the mass of water
is neglible due to hydrophobic aerogel used. Figure 6-31 displays the mass percentage of
aerogel, GF, and PP fibre within the aerogel composites. Since PP is thermally degraded
completely at 800 <C, the remaining weight percentage after thermal treatment shown in Figure
6-30 is in good agreement with the mass percentage of aerogel composites indicated in Figure
6-31.
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Figure 6-30 TGA curve of synthesised aerogel composites reinforced with various fibre mat mass
ratios (GF/PP)
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Figure 6-31 Mass percentage of aerogel, GF, and PP fibre within the aerogel composites

Figure 6-32 shows the effect of the cGF/PP mass ratio on the thermal conductivity of neat
GF/PP mat and aerogel composites. A linear relationship between the cGF/PP ratio and
thermal conductivity for cGF/PP mat is observed (blue data points). Glass fibres have a higher
conductivity compared to PP fibres, meaning that heat transfer via solid conduction increases
with increasing glass fibre amount. As a result, the thermal conductivity of the cGF/PP mat
increases from 33 mW/m.K to 39.4 mW/m.K. The effect of the cGF/PP mass ratio on the
thermal conductivity of aerogel composites shows an opposite trend. The thermal conductivity
of the aerogel composites is found to decrease with increasing glass fibre amount, as seen in
Figure 6-32. The thermal conductivity value reaches the lowest (25 mW/m.K) when aerogel
is reinforced with pure cGF. An improvement of 37% is gained compared to pure cGF. Heat
transfer in the porous composite material is a complex process, as it involves the combination
of solid conduction, gaseous conduction, and radiation. The change of the cGF/PP mass ratio
could influence all of these mechanisms. Therefore, it cannot simply describe these trends
from any heat transfer mechanism.
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Figure 6-32 Effect of cGF/PP mass ratio on the thermal conductivity of neat GF/PP mat and aerogel
composites

Figure 6-33 shows the thermal conductivity comparison of GF-aerogel reinforced with cGF
and rGF. It can be seen that the aerogel composite reinforced with rGF has a superior thermal
conductivity (23.8 mW/m.K) compared to the one reinforced with cGF (25.0 mW/m.K),
although the neat rGF mat has a slightly higher thermal conductivity compared to neat cGF
mat. As mentioned in section 6.2.2.1, aerogel composite reinforced with rGF exhibits excellent
connectivity between aerogel and fibre compared to cGF. This could minimise the direct
contact between fibres, leading to lower solid conduction. Besides, the mass percentage of
aerogel within the rGF-aerogel is more significant than the cGF-aerogel, as mentioned in
Figure 6-31. This may reduce the gaseous thermal conductivity as more voids are replaced by

aerogel. Thus, the thermal conductivity of rGF-aerogel is improved.
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Figure 6-33 The thermal conductivity comparison of GF-aerogel reinforced with cGF and rGF

6.2.2.4. Mechanical properties

Figure 6-34 shows the effect of the cGF/PP mass ratio on the compressive strength of aerogel
composites. A linear relationship between the cGF/PP ratio and compressive strength is
observed at both 10% and 25% strain. Glass fibres are much stiffer compared to PP fibres,
meaning that the ability of load resistance rises with increasing glass fibre amount. As a result,
the compressive strength of the composites increases from 0.649 kPa to 2.097 kPa at 25%
strain, and an improvement of 220% is achieved. The stress-strain curve of the aerogel
composites reinforced with various cGF content is shown in Figure 6-35. The stress-strain
curve of aerogel composites can be divided into four different stages: the contact stage, the
linear stage, the yielding stage, and the densification stage [191]. The strain in the range of 15%
to 25% shows the yielding and densification stage, where the stress increases significantly. At
the yield stage, fibres act as the main load capacity part, resulting in a rapid increase in stress.
Since the glass fibres are much stiffer than the PP fibres, the increase in the stress is greater
with increasing cGF content.
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Figure 6-34 Effect of the cGF/PP mass ratio on the compressive strength of aerogel composites
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Figure 6-35 The compressive stress-strain curves of aerogel composites reinforced with various fibre
mat mass ratios (GF/PP)

The compressive strength comparison and the stress-strain curve of cGF-aerogel, rGF-aerogel,
and GF-aerogel made with the commercial blanket (as described in chapter 5) are shown in
Figure 6-36 and Figure 6-37, respectively. It can be seen that the aerogel composites reinforced
with rGF exhibit greater compressive strength than the ones reinforced with cGF. The stress-

strain curve of GF-aerogel can be divided into four different stages: the contact stage, the linear
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stage, the yielding stage, and the densification stage [191]. At the contact stage, the strain
varied from 0% to 10% is caused by the uneven surface of the specimens. The strain in the
range of 20% to 25% represents the linear stage, where the slope of the curve remains
unchanged, and it is well distinguished in Figure 6-37 (red line against the blue line). The
nanopores of silica aerogel act as the main load capacity part, while the fibres are only
responsible for the structural integrity of the composite [313]. The strain after 25% shows the
yielding and densification stage, where the stress increases significantly. At the yield stage,
fibres act as the main load capacity part, resulting in a rapid increase in stress. The SEM images
in Figure 6-23 seem to indicate that the aerogel composite reinforced with rGF exhibits better
connectivity between aerogel and fibre compared to the one with cGF. This leads to a high
load resistance during compression. Thus, the mechanical performance of rGF-aerogel is
improved. As a result, the compressive strength of the rGF-aerogel increases from 2.1 kPa to
5.8 kPa, with 170% of improvement, even though the stiffness of neat rGFs reduced
significantly after the thermal recycling process [245, 246]. It is also worth mentioning that
the rGF-aerogel possesses higher compressive strength than the aerogel reinforced with the
commercial needle punched GF mat. The reason is unclear at this point, and further work is

required.

® 10%o strain
m 259%0 strain

Compressive strength (kPa)
N

cGF-aerogel rGF-aerogel  GF-aerogel (commercial blanket)

Figure 6-36 The compressive strength comparison of cGF-aerogel, rGF-aerogel, and GF-aerogel made
with the commercial blanket
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Figure 6-37 The compressive stress-strain curves of cGF-aerogel, rGF-aerogel, and GF-aerogel made
with the commercial blanket

The strain from 20% to 25% of aerogel composites shows preferable linearity corresponding
to the linear stage. Thus, Young’s modulus is calculated based on the strain of 20% and 25%
and the corresponding compressive stress. The calculated compressive modulus of rGF-
aerogel, cGF-aerogel and GF-aerogel made with commercial GF blanket is summarised in
Figure 6-38. It can be seen clearly that the rGF-aerogel shows a superior compressive modulus
than the cGF-aerogel, with a two-fold improvement. This shows that the rGF-aerogel has a
much higher resistance to compressive deformation at a given pressure load than the cGF-
aerogel. It is also worth mentioning that the rGF-aerogel possesses a higher compressive
modulus than the aerogel reinforced with the commercial needle punched GF mat. The reason

is unclear at this point, and further work is required.
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Figure 6-38 Compressive modulus of rGF-aerogel and GF-aerogel made with the commercial blanket
and cGF-aerogel

6.2.3. Conclusion

The feasibility of introducing recycled glass fibre (rGF) into the aerogel system was
investigated. Glass fibre mat was first fabricated via wet deposition and chemical bonding,
and it was then used to support the aerogel network. The mechanical and thermal performance
of the rGF-aerogel composites was characterised and compared with the aerogel composite

reinforced with a commercial glass fibre blanket (prepared in the previous chapter).

The effect of the cGF/PP ratio on the physical properties, thermal and mechanical performance
was first investigated. The results showed that bulk density possessed an increasing trend as
the number of cGF increased, whereas the porosity had no apparent difference. The obtained
samples showed an excellent water-repellent property with a maximum contact angle of 147<
due to the treatment with TMCS. The hydrophobicity of samples was also confirmed by the
FTIR analysis. Besides, a linear relationship between the cGF/PP ratio and thermal
conductivity for cGF/PP mat was observed, while the thermal conductivity of the aerogel
composites decreased with increasing cGF amount. The thermal conductivity value reached
the lowest (25 mW/m.K) when aerogel was reinforced with neat cGF. An improvement of
37% was gained compared to the cGF mat. The effect of the cGF/PP ratio on compressive
strength also showed a linear relationship at both 10% and 25% strain. The compressive
strength of the composites increased from 0.65 kPa to 2.10 kPa at 25% strain, and an

improvement of 220% was achieved. These findings provide valuable suggestions when two
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or more fibres are selected to fabricate fibre mat and reinforced aerogel composites to meet a

particular requirement (i.e., flexibility, heat resistance, or good insulation).

Recycled glass fibre mat was then successfully fabricated via wet deposition and chemical
bonding process. In this process, less amount of coupling agent was used by spraying it on the
fibre surface. This finding provides valuable suggestions for the preparation of recycled short

fibre mats.

The prepared rGF-aerogel had a low thermal conductivity (23.8 mW/m.K). Besides, the rGF-
aerogel possessed higher compressive strength (5.8 kPa at 25% strain) than the aerogel
reinforced with the commercial needle punched GF mat (4.7 kPa at 25% strain, prepared in
chapter 5). Although the thermal conductivity of the rGF-aerogel is slightly higher than the
aerogel reinforced with the commercial needle punched GF mat (18.3 mW/m.K), it still paves
a promising way to maximise environmental benefits and shows great potential in the thermal

insulation field.
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7. The potential application of aerogel composites in

thermal insulating packaging

It was experimentally demonstrated that the aerogel composites showed an excellent thermal
insulation performance in previous chapters. In the packaging industry, conventional
insulation materials may no longer satisfy the requirement of temperature control during
package delivery due to increasing market demand for long-haul transportation of fresh goods
(e.g. foods and medicine). Besides, Synthetic (plastic) materials have become a significant
problem to the environment nowadays as they can lead to contamination of a wide range of
natural terrestrial, freshwater and marine habitats [20]. Therefore, the feasibility of using
aerogel composites in packaging is worth investigating to improve the thermal insulation

performance of the packagings and reduce plastic pollution.

A number of researches have been focused on investigating the thermal performance of
packaging, including analytical models and experimental work. However, the use of aerogel
composites in this field is rarely reported. In addition, the factors influencing package
insulation performance have not been studied comprehensively. Furthermore, a simplified
analytical model accompanied by the ice melt test lead to significant uncertainty; therefore,

both the analytical model and experimental work could be improved.

In this chapter, the thermal insulation performance of a typical shipping container with
different insulation materials, including aerogel composites, is evaluated. An optimised
mathematical model is derived and used to analyse the effect of packaging parameters on
insulative performance. The novel aspect of this model is incorporating two mathematical
models described in the literature to improve the accuracy of the calculated results [36, 37].
Some crucial factors, such as surface emissivity and thermal conductivity of materials, were
measured experimentally instead of using literature value to improve the accuracy of the model.
A number of experiments are then set up to validate the optimised model comprehensively.
The effect of parameters, including surface emissivity, insulation thickness, insulation
materials, amount of coolants and surrounding temperatures, on package insulative

performance is investigated.

7.1. Analytical modelling

In order to investigate the feasibility of using aerogel composites in packaging, an analytical

model has been optimised based on the previously developed model to understand heat flow
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in the passively insulated package [318]. The analytical model is based on thermal energy
balance. This balance presents a synthesis of elementary thermal processes such as
accumulation of heat, heat transfer and conversion of heat into another form of energy [37].
The novel aspect of this model is incorporating two mathematical models described in the

literature to improve the accuracy of the calculated results [36, 37].
Starting with the basic energy balance Equation:
0,0, =AU (Equation 7-1)

where Qin is the energy transferred into the system via heat transfer in watts, Qo is the energy
transferred out of the system via heat transfer in Watts, and AU is the internal energy change

in the system, i.e. total heat flow across a packaging in watts.
Assuming that energy is only transferred into the system, Equation 7-1 can be written as:
0, =AU (Equation 7-2)

The basic balance Equation has the next form

% = AU = Q;, (Equation 7-3)

The heat change rate across the system can be written as:

dQ dr

il e (Equation 7-4)

In this packaging model, it is assumed that the mass of both product and coolant are

considered; therefore, Equation 7-4 is written as:

‘;_‘f = (my.C; +m,. CZ).% (Equation 7-5)

where m; is the mass of product in kg, C; is the specific heat capacity of product in J/kg.K,
m. is the mass of coolant in kg, C. is the specific heat capacity of coolant in J/kg.K, and % is

the temperature change per time unit in K/s.
Heat flow across a packaging can be written as both Equation 7-6 and 7-7 [36]:

Q. =HPR xAT (Equation 7-6)

_ AT

= (Equation 7-7)
Rq

Qin

where HPR is the heat penetration rate in W/K, AT is the temperature difference between
inside and outside of the system in K, and Rq is the total thermal resistance in K/W, resulting

from conduction, convection and radiation.
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Therefore, the relationship between heat penetration rate and total thermal resistance crossing
the system can be derived as (know as the thermal mass of packaging):

1 .
Ry = TR (Equation 7-8)

7.1.1. The thermal resistance of a multi-layered wall (RW)

Figure 7-1 demonstrates a one-dimensional diagram of a multi-layered wall. Air spaces
separate liners. The liner surface temperature at both sides is labelled as ‘T, and the liner's

thickness is marked as 'th" with the numerical subscript system shown [36].

Ly, lthay |ty |
Figure 7-1 Example of a multilayer wall, reproduced from [36]

The thermal resistance of the multi-layered wall (RW) can be calculated by applying the

concept of a thermal network [36]:
RW= 2?21%+ Z?thi (Equation 7-9)

where n is the number of layers, k; is the thermal conductivity of layer i in W/m.K, th; is the
thickness of layer i in meter, and h; is the overall convection and radiation heat transfer

coefficient of surface i in W/m?K.

Increasing RW raises the resistance to heat penetration and makes the wall a better insulator
[36]. A major question concerning heat transfer through air spaces in the multi-layered wall is
whether heat flows by conduction or convection [36]. It is stated that when the thickness of
the air space is smaller than 13 mm, most of the heat transfer in these air spaces is dominated

by conduction regardless of the material surface temperature. Equation 7-9 can be described
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as Equation 7-10 based on the earlier study [36]. However, in this project, it is assumed that
there is no significant air space between each layer (much less than 13 mm). Thus the thickness

of air space (thal, tha2 and tha3) is assumed to be zero.

5 0.217tha3;

RW= 3, Rith;+0.039thal +0.037tha2+ S°==L=CL  (Equation 7-10)

where N is the number of layers, R; is the R-value per millimetre for i th layer in m%K/W.mm,
th; is the thickness of layer i in mm, thal is the total thickness of those air spaces where both
bounding surfaces are covered with aluminium foil in mm, tha2 is the total thickness of those
air spaces where only one bounding surface is covered with aluminium foil in mm, N is the
number of the air spaces without foil on either bounding surface, and tha3; is the thickness of

i th non-foiled air space in mm.

The RW for multi-layered walls can be calculated via Equation 7-10. An example of the multi-
layered wall system is shown in Figure 7-2. For this wall construction, there are two layers

with one air space.

Aluminum foil

4

Heat flow direction
f—

Alr space

Inside surface
EPS panel
Outside surface

Product/coolant

Figure 7-2 An example of the multi-layered wall system

7.1.2. Heat penetration rate

Heat penetration rate (HPR) is used to quantify the insulating ability of a package, and it is the
rate in watts at which heat penetrates the container per degree of the temperature difference
between the outside and inside air [36]. A diagram of a typical insulating package is illustrated

in Figure 7-3. In this design, the coolant is considered as the product.
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Figure 7-3 Hllustration of a typical insulating package, reproduced from [36]

The HPR for the insulating package can be calculated using the procedure described in [36].
The surface area A1, Az, As, and Aq is first calculated. Outside surface emissivity (g, inside
surface emissivity (ei,) and product surface emissivity (e,roquct) 1S then measured using an
infrared thermometer. Outside surface radiative heat transfer coefficient is obtained using
Equation 7-11 [36]:

hp=1.778+5.198 ¢,,, (Equation 7-11)

where hoy is the outside surface heat transfer coefficient in W/m2.K, and ¢,,, is the outside

surface emissivity.

Inside surface radiative heat transfer coefficient is calculated using Equation 7-12 [36]:

A 4.600
h3=3.557—1+ +—F——
Az+Ay g L Vi

Agein Eproduct

(Equation 7-12)

where h; is the inside surface heat transfer coefficient in W/m?.K, ¢, is the inside surface

emissivity, A; equals to Ain— A, in m?, and A4 equals to Aproduct— Az in m?,

The heat penetration rate is finally determined using Equation 7-13 [36]:

1

HPR= —; T (Equation 7-13)
hoytA 1 A
outdout 7 +#V
h3A3 7A1A3

where HPR is the heat penetration rate in W/K, Aqis the outside surface area in m?, Eproduct 1S

the product surface emissivity, A; equals to Aowt— A2 in m?, A, is the product/package contact

surface in m?, and RW is the thermal resistance of the multi-layered wall in m2.K/W.
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7.1.3. Analytical solution

The ordinary linear differential equation of first order is obtained by substituting Equation 7-
5and 7-7 in Equation 7-3:

Ry (m;.Cp+m;.Cy) S 4T,= Ty (Equation 7-14)

where Rg is the total thermal resistance in K/W, which is the combination of conduction,
convection and radiation, my is the mass of the product in kg, Cs is the specific heat capacity
of product in J/kg.K, mis the mass of the coolant in kg, C; is the specific heat capacity of

coolantin J/kg.K, % is the temperature change per unit time in K/s, T;is the initial temperature

of the product in K, and Te is the exterior surrounding temperature in K.

The analytical solution describing the temperature change inside the package as a function of

time can finally be written as:

T(t)= (Ti'TE) e' Rg (ml,Cﬁmz,Cz)_i_TE (Equation 7_15)

Several assumptions have been applied when developing the model. Firstly, conduction is
considered as a dominating mechanism for heat transfer in a perfectly closed package
surrounded by negligible fluid displacement. Furthermore, it is assumed that there is no
significant air gap between insulation materials and cardboard box and temperature change of
coolant, and the transported product will change at the same rate with time. Finally, the
uniform temperature distribution is assumed at any given time for the coolant and the product
in the package. The key input parameters for this model are package dimensions, thickness
and thermal conductivity of an insulation liner, the mass of coolants, material surface
emissivity and surrounding temperature. These parameters can be varied within the model to
predict the insulating performance of a packaging design, which is the main novel aspect of

the developed model.

In the present work, the package insulating performance was characterised by the maximum
insulation time (MIT), which was defined as the time required for coolant temperature increase
from -20<C to 5<C. Previous research has proven that 5T tends to be an upper limit
temperature for the transportation of perishable goods (e.g. fish) [262, 319]. When phase
change materials (e.g. ice) were present inside the package, the latent heat of fusion of coolant
must be taken into account to calculate the MIT. During the phase change, the temperature
was set to be constant in this work, and the amount of time required to complete the phase
change was calculated when total heat flow reached the latent heat determined by the amount

of coolant and its specific latent heat. Before and after the phase change, Equation 7-15 was
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used to determine the product’s temperature changes. The total time associated with the
sensible heat was obtained by implementing a ‘for’ loop function of Equation 7-15 in
MATLAB to calculate the package internal temperature every second elapse. The novel aspect
of this model is incorporating two mathematical models described in the literature to improve
the accuracy of the calculated results [36, 37]. The total thermal resistance (Rq)in Equation 7-
15 is calculated via Equation 7-8 and Equation 7-13. The model also calculated the amount of
energy being added and total heat flow across packaging walls to identify when phase change
should commence and finish. As a result, a complete temperature-time profile before, during

and after coolant phase change was obtained. MIT was obtained at a temperature of 5<C.

7.2. Experimental validation of the analytical model

The heat flow mechanism in the passively insulated package is well presented via the
analytical model. A number of experiments are then set up to validate the optimised model
comprehensively. The initial temperature of the coolant/product is -21<C, where the maximum
insulation time (MIT) is obtained at a temperature of 5<C. The surrounding temperature of the
packages is set to be a variable. The novel aspect of this experiment is to use an aerogel blanket
as an insulated liner. The factors influencing the MIT of the insulated packages are also studied

comprehensively. The material used and the measurement strategy are first outlined.

7.2.1. Materials

Single corrugated cardboard boxes with dimensions 25.6 %20.5 x21.2 cm and 38.1 x25.4 x
25.4 cm with a thickness of 2.68 mm were obtained from Packaging Now Ltd. PE liners and
packaging grade EPS liners (10-12 g/L) were purchased from an online store. Food catering
aluminium foil was supplied by Kirkland. Kingspan TF70 PIR boards were provided by Encon
Insulation Ltd. Aerogel blanket of 1 cm thickness was purchased from Aerogel UK Ltd. Mylar
bags (PET film sandwiched by aluminium foil) were obtained from Fresherpack Ltd. Two 100
g, 200 g and 400 g Thermos ice packs (99.4% H»0) purchased from Miage Ltd were used in
order to keep the volume and shape of coolants constant throughout all experiments. Envelope-
shaped packages were provided by the sponsor, and the dimensions are summarised in Table
7-1.
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Table 7-1 The specification of the envelope package

Outer Dimensions (cm)
Envelope Code

Length Width Thickness of each layer
Small 30 25 1.1
Medium 45 25 11
Large 60 25 1.1

7.2.2. Measurement of maximum insulation time (MIT)

7.2.2.1. Measurement of MIT of a typical shipping box

Experiments were carried out with cardboard boxes fitted with pre-cut liners of different
insulation materials, as shown in Figure 7-4. The morphology of the insulation materials is
shown in Figure 7-5, and the average thickness of the insulation materials is summarised in
Table 7-2. Two layers of AB liners had to be used to achieve an insulation thickness similar
to other insulation materials. The measurement of thermal insulation performance of the
packages was carried out according to ASTM D3103 -14. The lab environment was controlled
at a temperature of 22<C £ 3<C and relative humidity of 50% = 5%. The coolants were
preconditioned in a freezer with a temperature of -21<C for 48 hours before positioning inside
the box, as shown in Figure 7-4. A temperature sensor named EL-21CFR-TP-LCD (shown in
Figure 7-6) with an accuracy of #0.1<C was used, and the sensor probe with a diameter of 0.4
cm and length of 2.5 cm was sandwiched between the two ice packs (the temperature variation
of different sensor location was investigated in section 7.3.1.1). The sensor records the
package internal temperature every second elapse. Once the insulation lid was put on, the box
was sealed. The package was then placed in an oven to initiate the MIT test. The oven was
pre-heated to the desired temperature (variable described in section 7.3.1.4) for two hours
before the box was put in the oven. An additional temperature sensor was used to monitor the
oven temperature with an accuracy of +0.5<C. The basic operation procedure is demonstrated

in Figure 7-7. All MIT measurements were repeated three times to obtain an average value.
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Figure 7-4 Package prototype with various insulation lining materials including (a) PE (b) EPS (c)
PIR with aluminium foil (d) aerogel blanket with aluminium foil

Figure 7-5 Morphology of the insulation materials (a) PIR panel, (b) aerogel blanket, (c) PE foam and
(d) EPS panel
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Table 7-2 Measurement of thermal conductivity and thickness at 20°C with a pressure load of 2 kPa

Ave. thermal conductivity Ave. thickness
Material
(mMW/mk) (mm)
Polyisocyanurate 24.6 40.04 25.42 40.01
Aerogel blanket 16.2 #0.02 9.42 40.02
Polyethylene 61.0 40.18 27.45 10.03
Expanded Polystyrene 42.5 40.06 24.3840.02
Cardboard box 43.9 40.46 2.68 40.01

Figure 7-6 Thermistor data logger EL-21CFR-TP-LCD, reproduced from [320]

Figure 7-7 Procedure of measurement of package insulation performance (a) cardboard boxes fitted
with pre-cut liners (PE in this case), (b) temperature sensor probe sandwiched between the two ice
packs, (c) insulation lid put on and (d) box sealed and placed in an oven at a designated temperature
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7.2.2.2. Measurement of MIT for a typical shipping envelope

A similar procedure was adopted for measuring the MIT of an envelope-shaped package.
Instead of a rectangular ice pack, ice sheets were used to fit in the envelope package. The
encapsulated ice sheets were immersed in water for 10 minutes to absorb enough water before
conditioning in the freezer. A thermistor data recorder with four-probe sensors named EL-
SGD 43 ATP (shown in Figure 7-8) was used to monitor temperature change at a different
position within the envelope. The mass of each ice sheet after frozen was recorded before the
MIT test. Once the ice sheets and the sensor probes were positioned, the envelope was sealed.

The basic operation procedure is demonstrated in Figure 7-9.

Figure 7-9 Procedure of measurement of package insulation performance (a) sensor probe located at
the designated position, (b) ice sheet weighted, (c) ice sheets positioned and (d) test initiated
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Several parameters were investigated in this part, including the effect of the ice sheets amount
and envelope size on MIT and the temperature distribution within the envelope. Besides, real
seafood products were also introduced to monitor the temperature change at the product’s

surface.

7.2.3. The positioning of the temperature sensor

As coolant inside the package is the primary temperature regulator in the passive insulated
package, it is paramount to measure its temperature change with elapsed time accurately.
Consequently, the time-temperature variation obtained with different sensor positioning was
first examined to identify the temperature difference within the box, as shown schematically
in Figure 7-10.

Temperature sensor

®)
()

Gel pack

© / @

7

Figure 7-10 Illustration of temperature sensor position to the ice pack within a box (a) at the side (b)
on the top (c) sandwiched in between and (d) at the bottom of ice packs

In Figure 7-10 (), the temperature sensor was placed at the edge of ice packs; in this case, the
temperature around the ices packs was monitored. In Figure 7-10 (b), the temperature sensor
was placed on top of the ice packs to measure the ice pack’s free surface temperature. In Figure
7-10 (c), the temperature sensor was placed in between the ice packs to measure the bulk
temperature of the ice pack. In Figure 7-10 (d), the temperature sensor was placed at the bottom
of the ice packs to measure the ice pack’s non-free surface temperature. The PE insulated
package was used in these cases, and the MIT measurement was conducted at room

temperature.
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Similar to the typical box, four-sensor probes located in the envelope-shaped package are
illustrated in Figure 7-11. In this case, the PE insulated package was used, and the MIT

measurement was conducted at room temperature.

PE insulation

v

. Probe position 1 - Back

Probe position 3 - Center

Probe position 4 - Front

Probe position 2 - Side

e

Product slide in from this side

Figure 7-11 Illustration of temperature sensor position within a shipping envelope

7.2.4. Measurement of surface emissivity

7.2.4.1. Emissivity measurement theory

Surface emissivity measurement was carried out according to the procedure described in Luo
and Sun [322]. The basic theory needs to be understood to proceed with the measurement. The
Principle of emissivity is that each body with a temperature above absolute zero emits
electromagnetic radiation from its surface [323]. The maximum rate of radiation per unit of
area is from an ideal surface (a blackbody) which can be expressed as:

0,(D)=oT’ (Equation 7-16)
A blackbody is an idealized perfect emitter and absorber of radiations. However, the real

surface is not an ideal emitter, so radiation from a real surface is less than the blackbody:

0, =col’ (Equation 7-17)

where ¢ is the coefficient of emissivity of the material, which is the ratio of emissive power of

a body to the emissive power of a black body at the same temperature.

When radiation energy impacting a surface, a fraction will be absorbed, reflected, and

transmitted:

atp+r=I (Equation 7-18)

where « is the coefficient of absorptivity, p is the coefficient of reflectivity, and 7 is the
coefficient of transmissivity of a material.
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Kirchhoff’s law:

a=¢ (Equation 7-19)

For opaque surfaces, it is assumed that no energy will be transmitted; therefore, the radiation

energy reflected by the object can then be written as:

p=I-¢ (Equation 7-20)
A thermal imager can be used to measure the surface emissivity of materials. The total
radiation received by the infrared detector within the thermal imager includes the radiation
reflected from the object and the radiation emitted by the surroundings. These radiations pass
through the atmospheric attenuation and are captured by the detector [322]. This is illustrated
in Figure 7-12.

object Atmosphere Thermal imager
EWari [ etWaj ( \
( 1 —8) H/.; J T( I -8) IH‘:lu' : ‘\
p I\_/ (1-7) Waim g
PVsur

Radiations emitted by surroundings and reflected by a object

Figure 7-12 Illustration of radiation received by the thermal imager, reproduced from [322]

The total radiation W received by the detector can be written as:
Wtot:‘c:TWobj—i_(l’g)TWsur—'_ (]'T) Watm (Equation 7'21)

where ¢ is the object surface emissivity, 7 is the atmospheric transmittance, /-z is the average
atmospheric emissivity within detect range, e/, is the radiation energy emitted by an object,
(1 — e)TW,,, is the radiation emitted by surrounding and reflected by the object, and (1 —

)W, 1S the radiation emitted by the atmosphere.

Rearrange Equation 7-21 as:

_ Wor™Wsur-A-9Wam . )
&= T iy (Equation 7-22)
Indoor atmosphere transmittance is close to 1 (i.e. ==1). Equation 7-22 can then be written as:

— Wtot'Wsur H _
&= o o (Equation 7-23)
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Wiot can be obtained by set € =1, then Equation 7-21 becomes:
Wiot= TWopi T (1-T) W o (Equation 7-24)
For the indoor environment, 7 =z=1, then W,,,= 'oj» EQuUation 7-23 becomes:

Wopi-Woaim )
g=—L_un (Equation 7-25)
Wobj'Wsur

W= oT?, and assume T,,,=T,,,, Equation 7-25 can be written as:

_ T'gbj'T?ur ]
T (Equation 7-26)

where Tsr is the temperature of the surrounding environment, Top; is the temperature of the

object, and 77, is the temperature of the object when & =1.

7.2.4.2. Measurement of surface emissivity

Material surface emissivity was measured experimentally, as indicated in Figure 7-13. The
sample was placed on a hot plate with a pre-set temperature of 50<C to create more than at
least a 10<C difference than the surrounding temperature, as required in ASTM E1933-14. A
K-type thermocouple was used to detect material surface temperature (Topj) as well as the
surrounding air temperature (Tsyr). For the thicker materials, including PE, EPS, PIR and AB,
the materials were placed on the hot plate for 1 hour to reach the steady-state temperature, and
this was checked frequency using the K-type thermocouple. An Infrared (IR) thermometer
named Keysight U5857A was used to detect surface temperature (7",;;) when emissivity was
set to 1. The Infrared thermometer measures objects’ surface temperatures by sensing the
infrared radiation emitted by the object’s surface. These measured temperatures were used to
calculate the surface emissivity (¢) of the sample by Equation 7-26. Figure 7-14 (a) to (c) show
the experimental setup for measuring the surface emissivity of aluminium foil, composite foil
(detached from PIR board) and PE foam, respectively. Experiments were also carried out to
validate the influence of inner surface emissivity on package performance by applying mylar
film and aluminium foil on the same PE insulated package at a surrounding temperature of
40<C. This is shown in Figure 7-15.
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R thermometer :l Computer

Figure 7-13 (a) simple layout diagram (b) photo of the experimental set-up for the surface emissivity
measurement

Figure 7-14 Measurement of material surface emissivity including (a) aluminium foil (b) composite
foil detached from PIR and (c) PE foam

Figure 7-15 Photo of (a) Original PE insulated package (b) mylar film and (c) aluminium film on the
inner surface of a PE insulated package

196



7.2.5. Measurement of thermal conductivity

The Netzsch Heat Flow Meter 436 with thickness gauge, as shown in Figure 7-16, was used
to measure the thermal conductivity and thickness of insulation materials accurately according
to ASTM C518-17. The mass and dimensions of each insulation material were recorded and
used in the software to determine the density. The measurement was carried out at various
temperatures with a temperature difference between the hot and cold plates of 20 °C, and a

constant pressure load of 2 kPa was applied during all measurements.

S ]

b
HFM 436 , . NETZSCH .,

Figure 7-16 Netzsch Heat Flow Meter 436

7.3. Result and discussion

7.3.1. Thermal insulative performance of a typical shipping box

In this section, the effect of parameters, including surface emissivity, insulation thickness,
insulation materials, amount of coolants and surrounding temperatures, on package insulative

performance of a typical shipping box is investigated.

7.3.1.1. Effect of temperature measurement

Figure 7-17 shows a comparison of the time-temperature profile obtained from a temperature
sensor positioned at the edge of ice packs (Figure 7-17 (a)), on top of the ice packs (Figure
7-17 (b)), sandwiched between two ice packs (Figure 7-17 (c)), and at the bottom of ice packs
(Figure 7-17 (d)), respectively. It can be seen from Figure 7-17 (b) that the surface temperature
of the ice pack increases rapidly and continuously. As a result, the surface temperature reaches

5<C in 1.5 hours. A similar trend is obtained when the sensor is positioned at the edge of ice
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packs (Figure 7-17 (a)). These temperatures can be used to represent the inner surrounding
temperature of the container. On the contrary, when the sensor is sandwiched between the two
ice packs and at the bottom of the ice packs, the phenomenon of latent heat is clearly illustrated,
as shown in Figure 7-17 (c) and (d). In Figure 7-17 (c) and (d), the temperature-time profile
can be divided into three distinct stages. The first stage shows a rapid temperature increase
before it reaches the melting temperature of the ice packs. This is followed by a prolonged
stage for ice melting with little temperature change in the container. Upon completion of this
phase change, the temperature experiences another rapid increase towards the external

temperature. It is evident that the MIT is dominated by the second stage controlled by the PCM
in the package.
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Figure 7-17 Effect of temperature sensor position () at the edge, (b) at the top surface, (c) sandwiched
in between, and (d) at the bottom of ice packs on the measurement of ice pack temperature as a
function of time

For all future experiments, the sensor position layout that is shown in Figure 7-17 (c) will be
adopted for the following reason. The results that are shown in Figure 7-17 (c) and (d) clearly
define three different stages of temperature-time behaviour that do not appear in Figure 7-17
(a) and (b). Figure 7-17 (c) is more representative of how the delivery product is positioned
with respect to ice packs (i.e., sandwiched or surrounded by ice packs). A temperature sensor

is less affected by natural convection inside the package during the measurement.
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7.3.1.2. Effect of surface emissivity on maximum insulation time

Figure 7-18 shows the results for the surface emissivity of different materials used in this work.
It is well known that materials with a highly reflective surface, such as aluminium foil and PIR
composite foil, have much lower emissivity values than rough and low reflective surfaces such
as EPS and PE. It can also be seen from Figure 7-18 that the measured results for surface
emissivity are in good agreement with the literature value [324-326]. However, this property
is also affected by surface colour and topography. In this work, directly measured values were
chosen for the model to evaluate the influence of emissivity on MIT in order to improve the

accuracy of the results produced by the model.
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Figure 7-18 Material surface emissivity comparison between literature and measured values

The effect of internal surface emissivity on MIT at a surrounding temperature of 40T is
presented in Figure 7-19. The analytical model indicates that as package interior surface
emissivity value increases from 0.03 to 1, a reduction of almost 40% is expected to obtain
from the MIT. Surface emissivity is the crucial factor to radiation heat transfer, as described
by Stefan-Boltzmann law. An increase in surface emissivity will lead to less reflected heat and
increased heat energy transfer through the container wall. It can also be seen from Figure 7-19
that a good agreement between the calculated and measured values is achieved with
approximately 10% discrepancy. As a result, a 46% increase in MIT is obtained with
aluminium foil applied on PE inner surface compared to the original PE insulated package.

This agrees with the observation achieved in other studies [37].
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Figure 7-19 Effect of internal surface emissivity on MIT at a surrounding temperature of 40<C using
PE insulated package

7.3.1.3. Effect of insulation materials on maximum insulation time

Figure 7-20 presents the calculated MIT as a function of the insulation liner’s thermal
conductivity at a surrounding temperature of 20<C. The thermal conductivity of the insulation
liner and the external box is considered separately. When assessing the effect of the thermal
conductivity of insulation liner on the MIT, the thickness and thermal conductivity for the
external box remain constant. It can be seen from Figure 7-20 that MIT tends to drop rapidly
with the increase of wall thermal conductivity and the rate of MIT change decreases gradually
as the wall conductivity increases. This trend continues until the MIT levels off and remains
unaffected by the wall conductivity. It is well expected that MIT will decrease as packaging
walls become more thermally conductive. However, the overall behaviour of MIT is affected
by both wall thickness and thermal conductivity. Since the cardboard box thickness (2.68 mm)
is significantly less than the PE liner thickness (27.45 mm), the effect of thermal conductivity
on the MIT will be much less prominent for the cardboard box than the insulation liner, as
shown in Figure 7-20. For a given wall thickness, its insulation effect will diminish as the wall
becomes more and more heat conductive. It follows that the plateau in Figure 7-20 represents
the MIT provided only by the box/insulation liner when the insulation liner/box becomes very

conductive.
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Figure 7-20 Effect of thermal conductivity of insulation liner and external box on calculated MIT at a
surrounding temperature of 20C

Figure 7-21 shows the influence of insulation thickness on MIT. It is evident that the MIT
increases as the insulation liner becomes thicker; however, in practice, liner thickness may be
restricted either by the dimensions of packages or cost. As mentioned previously, the MIT is
affected by both the wall conductivity and thickness. This becomes evident when Equation 7-

15 is rearranged into:
t=—Ry=* (Cp1 *my + Cpy * mz) * In (%) (Equation 7-27)

It can be seen that more time is required to raise the product temperature when the total thermal
resistance increases. As the calculation of MIT is partly based on the convolution of Equation
7-27, the higher thermal resistance leads to a faster increase in MIT. This also means that the
effect of different liner materials on their insulating performance will be enlarged as their

thickness increases, as shown in Figure 7-21.
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Figure 7-21 Effect of insulation thickness on calculated MIT for insulation material including aerogel
blanket, PIR panel, EPS panel and PE foam at a surrounding temperature of 20C

Since the MIT for EPS panel and PE foam is in a similar range, as indicated in Figure 7-21,
and it is also well shown that EPS panel is more commonly used for package insulation, as
listed in Appendix-A. Thus, the MIT for EPS panel is set as the baseline for future

measurement.

Figure 7-22 (a) to (d) show the comparison between the calculated and measured MIT obtained
from a package with a liner of EPS panel, foiled EPS panel, foiled PIR panel and foiled aerogel
blanket respectively, at a surrounding temperature of 30 <C. For all cases, the temperature-time
behaviour exhibits the three distinct stages described earlier, and there is a good agreement
between the modelling and experimental results. In particular, the test results for stage 1 and
a large part of stage 2 are well-matched by the theoretical prediction. In contrast, the transition
between different stages experiences a sharp turn with the modelling results but is typically
smooth for the test results. Such discrepancy is mainly due to the modelling assumption of
uniform temperature at any given time. In reality, there should be a non-uniform temperature
distribution in thick walls and contained bulk products. As the ice pack temperature was
measured by the sensor sandwiched between two ice packs, the measured temperature is likely
to be slightly higher than that at the centre of an equivalent monolithic ice pack in the model.
This may explain why the temperature rise after the phase change appeared sooner from the
measurement than the model, as shown in Figure 7-22. However, this does not account for the
opposite observation at the beginning of the phase change. Nevertheless, Figure 7-22 shows a

good agreement overall between the tests and the model, and the difference is less than 11%.
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A large error is found in Figure 7-22 (d) for the aerogel-insulated package, and this is probably
because the insulation performance of the ABs was somewhat compromised by the potential
air gap between two individual blankets.
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Figure 7-22 Comparison of calculated (dashed blue line) and measured (solid red line) MIT of
packages insulated with (a) EPS panel (b) foiled EPS panel (c) foiled PIR panel (d) foiled aerogel
blanket at a surrounding temperature of 30<C

The comparison of the MIT normalised by the thickness of each liner material is summarised
in Figure 7-23. For the packages with high-performance insulation materials such as foiled
PIR and AB, an increase of 28% and 47% in the MIT per unit thickness is achieved,
respectively, compared to the foiled EPS insulated package. Furthermore, an improvement of
79% and 106% in the MIT per unit thickness is obtained for foiled PIR and AB insulated
packages compared to the EPS insulated package. It can also be seen from Figure 7-23 that an
excellent agreement between theoretical and experimental results is obtained. However, all
practical results have a slightly less MIT than the theoretical prediction meaning that the model
tends to underestimate the total heat flux across the package marginally. One of the reasons
could be that convection was not considered in the numerical model. Satisfactory repeatability

of the experimental results is also achieved with a maximum standard deviation of 0.7.
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Figure 7-23 Comparison of calculated and measured MIT per unit thickness for packages insulated
with different materials at a surrounding temperature of 30C

However, such significant improvement is based on the high cost of materials. Table 7-3 lists
the estimated cost to make one insulated package. The material cost is based on the small-
scale purchase online, and it should be lowered for bulk orders. It can be seen clearly from
Table 7-3 that the cost for an aerogel insulated package is 26 times more than a traditional EPS
insulated package to achieve twice the MIT (without normalisation by thickness). The MIT
for PIR is almost the same as the aerogel blanket. However, similar to EPS, PIR is also a
plastic material that breaches the global plastic reduction challenge. It is well indicated that
the cost per MIT for the aerogel blanket is significantly higher than the others, which shows
the importance of lowering the product cost to replace or partially replace the plastic materials

in the thermal insulation field.

Table 7-3 Estimated retail cost and insulating performance using different liner materials

. . Amount . Price MIT
Unit ) Material Price of
] ] Thickness of box per  (hour) Cost/MIT
Material  price used per cardboard
(mm) made box at (8hour)
(Em?) box m? €2)
per 1 m? H 20C
PE 8.24 27 0.22 4 0.9 3.0 23.1 0.13
EPS 1.6 25 0.22 4 0.9 13 24.0 0.05
PIR 20.76 25 0.22 4 0.9 6.1 46.0 0.13
Aerogel  65.83 10 0.44* 2 0.9 33.8 46.4 0.73

* Two layers of AB liners had to be used to achieve an insulation thickness similar to other insulation
materials
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7.3.1.4. Effect of surrounding temperature on maximum insulation time

Figure 7-24 shows the measured MIT per unit thickness of different insulation materials as a
function of surrounding temperatures. As expected, an increase in outside temperature results
in a decrease in the MIT due to higher heat flux entering the package. The temperature
dependence of the MIT in Figure 7-24 follows a logarithmic relation, which is predicted by
the governing Equation for calculating the MIT in Equation 7-27. This has a significant
implication to packaging design for insulating performance as the results from Figure 7-24
indicates that maintaining a low temperature around an insulated package can bring about
significant MIT benefit. This is the case, particularly when the package is insulated with high-
performance insulation materials such as aerogel. In addition, the positive effect of reflective

foil on the MIT is found to be sustained over the temperature range, as shown in Figure 7-24.
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Figure 7-24 Comparison of measured MIT per unit thickness at different surrounding temperatures for
packages insulated with various materials

The calculated and measured MIT for packages with different insulation materials at different
surrounding temperatures are plotted in Figure 7-25. Once again, an excellent agreement
between calculated and measured values can be found over the temperature range investigated

in this work.
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Figure 7-25 Comparison of calculated (solid line) and measured (data points) MIT as a function of
sounding temperature for packages insulated with (a) EPS panel (b) foiled EPS panel (c) foiled PIR
panel, and (d) foiled aerogel blanket

7.3.1.5. Effect of package dimensions on maximum insulation time

Figure 7-26 demonstrates the calculated and measured MIT of EPS and PIR insulated
packages with two different package dimensions, 25.6 <20.5 x21.2 cm and 38.1 x25.4 x
25.4 cm with a thickness of 2.68 mm at a surrounding temperature of 25<C. It can be seen
clearly from Figure 7-26 that an increase in package dimension results in a decrease in MIT
for both EPS and PIR insulated packages. This is due to the increase in package internal surface
area resulting in a decrease in the internal surface heat transfer coefficient, as described in
Equation 7-12. This leads to a rise in the heat penetration rate. Therefore, MIT is reduced. It
can also be seen from Figure 7-26 that a satisfactory agreement between calculated and

measured values is obtained for both EPS and PIR insulated packages.
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Figure 7-26 Comparison of the calculated and measured MIT of EPS and PIR insulated packages with
two different package dimensions at a surrounding temperature of 25<C

7.3.1.6. Effect of coolant weight on maximum insulation time

Figure 7-27 demonstrates the MIT of the PIR insulated package with various amounts of
coolants at a surrounding temperature of 25<C. It can be seen clearly that the coolant weight
has a significant influence on MIT. A 100% increase in MIT is gained when the coolant weight
increases from 200 g to 800 g. More volume of coolant means more thermal energy can be
absorbed, and the phase changing process can be extended significantly. However, the
shipping cost will be more expensive with an increase in coolant weight. The comparison of
the calculated and measured MIT with different amounts of coolant weight can also be seen
in Figure 7-27. An excellent agreement is obtained when 800 g of coolant is used. The error
increases when the coolant amount is reduced, especially for the experiment with 200 g of
coolant. As mentioned in section 7.2.3, the probe sensor is located between two ice packs,
meaning that the sensor may be partially exposed to air. The smaller-sized ice packs (200 g)
are exposed to air much more than the larger ones (800 g). This can be the reason for increasing

error as the size of coolants reduces.
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Figure 7-27 Comparison of the calculated and measured MIT of PIR insulated package with different
amounts of coolants at a surrounding temperature of 25<C

7.3.2. Thermal insulative performance of typical shipping envelopes

In this section, the effect of parameters, including the amount of coolants, envelope size,
surrounding temperatures, type of insulation material, on package insulative performance of
typical shipping envelopes is investigated. The effect of temperature measurement on actual

seafood products is then examined.

7.3.2.1. Effect of number of ice sheets on maximum insulation time

Figure 7-28 shows the effect of coolants amount on medium-sized envelope package on MIT.
It is evident that without any coolant, the temperature increases rapidly until it reaches room
temperature, as shown in the blue line in Figure 7-28. The performance can be improved
significantly by putting one ice sheet into the package. As mentioned in section 7.3.1.1, the
temperature-time profile can be divided into three distinct stages. The first stage shows a rapid
temperature increase before it reaches the melting temperature of the ice sheets. This is
followed by a prolonged stage for ice melting with little temperature change in the container.
During the phase changing process (i.e., from ice to water), energy is consumed from the
surrounding environment, and the temperature does not change during this process, as can be
seen from both orange and green lines in Figure 7-28. Upon completion of this phase change,
the temperature experiences another rapid increase towards the external temperature. As a

result, The MIT for the envelope with two ice sheets is twice as much as the package with one
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ice sheet, and this is due to more phase change materials absorbing more heat energy, and the

phase changing process is prolonged.
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Figure 7-28 Comparison of various number of ice sheets on MIT with the medium envelope at room
temperature

7.3.2.2. Effect of temperature measurement

The temperature distribution within the medium envelope package without ice sheet, with one
and with two ice sheets, are indicated in Figure 7-29 (a) to (c), respectively, and the illustration
of temperature sensor position within a shipping envelope is shown in Figure 7-29 (d). As
expected, the temperature distribution (position 1 to position 4) within the envelope is
consistent without the ice sheet since there is no additional cooling source for the ice melting
stage to occur, as indicated in Figure 7-29 (a). Figure 7-29 (b) was to measure the ice sheet’s
free surface temperature, similar to the situation described in Figure 7-10 (b). However, the
internal surface area of the envelope is much smaller than the box described in section 7.3.1.
The probe sensor is mostly surrounded by the ice sheet. Thus, the prolonged stage for ice
melting with little temperature change in the envelope is observed. As a result, it takes 9 hours
for the centre of the envelope to reach 5<C. Figure 7-29 (c) clearly illustrates the phenomenon
of latent heat and the three distinct stages. As a result, it takes 16.6 hours for the centre of the
envelope to reach 5<C, almost doubled the MIT than the envelope with one ice sheet (Figure
7-29 (b)).
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Figure 7-29 Temperature distribution within the medium PE insulated envelope (a) without ice sheet,
(b) with one and (c) with two ice sheets at room temperature, and (d) illustration of temperature sensor
position within a shipping envelope

7.3.2.3. Effect of envelope size on maximum insulation time

The performance comparison for different sizes of envelopes is summarised in Figure 7-30.
Length is the only difference in dimensions, as mentioned in Table 7-1. The result shows that
the envelope’s size has no noticeable difference in MIT for both cases (with one and with two
ice sheets). This may be because, for a larger envelope, the size of the ice sheet is relatively
small compared to that of the envelope (shown in Figure 7-31 and Table 7-4). As a result, the
effective internal area remains the same as the smaller envelope, and the internal heat transfer
coefficient calculated from Equation 7-12 will also remain the same. Therefore, the effect of
envelope size on MIT is limited.
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Figure 7-31 Photos of a small (30>25 cm), medium (45>25 cm) and large (60>25 cm) envelope

Table 7-4 Side area for the envelopes and ice sheet

Product Side area (length xwidth) in cm?
Small envelope (30>25 cm) 750
Medium envelope (45>25 cm) 1125
Large envelope (60>25 cm) 1500
Ice sheet (2417 cm) 408
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7.3.2.4. Effect of surrounding temperature on maximum insulation time

Figure 7-32 shows the calculated and measured MIT of different envelope sizes as a function
of surrounding temperatures. As expected, an increase in outside temperature results in a
decrease in the MIT for all envelopes due to higher heat flux entering the envelope. The
temperature dependence of the MIT in Figure 7-32 follows a logarithmic relation, which is
predicted by the governing Equation for calculating the MIT in Equation 7-27. This has a
significant implication to packaging design for insulating performance as the results from
Figure 7-32 indicates that maintaining a low temperature around an insulated package can
bring about significant MIT benefit. However, the influence of various surrounding
temperatures on MIT further proves that there is no apparent difference in measured MIT for
the 30>25 cm, 45>25 cm and 60>25 cm envelope, which can be seen in Figure 7-32. In contrast,
the numerical prediction still shows a decrease in MIT when the size of the package increases.
In the numerical model, the package is assumed to be a rectangular shape regardless of the
presence of the ice sheets. This means the larger internal surface area of the large envelope has
a lower internal heat transfer coefficient (Equation 7-12). This leads to an increase in the heat
penetration rate. Therefore, MIT is reduced with an increasing heat penetration rate. In reality,
the effective internal area of the medium and large envelope is more or less the same as the
smaller envelope. This is due to the side area of the ice sheet is much smaller than the side
area of envelopes, and the internal heat transfer coefficient calculated from Equation 7-12 will
also remain the same. Thus, there is no noticeable difference in MIT for different envelope
sizes. However, a good agreement between calculated and measured MIT can still be obtained

for the small envelope.
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Figure 7-32 Comparison of calculated (solid line) and measured (data points) MIT as a function of
sounding temperature for different envelope sizes

7.3.2.5. Effect of insulation materials on maximum insulation time

The MIT comparison of PE and AB insulated envelope is summarised in Figure 7-33. It is
shown clearly that an average improvement of 60% for MIT can be achieved by replacing the
original PE with AB of the same thickness; this is simply due to the lower thermal conductivity
value of AB. An excellent agreement between calculated and measured values can be found

over the temperature range investigated in this work.
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Figure 7-33 Comparison of calculated (solid line) and measured (data points) MIT as a function of
sounding temperature for envelope packages with different insulation liner

7.3.2.6. Effect of temperature measurement on actual seafood product

One pack of seafood is used to investigate the temperature profile of an actual seafood product,
and the locations of the temperature sensor are shown in Figure 7-34. In this case, the sensor
probe is in direct contact with seafood. The seafood was stored in a fridge with an actual
temperature of 8.9 £1.2<C before measurement. For the experiment with one ice sheet, the
seafood top side faces the ice sheet, whereas, for the case with two ice sheets, the product is
sandwiched by them. The experiment results with one and two ice sheets are shown in Figure
7-35 (a) and (b), respectively. It is evident that with the presence of two gel pack sheets, the
MIT is prolonged and the temperature profile at each sensor position is consistent. The
temperature profile does vary with the sensor position for the experiment with one ice pack
sheet. The temperature at the back of the product remains above 5°C at all times. It is also
shown that the temperature profile at the edge and centre is consistent at the beginning. The
temperature rises quicker at the edge than the centre of the product. This may be because the
sensor probe is more exposed to air at the edge than at the centre of the product, resulting in a

shorter ice melting stage at the edge of the product.
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Figure 7-35 Temperature distribution within the small AB insulated envelope (a) with one ice sheet
and (b) with two ice sheets at room temperature

The performance comparison with and without seafood products is indicated in Figure 7-36.
Two ice sheets are used in both cases, and the temperature profile at the centre of the envelope
is compared. The result shows that MIT is less with the presence of an actual product. This
may be because to reach thermal equilibrium, part of the energy is consumed by the product
to drop to zero degrees. The product’s initial temperature is still higher (around 10°C), even
though it is pre-conditioned in the fridge before the experiment. Whereas the initial
temperature for the case without seafood product is -10<C, and this represents the surface
temperature of the ice sheet. Another reason could be that with the presence of a product, the
air gap between two ice sheets is more significant than the case without any product, which
stimulates the heat exchange process. Nevertheless, the prolonged stage for ice melting with
little temperature change in the envelopes and the rapid increase towards the external
temperature stage is well observed.
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7.4. Conclusion

In this chapter, the insulating performance of multilayered wall packages and the envelope-
shaped package were investigated using experimental measurement and a transient thermal
model. The effect on the MIT required for the ice packs to reach 5<C was studied of a range
of factors including surface emissivity, insulation thickness, insulation materials, amount of

coolants and surrounding temperatures.

Internal surfaces with lower emissivity proved to be a very cost-effective approach for
improving packaging insulation performance. 46% and 40% increase of the MIT were
obtained by applying the aluminium foil to the PE and EPS liners, respectively. Insulation
thickness was another critical design factor for packaging performance in passive temperature
control as MIT had a nonlinear relationship with insulation thickness. A similar phenomenon
was also observed with regard to the influence of the surrounding temperature on MIT. Even
with high-performance insulation materials, considerable MIT per thickness of insulation
could be achieved only when the external temperature was maintained around room
temperature (i.e., 23<C).

Aerogel blanket, as a high thermal insulation material, was used to investigate the feasibility
of using such materials in the packaging industry. The result showed that much higher MIT
could be achieved by using insulation materials with low thermal conductivity. For instance,

a 106% increase in the MIT per unit thickness of insulation liner was obtained by replacing
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conventional EPS with a foiled aerogel blanket. This finding suggests that aerogel composites
have a great potential to satisfy the requirement of temperature control during package delivery
for long-haul transportation of fresh goods. However, the high price is the main challenge and

must be reduced to compete with traditional insulation materials.

The optimised transient thermal model demonstrated the ability to describe three distinctive
stages for temperature-time behaviour in insulated packages with coolant. The model was
capable of accurately quantifying the contribution from latent heat and sensible heat,
respectively. Comparison of modelling and experimental results showed a satisfactory
agreement across all the design factors for the packaging insulation performance. The
graphical user interface was developed to simplify the simulation process and ease to use, as
shown in Appendix-B. This finding suggests that the model can be utilised as a cost-effective
tool for packaging design concerning passive temperature control with improved accuracy.
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8. Conclusion and future work

In this chapter, the aims of the thesis are restated, and an overview of the conclusions is
described. Future research that can be implemented based on the results and outcomes of this

work is proposed.

8.1. Conclusions of the thesis

Low cost, more environmentally friendly, and excellent thermal insulation performance are
critical factors in commercializing insulation materials. This thesis aimed to investigate the
potential for fabricating low-cost and more environmentally friendly insulation materials
while maintaining their thermal insulation performance. The possibility of using aerogel
composites for a range of situations, such as insulated packaging and thermal insulation of

dwellings, were also discussed. To achieve this, five objectives are outlined:

1. Evaluate the performance of fly ash-based geopolymer.

2. Discuss the performance of silica aerogel granules.

3. Assess the performance of fibre-reinforced silica aerogel composites.

4. Evaluate the feasibility of using recycled glass fibre in geopolymer and aerogel systems.

5. Examine the thermal performance of aerogel composites in the packaging industry.

8.1.1. Fabrication and characterisation of inorganic porous geopolymer with

excellent thermal performance

In chapter 3, the feasibility of synthesizing inorganic porous geopolymer was evaluated using
industry by-product fly ash as the raw material. The foaming agent was set as the variable, and
the influence of the foaming agent on the properties of the geopolymer was discussed. Pore
structure, bulk density, thermal conductivity, and compressive strength test were the critical
parameters for characterising the prepared specimens. The effect of foaming agent amount on
the foam expansion rate was also investigated, and the foam expansion mechanism was

discussed.

The foaming agent proved to be a critical factor influencing the pore structure, thus, the density,
thermal conductivity and the compressive strength of the geopolymer. The calculated porosity
reached 83% when the H,O, content was 8%. As the foaming agent content increased from 0%
to 8%, the density reduced by 85% to 171 kg/m®. The effect of H,O, content on thermal

conductivity had a similar trend as the density. The lowest thermal conductivity value obtained
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in this work was 51 mW/m.K at H,O, content of 8%, and a reduction of 67% was obtained
when compared to the sample without any foaming agent. The thermal conductivity value is
superior to most of the foamed concrete reported. This finding suggests that geopolymer can
be an ideal substitute for foamed concrete since it is more economical and environmentally

friendly with superior thermal insulation performance compared to foamed concrete.

The volume expansion test indicates two competing mechanisms: one is the expansion due to
trapped bubbles; the other is escaped bubbles. As the amount of H20- increased, more oxygen
was generated via the decomposition process of H20-, and the bubble of O, was trapped within
the paste, expanding and generating void (macropores). At this point, the number of trapped
bubbles was greater than the escaped bubbles. However, as the amount of H.O; increased
further, the bubble generation rate became faster. The bubble shell’s strength was not strong
enough to hold the void, resulting in more bubbles were escaped. As a result, the number of
trapped bubbles was equal to or less than the escaped bubbles. Thus, the further addition of
H20- had no obvious impact on the volume expansion. The elevated temperature stimulated
the deposition rate of H,O,, and the air bubbles merged to form a large void. Thus, the volume
expansion at the elevated temperature was higher. This finding could be used to indicate how

different pore structures are obtained by varying the foaming agent.

8.1.2. Fabrication and characterisation of silica aerogel with an improved

fabrication process

In chapter 4, the feasibility of synthesizing silica aerogel was evaluated using a more
economical sodium silicate as the precursor. The effect of ageing and solvent exchanging
temperature on the pore structure of aerogel were examined. The minimum amount of solvent
used to synthesise aerogel was investigated. Properties including morphology, pore structure,
bulk density, BET surface area, hydrophobicity, thermal stability and thermal conductivity

were examined as the critical parameters for characterising the prepared specimens.

It was experimentally demonstrated that there was a minimum solvent to gel ratio (2:1) to
fabricate aerogel successfully. When the amount of solvent was less efficient (i.e., 1:1 and
1.5:1), the water inside the gel may not be replaced by the solvent completely. As a result,
large capillary pressure was presented due to the high surface tension of water. Thus, powder
form or small piece was fabricated after the drying process. In addition, hydrophilization
agents were insoluble in water, and drying of these mixtures (agent and water) could have a
negative impact on the final product. This may be the reason for the yellowish crystalized

product being formed. The hydrophobicity test also failed. Thus, the hydrophobization process

219



was not successful. This finding provides guidance for fabricating aerogel with a minimum
amount of solvent if the manufacturing cost is considered. The impact of excessive solvent
(i.e., 3:1) on the physical properties of aerogel is unknown, but the benefit of using the

minimum ratio on the economic aspect is obvious.

The fabrication process of aerogel was also optimised. The results indicated that the aerogel
aged and solvent-exchanged at a higher temperature (45°C) led to a lower apparent density,
higher specific surface area and pore volume, and finer average pore diameter. Ageing and
solvent-exchanging at a higher temperature might also have enhanced the backbone strength
and reduced the collapse or cracking of silica aerogel during the drying process. The obtained
silica aerogel aged at a higher temperature possessed high porosity (91.6%) and a high specific
surface area (726 m?/g). The thermal conductivity test indicated that smaller particle size
(<1250 pm) leads to a lower thermal conductivity (25.1 mW/m.K) compared to larger particles
(1250 to 3500 um), and this value is below the thermal conductivity of the air (i.e., 26 mW/m.K)
at the ambient condition. This finding indicates that proper optimisation of the fabrication
process can improve the properties of silica aerogel, which shows great potential in thermal

insulation application.

8.1.3. Vacuum sealed fibre-reinforced silica aerogel composites with excellent

thermal conductivity

In chapter 5, glass fibre mats were embedded in silica sol to form fibre reinforced aerogel
composites. The fabrication process, including ageing temperature and drying process, was
optimised to improve the physical, thermal and mechanical properties of the aerogel composite.
The prepared aerogel composite was then vacuum sealed to prevent dustiness during handling,

and its influence on thermal conductivity was investigated.

The GF-aerogel composites obtained from the optimised process showed excellent thermal
conductivity (18.4 mW/m.K at a pressure load of 13.8 kPa). It is worth mentioning that vacuum
sealing of the aerogel composites did not only prevent dustiness during handing but also
improve the thermal performance. The thermal conductivity could be further reduced to 13.8
mW/m.K by vacuum sealing the GF-aerogel composite. This finding suggests a more efficient
way of fabricating aerogel composite with maximum benefit (lowering the thermal
conductivity and preventing dustiness during handing). The influence of the pressure load on
the thermal conductivity of the GF-aerogel composites was also investigated. The result
showed that lower thermal conductivity was achieved with higher pressure, and there was no

sign of level-off if the load pressure continued to increase. This might attribute to the
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microstructure change under compression. The GF-aerogel composites also possessed
excellent thermal stability. The aerogel composites maintained almost 95% of their weight,
where only 5% of the weight was lost at 800 <C. The compression and bending tests proved
that the aerogel composites could endure considerable compressive and flexural strain without
structural destruction. These outstanding characteristics indicate that GF-aerogel composites
have great potential in the thermal insulation field, especially for a moderate temperature

environment (i.e., less than 800°C).

8.1.4. Eco-friendly geopolymer and aerogel reinforced with recycled glass fibre

The feasibility of introducing recycled glass fibre (rGF) into the geopolymer system was
investigated. The rGFs were dissolved in sodium hydroxide solution to form the alkaline
activator. The effect of rGF content on the physical properties, thermal and mechanical
performance was discussed. In addition, the chemical structure of the fibre dissolved in

alkaline solution via FT-IR was investigated.

The addition of rGF showed that the dry density of geopolymer increased (227 kg/m?® to 246
kg/m?®) with the increasing amount of rGFs in the alkaline activators up to 15 g. The density
then started to drop, whereas the porosity remained almost unchanged regardless of the rGF
content (between 81% and 83%). Besides, the addition of rGF had no noticeable impact on the
thermal conductivity of geopolymer (51.1 to 54.6 mW/m.K) when ignored the outlier since
the porosity tends to dictate the thermal behaviour of porous material. Furthermore, the FTIR
analysis showed that the chemical structure of the obtained dry solid had a disordered sodium
silicate structure. Finally, a linear increase in compressive strength was observed as the
number of rGFs dissolved in NaOH solution increased up to 15g rGFs. The compressive
strength increased from 92 to 165 kPa, with a 79% improvement. However, further increase

of rGF content led to a reduction of the compressive strength.

The involvement of rGF in geopolymer significantly increase the strength without diminishing
the thermal performance. In addition, a considerable amount of recycled glass fibre is being
reused. This paves a promising way to maximise environmental benefits and shows great

potential in the thermal insulation field.

The feasibility of introducing recycled glass fibre (rGF) into the aerogel system was
investigated. Glass fibre mat was first fabricated via wet deposition and chemical bonding
process, and it was then used to support the aerogel network. The mechanical and thermal
performance of the rGF-aerogel composites was characterised and compared with the aerogel

composite reinforced with a commercial glass fibre blanket (prepared in the previous chapter).

221



The effect of the commercial glass fibre (cGF) to polypropylene (PP) fibre ratio on the physical
properties, thermal and mechanical performance was first investigated. The results showed
that bulk density possessed an increasing trend as the number of cGF increased, whereas the
porosity had no apparent difference. The obtained samples showed an excellent water-
repellent property with a maximum contact angle of 147 <due to the treatment with TMCS.
The hydrophobicity of samples was also confirmed by the FTIR analysis. Besides, a linear
relationship between the cGF/PP ratio and thermal conductivity for neat cGF/PP mat was
observed, while the thermal conductivity of the aerogel composites decreased with increasing
cGF amount. The thermal conductivity value reached the lowest (25 mW/m.K) when aerogel
was reinforced with neat cGF. An improvement of 37% was gained compared to the cGF mat.
The effect of the cGF/PP ratio on compressive strength also showed a linear relationship at
both 10% and 25% strain. The compressive strength of the composites increased from 0.65
kPa to 2.10 kPa at 25% strain, and an improvement of 220% was achieved. These findings
provide valuable suggestions when two or more fibres are selected to fabricate fibre mats and
to reinforce aerogel composites to meet a particular requirement (i.e., flexibility, heat

resistance, or good insulation).

Recycled glass fibre mat was then successfully fabricated via wet deposition and chemical
bonding process. In this process, less amount of coupling agent was used by spraying it on the
fibre surface. This finding provides valuable suggestions for preparing recycled short fibre

mats via wet deposition and chemical bonding processes.

The prepared rGF-aerogel had a low thermal conductivity (23.8 mW/m.K). Besides, the rGF-
aerogel possessed higher compressive strength (5.8 kPa at 25% strain) than the aerogel
reinforced with the commercial needle punched GF mat (4.7 kPa at 25% strain, prepared in
chapter 5). Although the thermal conductivity of the rGF-aerogel is slightly higher than the
aerogel reinforced with the commercial needle punched GF mat (18.3 mW/m.K), it still paves
a promising way to maximise environmental benefits and shows great potential in the thermal

insulation field.

8.1.5. The potential application of aerogel composites in thermal insulating

packaging

In chapter 7, the thermal insulation performance of a typical shipping container with different
insulation materials, including aerogel composites, was evaluated. An optimised mathematical
model was derived and used to analyse the effect of packaging parameters on insulative

performance. The novel aspect of this model was incorporating two mathematical models
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described in the literature to improve the accuracy of the calculated results. Some crucial
factors, such as surface emissivity and thermal conductivity of materials, were measured
experimentally instead of using literature value to improve the accuracy of the model. A
number of experiments were then set up to validate the optimised model comprehensively.
The effect of parameters, including surface emissivity, insulation thickness, insulation
materials, amount of coolants and surrounding temperatures, on package insulative

performance was investigated.

Internal surfaces with lower emissivity proved to be a very cost-effective approach for
improving packaging insulation performance. 46% and 40% increase of the MIT were
obtained by applying the aluminium foil to the PE and EPS liners, respectively. Insulation
thickness was another critical design factor for packaging performance in passive temperature
control as MIT had a nonlinear relationship with insulation thickness. A similar phenomenon
was also observed with regard to the influence of the surrounding temperature on MIT. Even
with high-performance insulation materials, considerable MIT per thickness of insulation
could be achieved only when the external temperature was maintained around room

temperature (i.e., 23<C).

Aerogel blanket, as a high thermal insulation material, was used to investigate the feasibility
of using such materials in the packaging industry. The result showed that much higher MIT
could be achieved by using insulation materials with low thermal conductivity. For instance,
a 106% increase in the MIT per unit thickness of insulation liner was obtained by replacing
conventional EPS with a foiled aerogel blanket. This finding suggests that aerogel composites
have a great potential to satisfy the requirement of temperature control during package delivery
for long-haul transportation of fresh goods. However, the high price is the main challenge and

must be reduced to compete with traditional insulation materials.

The optimised transient thermal model demonstrated the ability to describe three distinctive
stages for temperature-time behaviour in insulated packages with coolant. The model was
capable of accurately quantifying the contribution from latent heat and sensible heat,
respectively. Comparison of modelling and experimental results showed a satisfactory
agreement across all the design factors for the packaging insulation performance. The
graphical user interface was developed to simplify the simulation process and ease to use, as
shown in Appendix-B. This finding suggests that the model can be utilised as a cost-effective

tool for packaging design concerning passive temperature control with improved accuracy.

223



8.2. Future work

In this research, a significant amount of experimental work was carried out to address the
project objectives. Although satisfactory results were achieved, there are areas where further
research can be targeted. In this section, potential optimisation of the current experiments and
new concepts that can be conducted in the future are discussed.

8.2.1. Fabrication and characterisation of inorganic porous geopolymer with

excellent thermal performance

The influence of foaming agents on porous geopolymer’s properties was well demonstrated
via the investigation of pore structure, bulk density, thermal conductivity, volume expansion,
and compressive strength of the prepared specimens. Despite the fact that a comprehensive
study of the structure-property relationship of geopolymer was carried out, several parameters
can be optimised to improve the accuracy of the experimental results, mechanical properties

of the geopolymer and lower the cost.

It was assumed that the true density of the solid geopolymer is the drying density of the
geopolymer without a foaming agent. This leads to a systemic error of the porosity calculation
using Equation 3.1, and this error is not negligible. Thus, the accuracy of the porosity
calculation can be improved by measuring the true density of the solid geopolymer using

Archimedes principle.

There are many ways to improve the mechanical properties of geopolymers. The most efficient
way is to introduce fibre (without dissolution in alkaline solution) as a structural matrix to
form fibre reinforced geopolymer composites. The recycled glass fibre may be a superior
option to enhance mechanical properties while lowering the product cost. It was also well
explored in the literature that the aluminosilicate solid and alkaline activator ratio, sodium
silicate and sodium hydroxide ratio, and sodium hydroxide concentration significantly impact
the material properties (see section 2.1.3.2.2). Thus, the effect of these parameters on the

mechanical-thermal property relationship is worth investigating.

8.2.2. Fabrication and characterisation of silica aerogel with an improved

fabrication process

Waterglass-based silica aerogel was successfully synthesised via ambient pressure drying. The
physical properties, microstructure, hydrophobicity, thermal stability, and thermal

conductivity of the aerogel were characterised. Due to the fragile nature of the aerogel, it is
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practically challenging to examine the properties, such as the mechanical properties, as

specified sample dimensions are required. Therefore, the application of aerogel is restricted.

The chances of the different aerogel-based products to be transferred to the market depend
upon further reduction of production cycle time and, thus, the production cost [202]. Therefore,
a fundamental understanding of the thermodynamics and kinetics of the solvent exchange and
the drying process is needed. Moreover, the translation into the corresponding multiscale
modelling is also necessary. Furthermore, the choice of the solvent, its interaction with the
matrix and its influence on the drying process should be investigated further [202]. Although
a few novel fabrication processes have been reported, which claimed that production time and
the solvent used, can be reduced significantly [302, 327]. These processes need to be further

verified to see the possibility of large-scale production.

Meanwhile, the current synthesis path can be optimised by varying deionized water (DI-H20)
to Na.SiO; volume ratio, the molar concentration of HCI and NH4OH, and drying methods,

aiming to improve the microstructure of aerogel.

8.2.3. Vacuum sealed fibre-reinforced silica aerogel composites with excellent

thermal conductivity

In chapter 5, PET and glass fibre reinforced silica aerogel composites were successfully
synthesised via ambient pressure drying. Although the GF-aerogel composites offered an
excellent thermal insulation performance (18.4 mW/m.K at a pressure load of 13.8 kPa), the
influence of heat treatment at high temperature on the thermal insulation performance is
unknown. The application of aerogel composite may need excellent thermal stability at a
higher temperature while maintaining its structural integrity. Therefore, it would be beneficial
to measure the mechanical and thermal properties of the aerogel composites after being heat-
treated (i.e., greater than 500<C).

It is well known that the outstanding thermal insulation performance of silica aerogel and
composites highly depends on their nano-porous structure. Therefore, it will be beneficial to
predict any change of the silica network (i.e. enlargement of pores) during the fabrication
process so that the negative effect on the insulation performance can be prevented [22].
Molecular modelling will be an effective technique to fully assess the influence of fibres’
presence during gelation and correlate the porous nanostructure features with the type and

properties of fibres as well as the possible chemical interaction between the two phases [22].
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8.2.4. Eco-friendly geopolymer and aerogel reinforced with recycled glass fibre

In chapter 6, recycled glass fibre (rGF) was introduced into the geopolymer and aerogel system.
Within the geopolymer system, rGF was dissolved in sodium hydroxide solution to form the
alkaline activator. This is used to improve the mechanical strength of the geopolymer. Within

the aerogel system, rGF is used to fabricate the glass fibre mat to support the aerogel network.

The involvement of rGFs significantly improved the strength of geopolymer without
diminishing the thermal performance. As a result, the compressive strength increased from
0.07 to 0.17 MPa, with a 143% improvement. However, by referencing ASTM C869 (standard
specification for foaming agents used in making preformed foam for cellular concrete), the
minimum compressive strength for cellular concrete made with preformed foam is 1.4 MPa.
Thus, further improvement is needed to enhance mechanical performance. This can be
achieved by introducing a physical foaming method (preformed foam) and optimizing the
synthesizing parameters such as ash/alkaline activator ratio and sodium hydroxide/sodium

silicate ratio.

The involvement of rGFs in the aerogel system showed that the rGF-aerogel had a superior
thermal conductivity (23.8 mW/m.K) compared to the one reinforced with cGF (25.0
mW/m.K). Meanwhile, the compressive strength of the rGF-aerogel increased from 2.1 kPa to
5.8 kPa, with a 170% of improvement. The rGF-aerogel possesses a higher compressive
modulus than the aerogel reinforced with the commercial needle punched GF mat. The reason
is unclear at this point, and further work is required. Besides, the application of aerogel
composite may need excellent thermal stability at a higher temperature while maintaining its
structural integrity. Fibre sizing (APS) usually decomposes after 450 <C; therefore, it would be
beneficial to investigate the microstructure, mechanical and thermal performance of the

aerogel composites after heat treatment (i.e., greater than 500 <C).

8.2.5. The potential application of aerogel composites in thermal insulating

packaging

In chapter 7, a transient thermal model simulating the insulating performance of multi-layered
wall packages and the envelope-shaped package were developed and experimentally verified.
Although the comparison of modelling and experimental results shows an excellent agreement
across all the design factors for the packaging insulation performance, the simplified analytical
model accompanied by the ice melt test leads to considerable uncertainty. Therefore, both the

analytical model and experimental work can be improved.
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Several assumptions have been applied when developing the model. Firstly, conduction is
considered as a dominating mechanism for heat transfer in a perfectly closed package
surrounded by negligible fluid displacement. In fact, both convection and radiation should be
taken into account during the physical shipping process, especially at a higher surrounding
temperature. Terpak et al. [37] suggested a faster temperature rise could be obtained when
considering only heat transfer by conduction. The influence of convection and radiation was
depended on the changing factors during simulation. These include the thickness of the
insulation, the surface emissivity of the material and the amount of coolant. The change in
emissivity led to a change in radiation and combination heat transfer. The temperature rise
could be 25 times slower when the surface emissivity of the material is reduced from 1.0 to
0.04. As aresult, the time for the temperature rise was halved via the combination heat transfer
[37]. Therefore, it will be beneficial to involve convection and radiation heat transfer within

the numerical model.

Furthermore, it is assumed that there is no significant air gap between insulation materials and
cardboard. A systematic error could be presented. This was clearly demonstrated when two
layers of aerogel blanket liners were used to achieve an insulation thickness similar to other
insulation materials, as shown in Figure 7-25 (d). The air space between the layers was
classified into categories to calculate the thermal resistance of the multi-layered wall, as
described in Equation 7-10. This implies that the air space between layers is unavoidable in

the model, although measuring these gaps is practically challenging.

Finally, it was well proved that the surface emissivity of a material is one of the most crucial
factors influencing the package’s thermal insulation performance. Therefore, it is favourable
to investigate the effects of surface emissivity on package insulative performance in more
detail. This includes the location of highly reflective materials in the package, e.g., inside and

outside the package and around the product.
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Appendix-A The UK insulated packaging market 2018

Appendix-A summarises the insulation material used, coolant types (if any), estimated transportation time, and cost per package for major UK package

manufacturers. All data were obtained by visiting the official websites of the companies.

The UK insulated packaging market 2018

Company Material Performance (Hr) Coolant Description Dimension (mm)* Price (B**
C.R. Distribution polystyrene N/A N/A N/A
Camilla and Roly Natural Wool 24 None N/A
. . . . 273x273x143 -
Chilled Packaging Al bubble wrap 72 with Gel packs ice cube box 413%273%273 2.57-3.9
EPS Group polystyrene 24 with ice N/A
Excel polystyrene N/A with gel packs
Hydropac polystyrene 24+ N/A postal pocket 200x250 - 600x250 1.2-2.65
. 400x270x160 -
Hydropac polymer based wrap 24+ N/A air bag 590x320x225 2.14-3.93
240x260x100 -
Hydropac polymer based wrap 24+ N/A cool bag 480x480x140 0.5-1.12
325x%205x190 -
Hydropac polystyrene 24+ N/A freshpac box set 498x287x178 2.63-8.68
. . 245x245x240 -
Icertech polystyrene 48 with Gel packs foil-box 405x405x300 1.5-3.3
. . 190x190x190 -
Icertech polystyrene 72 with Gel packs Tile-box 490x490x290 1.75-3.6
. 305x220x60 -
JBP polystyrene N/A with ice deluxe box 730x335x195 15.45-45.78
. 310x225x60 -
JBP polystyrene N/A with ice box 240x340%200 1.37-6.7

A-1




K.B. Packaging &

. . polystyrene 24 N/A N/A
insulation
Kevothermal VIP N/A with Gel packs N/A
Laminarmedica polystyrene 72 wirh ice packs N/A
Phoenix specialists polystyrene N/A N/A N/A
Puffin Packaging Natural Wool 48 with ice packs box with two liners | 28x21x27 - 47x32x32 3.08-6.35
Puffin Packaging Natural Wool 48 with ice packs box liners only 27x66 - 32x123 0.99-1.95
Puffin Packaging Natural Wool 48 with ice packs box with pouch 21x21x20 - 48x33x36 3.25-6.7
Puffin Packaging Natural Wool 48 with ice packs pouch 37x38 - 77x70 1.44-4.38
simplipac polystyrene N/A with ice N/A
sofrigam VIP 240 with Gel packs N/A
Soft Box system polystyrene 96 with Gel packs N/A
. . I 203x203x203 -
sonoco thermosafe | biodegradable fiber 48 with ice panel 356x356x356 2.12-4.92
sonoco thermosafe | biodegradable fiber 48 with ice envelope 279x229 - 457x356 2.18-3.47
sorba freeze polystyrene 48 sorba-freeze blocks box 240x240x240 - 2.15-4.97
560x330x220
sorba freeze polystyrene 48 sorba-freeze blocks wrap 268x190 - 268x370 0.1-0.3
sorba freeze polystyrene 48 sorba-freeze blocks envelopes 250x300 - 250x600 1.1-2.55
InsuSI;'?i/(;gclf?rfite q polystyrene N/A N/A N/A
. . I 305x220x60 -
Starlight Packaging polystyrene N/A with ice Heavy duty black 730x335x195 11.98-50.73
. . I 300x165x100-
Starlight Packaging polystyrene N/A with ice Polysterene box 665x440x180 1.71-14.8
Sundolitt polystyrene N/A with ice N/A
Temperature
Controlled polystyrene foam 24 with ice packs N/A
Packaging
The wild meat Natural Wool 36 with ice packs N/A
company
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Thermal Packaging - . 200x120x290 -
Solution Al bubble wrap N/A with ice packs Courier packs 300x120x400 1.99-2.99
Thermal Packaging I 1200x800x1200 -
Solution Al bubble wrap N/A with ice packs Pallet cover 1200x1200x1800 35.8-92.8
Thermal Packaging . - . 2620x2440x6000 -
Solution Al bubble wrap N/A with ice packs Shipping container 12000x2440x6000 259-808
Therrga(l)lhljtailgléaglng Al bubble wrap N/A with ice packs Envelopes 200x255 - 460x560 0.78-2.12
- . 180x525x25 -
Woolcool Natural Wool 62 with ice packs Fleece Liners 580X980X25 0.89-2.71
I 180x180x180 -
Woolcool Natural Wool 62 with ice packs Box sets 580x380x200 2.63-7.32
Woolcool Natural Wool 62 with ice packs Envelopes 360x300 - 730x280 1.43-2.22
Woolcool Natural Wool 62 with ice packs Carrier bag 330x190x130 - 1.83-2.93
430x430x130 ' '

* . Dimension varies
**: Price varies for different size and performance

A-3



Appendix-B Development of  Graphical User
Interface (GUI) application

The mathematical model was implemented in a MATLAB environment. It takes time for the
user to understand all logic behind the framework and to change design parameters to meet
the user’s needs. Besides, MATLAB is not commonly accessible software that limits the use

of the model.

A graphical user interface (GUI) application was then developed based on Microsoft Visual
Studio to enter the desired parameters and display results easily. The results are shown in the
form of graphs and values. A functional simulation model in the form of a software application
results from implementation [37]. Figure B-1 displays the opening window when the
application is initiated. The parameters are categorised into the following groups: parameter
of products, the parameter of coolants, the parameter of the external environment, the
parameter of the insulation layer, and the parameter of packaging, including external
dimensions as well as material emissivity. It is worth mentioning that the thermal conductivity
and emissivity value are pre-set in the program when the material is selected. The

corresponding value will be activated to involve in the simulation.
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Figure B-1 Application window of GUI
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When all parameters were entered, the simulation could then be started. Both values and graph
could be displayed, as shown in Figure B-2. This application is user convenient and time-
saving, which can be utilised as a cost-effective tool for packaging design concerning passive

temperature control.
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Figure B-2 Result output of GUI
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