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ABSTRACT
For many garment applications where protection is needed against
hostile environments, part of the requirement is for insulation to
shield the wearer from extremes of temperature. For an insulating
garment to be fully effective, it needs to allow the wearer to move
freely so that they can carry out their intended activity efficiently.
Traditional materials achieve their insulation by trapping air within
the structure thereby not only limiting heat loss by convection but
also making good use of the low thermal conductivity of air to
cocoon the wearer within a comfortable environment. To achieve
effective protection with conventional textiles, it is usually
necessary to have a thick fibrous layer, or series of layers, to trap a
sufficient quantity of air to provide the required level of insulation.
Several disadvantages arise as a result. For example, thick layers of
insulating textile materials reduce the ability of the wearer to move
in a normal manner so that the conduct of detailed manual tasks
can become very difficult; the layers lose their insulating capacity
when the trapped air is lost as they are compressed; the insulating
capacity falls rapidly as moisture collects within the fibrous
insulator � it does not have to become sensibly wet for this to
happen; just 15% moisture regain can give a dramatic reduction in
insulating capacity. Not surprisingly therefore, there has been
continued interest in developing insulators that might be able to
overcome the disadvantages of conventional textile materials and
improve the mobility of the wearer by allowing the use of only a
very thin layer of extremely-high insulating performance to provide
the required thermal protection. One class of materials from which
suitable candidates might be drawn is aerogels; their attractiveness
derives from the fact that they show the highest thermal insulation
capacity of any materials developed so far. Despite sporadic high
levels of interest, commercialisation has been slow. Aerogels have
been found to possess their own set of disadvantages such as
fragility; rigidity; dust formation during working and cumbersome,
expensive, batch-wise manufacturing processes. They may well
have been destined to become a product of minor interest,
confined to very specialist applications where cost was of little
concern. However, methods have been developed to combine
aerogels and fibres in composite structures which maintain
extremely high insulating capacity whilst demonstrating sufficient
flexibility for use in garments. Ways have been found to prevent the
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formation of powder as aerogel composite fabrics are worked. Most
significant though, is the achievement, arising from a project
supported by the Korean Government, of a simplified one-step
production process developed with the express aim of providing a
substantial reduction in the cost of aerogels. Suitably-priced aerogel
is now available and this should provide fresh stimulus for research
and development teams to engage in new product development
work utilising aerogels in textiles and garments for thermal
insulation. The mechanisms through which aerogels achieve their
outstanding thermal insulating ability is unconventional, at least in
terms of materials used in textiles. This issue of Textile Progress
therefore includes detail about thermal transport in aerogels before
reviewing the various forms in which aerogels can now be made,
some of their applications and the research priorities that are now
beginning to emerge.

1. Introduction

Aerogels are highly porous materials with extreme properties [1], and although they are
considered to be a ‘Material of the Twenty-First Century’, it was in 1930 that Kistler
invented the first process for making such a highly porous inorganic silica product [2].
Aerogels are also known as frozen smoke, solid smoke, solid air, or blue smoke [3], charac-
terized as low-density solids with a low optical index of refraction, low thermal conductiv-
ity, low speed of sound through the material, a high surface area, and a low dielectric
constant. According to IUPAC, an aerogel is defined as a gel comprising a microporous
solid in which the dispersed phase is a gas [4]. Aegerter et al. [5] defined aerogels as gels
in which the liquid has been replaced with air, with very moderate shrinkage of the solid
network. The typical structure of an aerogel is shown in Figure 1.

Although its use has been confined to very specialist applications to date, according to
market research reports issued for the period 2013�2020, the global aerogel market is

Figure 1. Nanometre scale particles and pores in an aerogel: (a) network architecture of an aerogel
[143]; (b) electron micrograph of a silica aerogel [144].
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forecast to reach US$1896.6 million by 2020 from $221.8 million in 2013, registering a
compound annual growth rate (CAGR) of 36.4% during the forecast period (2014�2020).

North America and Europe are expected to generate about two-thirds of the market
revenue by 2020. In terms of volume, the market is expected to reach 953.1 million sq. ft.
of product by 2020, from 105.6 million sq. ft. in 2013. Though the consumption of aerogels
is worldwide, and largely evenly dispersed, over 85% of aerogel production facilities are
located in North America and Europe.

Silica, carbon, and alumina have been the prime sources for manufacturing aerogels
whilst others (polymers, chalcogels, and seagels) are more scarcely used. Silica aerogel is
projected to be the most promising segment, mainly due to its efficient insulation proper-
ties and the promise of lightweight solutions.

Other aerogel market segments are anticipated to grow at a CAGR of 52% during the
forecast period. This includes applications in agriculture, cryogenics, apparel components,
and power generation. The substantial growth of other types is mainly attributed to poly-
mer aerogels, which are now beginning to emerge as efficient and cost-effective heat
insulators.

The oil and gas sector is expected to continue to lead the global aerogel application mar-
ket both in terms of value and volume through to 2020. Acoustic insulation, building insula-
tion, and electronics applications are all also expected to show significant growth [6,7].

Aerogel materials demonstrate outstanding performance as thermal, acoustic absorb-
ents or insulators, shock absorbers, in batteries, as electrical insulators, as catalyst sup-
ports, drug carriers, cosmic dust collectors, and in nuclear-waste storage materials [7,8].
Aerogels together with vacuum insulation panels are currently the new, promising, high-
performance thermal and acoustic insulation materials for building applications [8�16];
also their high visible, solar radiation transmittance is a desirable attribute for application
in insulating windows.

1.1. What is an aerogel?

An aerogel is an advanced material with an appearance of solid smoke or that of a holo-
gram, appearing to be a projection rather than a solid object. It consists of more than 96%
air. The remaining 4% is a wispy matrix of silicon dioxide. Consequently, it is one of the low-
est density solids ever conceived. Aerogels are made by a ‘sol�gel process’, during which,
in the case of silica aerogels, silicon alkoxide precursors dispersed in water undergo hydroly-
sis and condensation, the rates of which are controlled by the presence of a catalyst; con-
current condensation of the silicon alkoxide causes the formation of a gel network [17,18].

The mixture is a liquid at the start of the reaction, and becomes more and more viscous;
as the reactions proceed, the solution loses its fluidity and the whole reaction mixture
becomes a gel consisting of a three-dimensional (3D) network of silicon dioxide filled with
the solvent, which in this case is water. During a specially controlled drying procedure, the
solvent is extracted from the gel body without allowing the gel to collapse, leaving the
intact silicon oxide network filled with air instead of water; the product is called an aerogel.

Silica aerogels (SiO2) are highly porous, optically transparent, solid materials composed of
individual particles only a few nanometres in size, which are linked in a 3D structure. Aero-
gels can be synthesized not only from silicon oxide (silica aerogel), but also from a variety
of organic and inorganic substances such as titanium oxide, aluminium oxide, and carbon.
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Aerogels are distinguished by their very fine pore sizes (from about 1�20 nm) as shown
in Figure 2, and can be made to have ultra-low densities. The very small pores are synony-
mous with very high surface areas (e.g. from 800 to 1100 m2/g) of the internal structures.

1.2. History: the creation and evolution of aerogel

Kistler found a way to remove the fluid from a wet silica gel, leaving behind its solid struc-
ture. There is conflicting information regarding the precise timing of, and his motivation
for, producing them, but throughout the 1920s, he had been working with supercritical
fluids (high-pressure fluids on the point of boiling). In the early 1930s, he continued his
experiments with aerogels, studying some of their thermal and catalytic properties [18].
The first commercial aerogel was produced in 1942 by the Monsanto Corporation, under
the trade name Santocel. The process involved soaking a sodium silicate solution in sul-
phuric acid, then repeatedly washing it in alcohol before drying it at high pressure. Mon-
santo described the product as ‘a light, friable, slightly-opalescent solid containing as
much as 95 percent air by volume. It is a very-effective, heat-insulating material’ [19]. Mon-
santo claimed to have produced an aerogel with a density of 1.8 pounds per cubic foot (29
kg/m3), but their regular output was more dense, at between three and five pounds per
cubic foot (48�80 kg/m3). Monsanto marketed Santocel mainly as a flatting/matting agent
for paints and varnishes. Its applications, though not numerous, were as varied as thermal
insulation in household freezers and an ingredient in Napalm. Because of its high
manufacturing cost, however, Monsanto discontinued aerogel production in 1970 [19].
Interest in aerogels, and their very low thermal conductivity, increased in the 1980s as
energy conservation became more important and much of its production and applications
since 1993, including some exploration of the use of aerogels in garments, have been led
by Aspen, when Aspen Systems was awarded the contract by NASA for aerogel develop-
ment, which was the first step leading to the launch of Aspen Aerogels Inc., Northbor-
ough, MA, in 2001 [20]. However, the high production costs of aerogels which had
prevented their widespread use [20,21] continued to be an issue.

In recent years, there has been a renewed interest in aerogel research due to the
changing and challenging needs of the twenty-first century and the number of patent

Figure 2. Complex aerogel pore structure [19].
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applications has increased dramatically. In the face of environmental change and eventual
energy crisis, there is now a growing need for materials like aerogels that can conserve
energy, and help to reduce greenhouse gas emissions and pollution (for instance, by use
in thermal and acoustic insulation, air and water purification), but there is also recent
growth in high-performance apparel applications and gloves, where aerogels’ excellent
insulation properties, which are retained even under compression, offer advantages when
used as garment panels at particular pressure points over the usual fibrous fillings such as
polyester [22]. Difficulties which might otherwise arise in cutting and sewing/joining of
the aerogel in garment manufacture, can be obviated by encapsulation of the aerogel, for
example, as offered in Aerotherm insulation panel sets (Aerogel Technologies Inc. Boston,
MA) [23]. The same attribute of insulation retention under compression also makes aero-
gels an excellent choice for the creation of insulating insoles in footwear. Its use as a com-
ponent of firefighters’ protective clothing is also being explored [24�26].

Thermal conduction through the solid structure of an aerogel is limited by the small con-
tact surface between the particles from which it is composed. Gaseous conduction is limited
because the cells/pores are so small � around the size of the mean free path for collisions
between molecules of the gases from which the air is composed. The gas molecules collide
with the solid network and cannot, therefore, transfer their energy to a neighbouring gas
molecule. Radiative transmission is low because silica aerogels possess low transparency to
infrared (IR) radiation. Aerogels, with their extremely low thermal conductivity, derived from
these physical properties are, therefore, an attractive proposition for making insulating
materials, and whilst the global market for aerogel is growing rapidly, recent growth has
been driven primarily by insulation applications [22] and intensive research activities have
been focused on their technological development and commercial application.

The wider application of aerogels has been dogged by the high costs associated with
their production; hence there is interest in improving the methods of manufacture. For
example, several processes have been developed for preparing monolithic aerogel with
low bulk densities, at ambient pressure without the need for any solvent exchange and
surface modification [23�26]. This has been achieved through the use of specific precur-
sors like methyltrimethoxysilane (MTMS) or a combination of MTMS and vinyltrimethoxysi-
lane, coupled with specifically-tailored processing conditions. It is the type of precursor
used that largely determines the flexibility and hydrophobic characteristics of the resul-
tant aerogel [23�27].

1.3. Structural features

Aerogels possess an unusual combination of high porosity and small pore size, making
porosity characterization by conventional techniques very difficult. Techniques such as
mercury intrusion, thermoporometry, and nitrogen adsorption/desorption based on the
application of capillary pressures on the aerogel network, may cause large volumetric
compressions, leading to incorrect values for pore size and volume [28]. Aerogels’ very
low permeability can be explained in terms of its pore size being suitable for transport of
water vapour/gases but not for liquid water [29].

Some aerogels such as carbon aerogels can be obtained in the form of monoliths,
beads, powders, or thin films, and this variety of forms makes them promising materials
for application in adsorption and catalysis [30, 31]. Organic polymer aerogels are
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nanoporous materials whose nanopore structures may be modified by the chemical reac-
tions taking place, so carbon nanotubes are added with the organic aerogel precursor.
This enables potential improvements over current carbon aerogels for applications such
as sensors, actuators, electrodes, and thermoelectric devices [32].

Their porosity provides both molecular accessibility and rapid mass transport via diffu-
sion and, for these reasons, aerogels played a role in the heterogeneous catalytic materials
field for over 50 years; their high porosity and the mesoscopic pore diameters of aerogel
structures enable electrolytes to penetrate the aerogel particle [33].

Aerogels’ characteristics and properties are given in Tables 1 and 2.
By tailoring the production process, many of the properties of an aerogel can

be adjusted. Bulk density is a good example, adjusted simply by making a more- or less-
concentrated precursor gel; the thermal conductivity of aerogels can also be adjusted this
way, because thermal conductivity is related to density. Typically, aerogels exhibit bulk
densities ranging from 0.5 to 0.01 g/cm3 and surface areas ranging from 100 to 1000 m2/g,
depending on the composition of the aerogel and the density of the precursor gel used to
make the aerogel [34,35].

Properties such as transparency, colour, mechanical strength, and susceptibility to
water, however, depend primarily on the composition of the aerogel. For example, silica
aerogels are usually transparent with a characteristic blue cast due to Rayleigh scattering

Table 1. Characteristics of aerogels.
(1) Property (i) Ultra-low thermal conductivity

(ii) Ultra-low refractive index
(iii) Ultra-low dielectric constant
(iv) High surface area
(v) High refractive index
(vi) Ultra-low relative density
(vii) Ultra-high porosity

(2) Structure (i) Gel-like structure on nanoscale coherent
skeletons and pores
(ii) Hierarchical and fractal microstructure
(iii) Macroscopic monolith
(iv) Randomly cross-linked network
(v) Non-crystalline

Table 2. Properties of aerogel.
Property Value Comments

Apparent density 0.03�0.35 g/cm3 Most common density is »0.1 g/cm3

Internal surface area 600�1000 m2/g As determined by nitrogen adsorption/desorption
% Solids 0.13%–15% Typically, 5% solid (95% free space)
Mean pore diameter »20 nm As determined by nitrogen adsorption/desorption (varies with

density)
Primary particle diameter 2�5 nm Determined by electron microscopy
Index of refraction 1.0�1.05 Very low for a solid material
Thermal tolerance to 500 �C Shrinkage begins slowly at 500 �C, increases with rise in

temperature. Melting point is >1200 �C.
Coefficient of thermal expansion 2.0�4.0 £ 10¡6 Determined using ultrasonic methods
Poisson’s ratio 0.2 Independent of density. Similar to dense silica.
Young’s modulus 106-107 N/m2 Very small (<104 x) compared to dense silica
Tensile strength 16 kPa For densityD 0.1 g/cm3

Fracture toughness »0.8 kPa m1/2 For densityD 0.1 g/cm3. Determined by three-point bending.
Dielectric constant »1.1 For densityD 0.1 g/cm3. Very low for a solid material.
Sound velocity through the medium 100 m/s For densityD 0.07 g/cm3. One of the lowest velocities for a

solid material.
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of the short wavelengths of light. Carbon aerogels, on the other hand, are opaque and
black, whilst iron oxide aerogels are barely translucent and can be either rust-coloured or
yellow. As another example, low-density (<0.1 g/cm3) inorganic aerogels are both excel-
lent thermal insulators and excellent dielectric materials (electrical insulators), whereas
most carbon aerogels are thermal insulators and electrical conductors. Table 3 shows
some of the world records held by particular aerogels.

1.4. Classification of aerogels

Aerogels can be classified in a variety of ways as shown in Table 4.
The term aerogel does not refer to a particular substance, but rather to a geometry into

which a substance can be formed; in much the same way that a sculpture can be made
out of clay, plastic, papier-mâch�e, aerogels can be made from a wide variety of substances
as shown in Table 5.

Table 3. Guinness World Records held by aerogels.
Silica aerogel Lowest density solid (0.0011 g/cm3)

Lowest optical index of refraction (1.002)
Lowest thermal conductivity (0.016 W/m/K)
Lowest speed of sound through a material (70 m/s)
Lowest dielectric constant from 3�40 GHz (1.008)

Carbon aerogel Highest specific surface area for a monolithic material (3200 m/g)

Table 4. Classification of aerogels.
(a) On the basis of appearance (i) Monolith

(ii) Powder
(iii) Film/felts

(b) On the basis of preparation method (i) Aerogel
(ii) Xerogel
(iii) Cryogel

(iv) Other aerogel-related materials

(c) On the basis of different microstructures (i) Microporous aerogel (<2 nm)
(ii) Mesoporous aerogel (2�50 nm)

(iii) Mixed porous aerogel

(d) On the basis of chemical structure (i) Oxides
(ii) Polymers
(iii) Mixed
(iv) Hybrid

(v) Composite.

Table 5. Substances from which aerogels have been made.
Silica
Transition metal oxides: Iron oxide
Lanthanide and actinide metal oxides: Praseodymium oxide
Main group metal oxides: Tin oxide
Organic polymers: Resorcinol/formaldehyde resin,

phenol/formaldehyde resin,
polyacrylates, polystyrenes,
polyurethanes, epoxy resins

Biological polymers: Gelatin, Pectin, Agar agar
Semiconductor nanostructures: Cadmium selenide quantum dots
Carbon: Carbon nanotubes
Metals: Copper, Gold

TEXTILE PROGRESS 61



TTPR_A_1179477.3d (Standard Sanserif) (174£248mm) 26-05-2016 14:59

Aerogel composites, for example, aerogels reinforced with polymer coatings or aero-
gels embedded with magnetic nanoparticles, are also routinely prepared [35].

2. Thermal conduction mechanism through porous aerogel

The thermal conductivity (λ) of thermal insulating materials (porous bodies) is described as
follows:

λD λgc C λsc C λc C λr (2:1)

where λgc is thermal conduction through the air, λsc is thermal conduction through the
solid, λc is the heat transfer by convection, and λr is the heat transfer by radiation.

Each of these thermal conduction mechanisms is schematically shown in Figure 3.
Thermal conductivity by a gas: Thermal energy transfer through the air under a temper-

ature gradient can be regarded as a transport of kinetic energy driven by the collision of
molecules of the different gases of which the air is composed. The thermal conductivity of
a gas depends on the ‘mean free path’ of a gas molecules (Lf) enclosed in a narrow space,
the mean pore size (Ls), and the ‘mean free path’ of the gas molecules in free space (Lg) as
follows [36]:

1
Lf

D 1
Ls

C 1
Lg

(2:2)

which can be transformed as follows:

Lf D Lg

1C Lg
Ls

D Lg
1C Kn

(2:3)

where the symbol Kn represents the so-called Knudsen number.
Thermal conductivity by the gas in a porous solid: The Knudsen effect appears if the

mean free path of the gas molecules in a porous solid exceeds the pore diameter, i.e.
Kn > 1; under these conditions, a gas molecule located inside a pore will most often ballis-
tically strike the pore wall rather than another gas molecule; hence gas thermal

Figure 3. Factors contributing to the thermal conduction through porous materials [36].

62 M. VENKATARAMAN ET AL.



TTPR_A_1179477.3d (Standard Sanserif) (174£248mm) 26-05-2016 14:59

conductivity, and thereby the overall thermal conductivity, becomes very low. A rough
relationship between the mean pore size (Ls) and the thermal conductivity of the air is
shown in Figure 4. It can be seen that, when making the mean pore size (Ls) smaller than
the ‘mean free path’ of the gas molecules in space (Lg), Lf will be smaller and the overall
thermal conduction can be less than that of the air.

Thermal conduction by the solid in a porous solid: Heat transfer by conduction involves
transfer of energy within a material without any flow within the material as a whole. Thus,
for a good thermal insulating material, the thermal conductivity of the material from
which the solid is made should be low; it is also clear that heat transfer by thermal con-
ductivity of a porous solid will become smaller as its structural skeleton is made thinner
and the solid portion is reduced.

Convective heat transfer by the gas in a porous solid: Heat transfer by gas convection will
be able to take place once the pore size becomes large enough for fluid movement to
overtake molecular movement. By contrast, when the pore size is several millimetres or
less, fluid movement will be suppressed and gas convection will eventually cease, even
though the material remains porous.

Radiation heat transfer by a porous solid: The thermal motion of particles in a material gives
rise to the emission of energy in the form of electromagnetic radiation which will transmit
through the material if it is transparent to the wavelength(s) of the emitted radiation, but will
be blocked if it is opaque to those wavelengths. For a porous solid, its transparency
will depend on the composition of its solid component, but even so, the material as a whole
will emit electromagnetic radiation to some degree given that its temperature is above 0 K
or absolute zero, and more at higher temperatures. (Heat transfer by radiation from a black-
body radiator increases as the fourth power of the absolute temperature and this principle
needs to be taken into account for real materials in high-temperature applications [36].)

Aerogels are remarkable thermal insulators because they come close to nullifying all of
these modes of heat transfer. In these materials, the mechanism of heat transfer is via lat-
tice vibrations, as the atoms vibrating more energetically in one part of the solid transfer
their thermal energy to less-energetic neighbouring atoms, an effect enhanced by

Figure 4. A rough relationship between the mean pore size (Ls) and the thermal conductivity of air [36].
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cooperative motion in the form of propagating lattice waves, which at the quantum limit
are quantized as phonons [36]. The nanometre-sized pores meanwhile, partially suppress
gaseous convective thermal transport and the third mode of heat transfer, radiation,
comes into account only at the high temperatures. Hence, the low overall thermal conduc-
tivity of the aerogel makes it an attractive thermal insulating material.

Traditionally, for many thermal insulation applications (in ovens or heat-exchanger sys-
tems, for example), glass wool is used, but whatever the fineness of the glass wool, its
sharp ends make it harmful to handle. For water coolers and refrigerators, polyurethane
foam (PUF) is the usual choice of thermal insulating material. At the right price, aerogels
could be used in these applications instead of glass wool or PUF, and low-cost aerogels
could find applications in thermal insulating layers of clothing for very cold climates and
also as water cylinder jackets. Such potential is beginning to emerge; TiO2-doped silica
aerogels prepared using low-cost sodium silicate with a reduced processing period are
more economical than TiO2-doped aerogels based on the more expensive tetraethyl
orthosilicate (TEOS) precursor making them more suitable for thermal insulation in refrig-
erators, heat furnaces, or ovens replacing PUF and glass wool, respectively. The fine pow-
der of superhydrophobic silica aerogel forms liquid marbles which can be used for
transport of microfluids [36].

2.1. Thermal transport in monolithic aerogel

All thermal applications of silica aerogel require precise determination of their heat transfer
characteristics via IR radiation and solid conduction. SiO2 aerogel in layers of 1�2 cm are not
optically thick and, therefore, heat transfer is a complex phenomenon in this material [37].

2.1.1. Radiative heat transfer
Infrared (IR) extinction is provided by absorption. The absorption of IR radiation by aerogels
is strong above IR wavelengths of 7 mm, but especially low between 3 and 5 mm as illus-
trated by Figure 5. Therefore, at temperatures around 280 K, the thermal IR transmission

Figure 5. Specific extinction coefficient e D E/r [37].
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spectrum is effectively attenuated, and the radiative transport through aerogel is weak. For
increasing temperatures, however, more and more radiation can penetrate the material
within the wavelength range 3�5 mm (Figure 5). Silica aerogel then gradually loses its insu-
lating properties [37].

In Figure 5, the specific extinction coefficient for silica aerogel at different wavelengths
is shown on a logarithmic scale; the strong absorption bands shown by the silica aerogel
at 9.5, 12.5 and 21 mm are also observed for silica glass; the 2.7-mm absorption band is
caused by vibrations of the OH groups bound to silicon atoms in the silica [37].

For T D 200 K (¡73 �C), the major radiative contribution occurs above wavelengths of
50 mm; low boundaries would cut off the flux maxima [37]. The tenuous structure is
expected to provide a drastically reduced solid conductivity compared to silica glass.
From the phonon diffusion model for non-porous SiO2 glass (index G) and for aerogel
(index A),

λG D Cv;G�rG�VG= 3 (2:4)

λA D Cv;A:rA:VA= 3 (2:5)

where λ is the thermal conductivity, Cv is the specific heat at constant volume, r is the
thickness, and V is the volume; subscripts G and A refer to non-porous silica glass and
aerogel, respectively.

Figure 6. Relative spectral flux through silica aerogel between black boundaries for T D 200, 300, and
400 K [37]. (It should be noted that in Figure 6, markedly different ordinate scales are used in the charts
for each different temperature.)
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The following equation has been derived as

λA D λG
rA
rG

VA
VG

(2:6)

where r is the density, and the subscripts G and A refer to non-porous silica glass and
aerogel, respectively.

The phonon mean free paths lp in SiO2 glass and in silica aerogel are expected to be of
the order of 1 nm. The specific heat capacities C for both materials differ markedly below
10 K; at elevated temperatures, the Cv values for glass and aerogel are comparable. For an
estimate, consider aerogel with density rA D 100 kg/m3 and equate the phonon group
velocity with the sound velocity va D 100 m/s derived from ultrasonic measurements. For
T D 300 K (27 �C), where λG D 1.3 W/(m K), the value was λA D 1.3 W/(m K) for sound veloc-
ity (100�2200 m/s). The outcome for (100�5000 m/s)D 10¡3 W/(m K), gives a value which
is by far the lowest ever reported for a solid material; the phonon diffusion model is valid
at room temperature for compressed powders over a large density range. Recent meas-
urements on the solid thermal conductivity of aerogel are presented in Figure 7. Data
have been collected from stationary measurements with two ‘hotplate’ systems, one
cooled with liquid N2, the other with liquid He [37].

The solid thermal conductivity dramatically varies with density and the values for vari-
ous densities differ (by a factor of 500 or so for the 100 kg/m3 aerogel) between room
temperature and about 4 K [37].

2.1.2. Combined radiative and conductive heat transfer
For optically thick insulations, for example, opacified fibre or powder systems, the solid
and the radiative conductivities, λsc and λr, respectively, are well defined and are linearly

Figure 7. Double-log plot of thermal conductivity versus temperature for non-porous silica glass and
aerogel having density r D 270 kg/m3, for aerogels having densities of 100 and 62 kg/m3, respectively
[37].
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superposed:

λD λsc C λr (2:7)

with

λr D .16 n2 s T3
r / . 3 L / (2:8)

Tr D
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
.T2

1 C T2
2 / .T1 C T2/

3
q

(2:9)

eD L=r (2:10)

where e is the specific extinction coefficient, L is the wavelength of radiative heat transfer.
And r is the mass density. s in Equation (2.8) is the Stefan�Boltzmann constant, n is the
average index of refraction of the insulation, Tr is the mean temperature, and T1 and T2 in
Equation (2.9) are the boundary temperatures. As λsc is only weakly dependent on temper-
ature, the equations may be displayed in a simplified λ versus Tr

3 diagram (see Figure 8).
For optically thin, non-conducting, grey insulations with optical thickness to D L d, the

radiative flux can be estimated from

qr D .n2 s .T4
1 ¡ T4

2 Þ/
.2=e¡ 1 C 3=4 to/

(2:11)

This equation will give wrong results in the general case of non-zero solid conduction
and low boundary emissivities (e << 1), when a considerable amount of radiation
emerges from the radiative boundary layers close to the wall (Figure 9) [37].

Due to the strong temperature gradient near the wall, the energy can effectively be
delivered into the boundary layers via solid conduction. The amount of radiation emitted
from the boundary layers depends on its optical absorption thickness, to. Furthermore,

Figure 8. Thermal conductivity for an especially thick insulation; the data are for load-bearing fibre
insulation [37].
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the lower the emissivity (e) of the walls for a given to, the more radiation, compared to the
emission of the walls, will proceed from the boundary layers into the aerogel tile. To take
care of the boundary-layer effect, the emissivity e in Equation (2.10) may be substituted by
a (higher) effective emissivity:

e0 D 1¡ .1¡ e/� exp ½¡ arctan.to/=2� (2:12)

In general, the combined radiative and conductive heat transfer is described by an inte-
grodifferential equation. It is tedious to solve the exact equation numerically for a non-
grey medium such as aerogel, where the optical thickness to is a function of wavelength.
However, it is possible to work with a generalized three-flux equation, presented for grey
media (see Figure 10) [37].

Figure 9. Temperature profile for pure conduction (dotted line) and for a medium with a radiative
boundary layer (full line) [37].

Figure 10. Thermal transfer coefficient for aerogel [37].
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The graphs show how the thermal transfer coefficient of an aerogel with (r D 77
kg/m3, d D 9 mm) changes as a function of mean temperature Tr, where the points
marked (C) are actual measurements, and the line marked (¡) follows the numerical
solution of the general heat transfer equation given by the approximate spectral
three-flux equation [37].

2.1.3. Influence of gas pressure
The structural build-up in aerogel as determined by light scattering, SAXS, SANS, and BET
measurements occurs in the 1�100 nm range. Therefore, gaseous conduction is not
expected to be fully developed in aerogels, even at pressures of 1 bar. Recent measure-
ments show that for an aerogel with a density of 80 kg/m3, the gas-induced rise in thermal
losses only occurs for pressures above 50 mbar (see Figure 11). The derived average size
for the ‘pores’ was about 100 nm.

2.2. Thermal transport in granular aerogel

The passage of thermal energy through an insulating material occurs through three mech-
anisms: solid conductivity, gaseous conductivity, and radiative (IR) transmission.

The sum of these three components gives the total thermal conductivity of the
material.

Fricke et al. [37] observed that both the solid conductivity and the gas conductivity
were proportional to the density as follows:

λgas a r ¡ 0:6 (2:13)

λsolid a r1:5 (2:14)

Hummer et al. [38] using these relations derived the following relation for radiative con-
ductivity, which is a relative equation for the thermal conductivity of opacified silica

Figure 11. Thermal transfer coefficient for an 80-kg/m3 aerogel tile of 9 mm thickness versus gas pres-
sure; the mean temperature was Tr D 300 K [37].

TEXTILE PROGRESS 69



TTPR_A_1179477.3d (Standard Sanserif) (174£248mm) 26-05-2016 14:59

aerogel:

λtotal.r/D λsolid;0
r

ro

� �1:5

C λgas;0
r

ro

� �¡ 0:6

C λrad;0
r

ro

� �¡ 1 T
To

� �3

(2:15)

where r (kg/m3) is the density; λtotal, λgas, λsolid, and λrad (W/m K) are the total conductivity,
the conductivity for gas conduction, the conductivity for solid conduction, and the radia-
tive conductivity, respectively; T (K) is the temperature, and the index 0 means that param-
eters are related to a reference material composed of pure aerogel alone.

Solid conductivity is an intrinsic property of a specific material; hence it can be
reduced by appropriate selection of a different material from which to make the
aerogel. A further decrease in thermal conductivity of aerogel can be achieved if it is
evacuated below 50 hPa; its thermal conductivity is decreased because of elimination
of the pore-filling gas which would otherwise assist in transporting at least some
thermal energy through the aerogel. Super-insulation can then be achieved with
evacuated highly porous powder, fibre, or gel spacers, but due to the Knudsen effect
(see Equation (2.3)), even when the gas is present within an aerogel, at sufficiently
small pore sizes, its thermal conductivity can be lower than that for still air, that is,
even less than 25 mW/m K [38,39].

The final mode of thermal transport through silica aerogel involves infrared radiation.

2.2.1. Radiative heat transfer
IR scattering in granular fills can be neglected because of very small dimensions of
pores as compared to the wavelength of light. The specific extinction coefficients
resulting from absorption are expected to be comparable to those of monolithic
specimens [37].

2.2.2. Solid conduction
The thermal resistance of the many contact points in granular and powderous fills can be
treated according to the Kaganer model. The resulting solid conductivity is

λsc D λs

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
.12=p2/ .1¡m2

s / .1¡p/2 exp .4:8: .1¡pÞ/ Pcxt=Ys3
q

(2:16)

where λsc is porous solid conductivity, λs is the conductivity of monolith, ms is Poisson’s
ratio, Pcxt is the external pressure, and Ys is Young’s modulus.

For a fill in which rs D 230 kg/m3, p D 0.34, Ys D 107 N/m2, ms D 0.2, and Pcxt D 105

N/m2, which would be typical of a porous silica aerogel layer, the result is λsc � 0.5 λs.
In general, one thus expects loaded (1 bar) granular fills to have half the solid conduc-

tion of monolithic layers as explained above [37].

2.2.3. Measurements on evacuated granular fills
Thermal conductivity measurements on evacuated granular aerogel layers have been per-
formed over a temperature range from 0 to 350 �C. The tested specimen consisted of
sifted pellets with diameters between 1 and 2 mm. The boundary emissivity was e D 0.04
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and the external load Pcxt D 0.1 bar. Surprisingly, the thermal transfer coefficient L

showed a linear relationship when plotted against Tr
3 (i.e. the third power of the mean

temperature Tr). This could falsely be interpreted as resulting from a temperature-inde-
pendent extinction coefficient in an optically thick specimen. The proper interpretation,
however, is that, in aerogels, the extinction coefficient markedly decreases with the rising
temperature. This has two consequences:

(1) The radiative boundary-layer effect, discussed above, gets weaker with the increas-
ing temperature.

(2) Radiation emerging from the boundary layer is attenuated less at higher
temperatures.

Together, the two effects just happen to produce the result of Figure 12. In addition, it
is helpful to compare the measured thermal transfer coefficient with the case of an evacu-
ated empty spacing. The straight line in Figure 12 calculated for e D 0.04 shows that ther-
mal transport in this case is weaker, indicating that the aerogel layer roughly doubles the
heat transfer [37].

The results shown were reported for an evacuated 24-mm-thick granular aerogel layer
with an external load Pcxt D 0.1 bar; the boundary emissivity was e D 0.04; the mass per
unit area was 3.18 kg/m2. For comparison, the transfer coefficient for an evacuated spac-
ing had to D 0 [37�40]. The dependence of the thermal transfer coefficient on external
load is shown in Figure 13. While below Pcxt � 0.2 bar, the rise is quite steep, the increase
at higher loads is remarkably weak. The qualitative interpretation is that the steep rise in
the early stages is caused by an increase in solid conduction combined with an enhance-
ment of the radiative boundary layer [40�43].

Figure 13 shows results for an evacuated granular aerogel layer with the same mass per
unit area as that in Figure 12; the average temperature is Tr D 318 K; the fit was performed

Figure 12. The thermal transfer coefficient L versus Tr (CCC) and versus Tr
3 (straight, solid line) [37],

where L is the thermal transfer coefficient and Tr is the mean temperature.
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according to the following relation [37]:

LDLo C constant£ Pextð Þb

where Lo D 0.15 W/m/K, constant D 0.34 W/m2/K, Pext is the external pressure D 0.2 bar,
coefficient, b � 1/15.

2.2.4. Effects of gas pressure
The gas-pressure dependence of the apparent thermal conductivity shown in Figure 14
displays the two-step behaviour expected for porous materials with two distinctly differ-
ent pore sizes. The fit curve represents the behaviour expected from:

λ .PGAS/D λo C λ1
.1C P1=PGAS/

C λ2
.1C P2=PGAS/

(2:17)

Figure 13. Thermal transfer coefficient L versus pext [37].

Figure 14. Measurements and fit curve for apparent total thermal conductivity, (λapp), versus gas pres-
sure (PGAS), for the same granular fill as in Figure 12 at a the mean temperature of Tr D 318 K [37].
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where λo D 10.3 £ 10¡3 W/(m K) is the conductivity for an evacuated fill, λ1 D 7.6 £ 10¡3

W/(m K) represents the low pressure increase in conductivity caused by the space
between the pellets, and λ2 D 9.5 £ 10¡3 W/(m K) is the high pressure increase of λ
caused by the pores within the pellets. P1 � 0.09 mbar and P2 � 1050 mbar are the pres-
sures where λ2/2 and λ2/2, respectively, are reached [37].

2.2.5. Measurement of thermal conductivity of granular aerogels
Under atmospheric pressure, optimized granular aerogels show a hemispherical transmis-
sivity of approximately 90% for a 10-mm layer [44,45]. The thermal conductivity under
atmospheric pressure was measured to be approximately 22 mW/mK. Thermal stability
was found using thermal gravimetric analysis for temperatures >250 �C. The thermal con-
ductivity is influenced by the ambient pressure. Transparent granular aerogel is, therefore,
not a super-insulation material, but the conductivity is remarkably reduced at pressures of
approximately 50 mbar with the best results shown being 15 mW/mK at 20 �C. The influ-
ence of pressure is more important for the microstructured opaque insulation materials
used for the insulation at the back of solar collector panels; for example, fumed silica
reduces their thermal conductivity from 20 mW/m K at 1.000 mbar to 5 mW/m K at
10 mbar. To simulate collector working conditions, a series of measurements in evacuated
systems with different pressures on the aerogel particles were performed. These tests indi-
cated that the pressure had a low influence on thermal and optical properties. In another
series of tests examining the influence of temperature and filling gases on the thermal
conductivity, the increase of thermal conductivity at higher absorber temperatures was
considered to be tolerable [45].

2.3. Development of silica aerogel blanket

Production of aerogels has remained a costly affair mainly due to high prices of the mate-
rials used in the production process and the relatively low production volumes. This is
partly because the production process is not continuous; first, the precursor materials
such as alkoxysilanes are mixed with water in a solvent. After alkoxysilane hydrolysis, a cat-
alyst is added to start the condensation reaction to begin to yield a linked silica network in
the form of a wet gel. The gel is then aged in order to strengthen the silica lattice work
and hydrophobicity-imparting agents are added during the ageing process. The final step
is to dry the ‘wet gel’ by carefully removing the liquid phase so that only the silica struc-
ture remains and does not collapse. Not surprisingly, developments in silica aerogel pro-
duction today are directed towards cheaper production; there has been research interest,
for example, in the use of chemical additives to reduce shrinkage during drying of the gel
and enable its achievement under atmospheric conditions [46�49].

Traditionally, however, silica aerogel synthesis involves the following three steps [50]:

Step 1: Gel Preparation
The gel is prepared by the hydrolysis of silicon alkoxide precursors, such as tetramethyl
orthosilicate, TEOS, methyltriethoxysilane (MTES) or a pre-polymer such as polyethoxy-
disiloxane in the presence of a catalyst. Concurrent condensation of the silicon alkoxide
causes the formation of a gel network [51].
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Step 2: Ageing
The gel is then aged in a solvent for lengthy periods of time to improve the mechanical
and permeability properties of the gel network; the concentration, ageing time, tem-
perature, pH, and polarity have a strong influence on the strength and porosity of the
resultant aerogel. In laboratory settings, the batch process adopted for the ageing step
is inherently a slow process. In full-scale production settings, batch processing
increases product cost due to process line downtime and frequent stopping/starting of
the production line; a continuous process is more desirable. However, as with any mul-
tistep process, an individual step only delays the overall process if it is allowed to
become a bottleneck. Since ageing is not a heavily capital-intensive part of the process,
larger ageing vessels can be used to reduce its effect on process time.
Step 3: Drying
Following ageing, the liquid inside the gel network is removed by a liquid-to-gas phase-
change process. One of the problems which then arises is the need to avoid impairing
or collapsing the porous texture during solvent removal, because during the solvent’s
evaporation intense forces from its surface tension act on the multitude of pores in the
drying gel structure. In order to avoid gel collapse being brought about by these forces
of surface tension, extraction of the solvent is carried out under supercritical conditions.
The effects of surface tension are almost completely removed at the supercritical fluid
state, as there is no distinct liquid-vapour phase boundary, so the gel structure under-
goes very little internal stress whilst the solvent is being extracted. This allows the liquid
to be slowly removed from the gel without causing the solid matrix in the gel to collapse
from capillary action, as would happen with conventional evaporation [52,53]. High pres-
sures are always required to achieve supercriticality, and whilst alcohols such as ethanol
can be used as the solvent, supercritical CO2 is preferred for safety reasons.
The as-produced aerogel is fragile and unsuitable for use in many practical applica-

tions unless reinforced with supports such as glass fibre, mineral fibre, or carbon fibre or
cross-linked with polymers [48]. Although such reinforcement processes provide
mechanical strength and flexibility to the aerogel, they may result in an undesirable
increase in the thermal conductivity and density of the resulting aerogel composite, but
if the mechanical requirements being placed on the aerogel by a particular application
permit, the increase in thermal conductivity can be minimized by using lower volume-
fractions of the (higher thermal conductivity) reinforcing fibres. The opacity of the aero-
gel to IR radiation may also require attention; IR opacifiers such as carbon black, titanium
oxide, and iron oxide of suitable particle size may also be added during the sol�gel pro-
cess to reduce the radiative component of its thermal conductivity [51]. The radiative
contribution can be further reduced by incorporating IR-opacified fibres, such as PET
fibres coated with carbon black.

Aspen Aerogel, Inc. uses CO2 to dry the gels at supercritical pressure and temperature.
The end result of this process is a dry, hydrophobic, nanoporous solid structure with a den-
sity around 0.1 g/cc but with a structure so delicate that it could not be practically used in
its monolithic form in apparel applications. (Typical silica aerogels have an amorphous non-
porous structure with about 80%¡99.8% of air nanopores, high surface area (500¡1200
m2/g), low density (0.003¡0.35 g/cm3), and low thermal conductivity (0.015 W/m K) [52]).
So, in order to provide a product with high durability, the aerogel is infiltrated into fibrous
substrates, usually non-woven textile blankets, resulting in a flexible, drapeable aerogel
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composite. This product, an ‘aerogel blanket’, was first developed in 1999 by Aspen Systems;
it finds use as insulation in aerospace applications and in industrial facilities, thanks to its low
thermal conductivity and flexibility and because of the wide range of applicable tempera-
tures under which it will operate as a high-performance insulator.

The production procedure for aerogel blanket is shown in Figure 15.
Laboratory testing has verified that insulation improvements with panels made from

this type of aerogel-infiltrated blanket can approach 2.5�3 times greater than the insula-
tion of a comparable thickness of 3MTM 400 G ThinsulateTM (3M, St, Paul, MN) � a popular

Figure 15. Production procedure for aerogel blanket [34].

Figure 16. Thermal conductivity of aerogel at different temperatures [57].
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material selection for cold-weather apparel � and over five times greater than the neo-
prene foam used in wetsuits. Its integration into the design of a thermal undergarment
for a diver’s dry suit have been shown to provide an effective thermal advantage, approxi-
mately 76% greater than a garment fabricated with a comparable thickness of 3MTM

400 G ThinsulateTM [54].

2.3.1. Thermal properties of PET/silica aerogel blanket
Aerogel blankets have proven to be effective insulators in building applications, providing
the highest R-value of any insulation material for maximum energy efficiency in walls,
floors, roofs, framing, and windows. Because flexible nanoporous PET/silica aerogel blan-
kets possess extremely low thermal conductivity, flexibility, compression resistance,
hydrophobicity, and ease of use, and given the reduced thickness and profile, it is able to
provide thermal resistance at a fraction of the usual thickness of more conventional insula-
tion. When used as insulation for buildings, therefore, it can reduce energy loss while con-
serving interior space in residential and commercial building applications. In some cases,
thermal performance can be five times higher than other non-aerogel-based insulation
materials. Blankets like Spaceloft® recover their thermal performance even after compres-
sion events as high as 50 psi [55]. The blanket combines a silica aerogel with reinforcing
fibres to deliver excellent thermal performance.

The thermal conductivity of aerogel blanket is 0.011�0.015 W/m K, which is half of that
of polyurethane and air [56], and the range of applicable temperatures is from ¡200 to
650 �C, so it has the ability to help to maintain either extremely cold or extremely hot envi-
ronments. Figure 16 shows the thermal conductivity of aerogel at different temperatures.
Aerogel has the flexibility and high strength to allow easy installation such as beneath
underfloor heating. The density of aerogel blanket is 0.10�0.17 g/cm3 [57]. Figure 17
shows the thermal conductivities of various insulations and Figure 18 shows the applica-
ble temperature ranges of various insulations.

Figure 17. Thermal conductivity of a range of insulation used in buildings [57].
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2.3.2. Aerogel blanket Spaceloft® 3251
For research into the possible advantages of laminated aerogel blankets for textile use, a
silica aerogel blanket Spaceloft® 3251 (Aspen Aerogel, USA) was embedded in a non-
woven made from polyester microfibres. The silica aerogel blankets produced dust on
handling, because the brittle silica aerogel was crushed. The resulting fine dust is very
oleophilic and gives an unpleasant feeling on contact with human skin. Because of this,
aerogel blankets must be protected against the proliferation of dust into the surroundings
when they are to be made into garments. The silica aerogel blanket was, therefore, lami-
nated with a pre-prepared laminate of monolithic breathable membrane Platilon® M2234
made from polyether block amide (PEBA) (Bayer Material Science Co., Germany) and a fine
warp-knitted fabric made from polyester filament yarns. Lamination of silica aerogel blan-
ket was undertaken on industrial equipment in Zvezda SPT Kranj (Slovenia) using a hot-
melt gravure procedure by dot bonding with reactive polyurethane. The aerogel blanket
was laminated on both sides (Figure 19) to yield a five-layered composite [55].

Figure 18. Applicable temperature ranges of insulations [57].

Figure 19. Left: Schematic diagram of a five-layered laminated silica aerogel blanket and its stereomi-
croscope view. Right: A cross section of laminated aerogel blanket: 1 � upper layer of knitted fabric,
2 � laminated aerogel blanket with membrane on both sides [55].
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The thermal conductivity of the laminate, (lx), was determined using the device shown
in Figure 2, where the heat flow through the sample and a reference plate with a known
thermal conductivity (ln) was at equilibrium. The sample together with three copper
plates for measuring temperatures T1, T2, and T3, and a glass reference plate of thickness
dn D 4 mm was placed between the upper hot and lower cold metal cylinders. The upper
cylinder and a copper plate (T3) loaded the sample with a pressure of 5.39 kPa. Thermal
conductivity was calculated as follows [55]:

λx D λn £ dx
dn

� �
£ T2 ¡ T1

T3 ¡ T2

� �
.W=mK/ (2:18)

where T1 is the temperature between the aerogel blanket and membrane, T2 is the tem-
perature between the membrane and knitted fabric, and T3 is the temperature above the
knitted fabric, i.e. the temperature of the hot copper plate.

Silica aerogel blanket Spaceloft® 3251 is a flexible material of dark grey colour, with
hydrophobic and oleophilic properties, and a thermal conductivity of 0.013 W/(mK) at
0 �C, and 0.016 W/(mK) at 100 �C [58]. It is made from non-woven polyester microfibres
with an average diameter of 10 mm and a melting point of 236 �C. The grey colour of the
aerogel blanket originates from the fibres and silica aerogel containing small metal par-
ticles to reduce the influence of thermal radiation from the environment. The silica aerogel
is the matrix component in the Spaceloft® 3251 and is brittle and prone to crushing (see
Figure 20), whereas the laminated silica aerogel blankets have been found to be easily
cut, sewn, and glued, similar to non-woven materials. [55].

Despite the presence of additional layers, the laminated silica aerogel blanket is a very
light material with volume density of only 0.205 g/cm3. At a thickness of 2.51 mm, the
mass per unit area was only 616 g/m2, which is appropriate for using in outerwear gar-
ments for personal protection in extreme cold environment conditions. The thickness of
the non-laminated aerogel blanket Spaceloft® 3251 was declared to be 3 mm, but in the
laminate it was reduced to 2.51 mm, because in the lamination process the aerogel blan-
ket was moved continuously between two heated rollers to apply the thermoplastic adhe-
sive, exerting compression and bending forces that caused a significant crushing of silica
aerogel and partial softening of the silica aerogel blanket. The technology employed in
the experiments enabled only one-sided lamination per pass, so that the aerogel blanket
had to be passed between the rollers two times to be laminated on both sides. The non-
woven made from polyester microfibres embedded in the silica aerogel were unable to
return to their original positions and thickness after the lamination process had taken
place. The membrane protected the laminated aerogel blanket against losses of silica
aerogel dust that emerged at bending but also allowed the laminated aerogel blanket
water to remain vapour permeable and water resistant. The Platilon® thermoplastic poly-
urethane membrane (Covestro, Leverkusen, Germany) was also water vapour permeable,
sufficiently extensible, mechanically resistant, and impermeable to aerogel dust [55],
whereas the silica aerogel blanket Spaceloft® 3251 is hydrophobic and also a very oleo-
philic material (Figure 21). At 21 �C and 85% relative humidity, the laminated silica aerogel
blanket absorbed only 2.39% of moisture [55].

The measured thermal conductivity of the laminated aerogel blanket Spaceloft®
3251 measured using the device shown in Figure 22 was 0.0474 W/(mK), a value which is
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Figure 20. Surface view of silica aerogel blanket; the upper views show cracks before lamination and
the lower pair of images a much crushed structure of silica aerogel blanket after lamination and after
removal of membrane with knitted fabric [55].

Figure 21. Silica aerogel blanket Spaceloft® 3251; demonstration of hydrophobic properties (left) and
oleophilic properties (right) [55].
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more than twice that of silica aerogel blanket, but comparable to that of classic thermo-
insulative materials, such as Neoprene or Thinsulate [55].

2.3.3. Nanogel with aramid blended fabric
A 65/35 wool/aramid fibre blend fabric of areal density around 230 g/m2 was coated with
different percentages of Nanogel® (a super-hydrophobic, nanoparticulate silica aerogel
from Cabot Corporation, Boston, MA) using an acrylic binder. Coated fabrics with 2%, 4%,
and 8% aerogel were produced with an average viscosity of the coating paste of
20,000�30,000 centipoise. The coated fabrics were cured at 105 �C for 10 min, then their
thermophysiological properties were analysed.

The thermal resistance of the fabric was measured according to ISO 11092: 1993 Tex-
tiles � Physiological effects�Measurement of thermal and water vapour resistance under
steady-state conditions (sweating guarded-hotplate test), referred to as the ‘skin model’
(there is now a revised version, ISO 11092: 2014) (see Figure 23). This instrument is
intended to simulate the heat and mass transfer processes which occur next to the surface
of the skin [59,60]. Here, the thermal resistance (Rct) is the temperature difference
between the two faces of a material divided by the resultant heat flux per unit area in the
direction of the temperature gradient. Thermal resistance, expressed in m2 K/w, where K
is the temperature in degrees Kelvin, is a quantity specific to textile materials or compo-
sites. The thermal resistance (Rct) determines the dry heat flux across a given area in
response to a steady applied temperature gradient. The specimen to be tested is placed
on an electrically heated plate with conditioned air ducted to flow across and parallel to
its upper surface as specified in ISO 11092.

For the determination of the thermal resistance of the coated fabrics, the heat flux
through the test specimen was measured after steady-state conditions had been reached.
Standard machine settings for the thermal resistance test were measurement unit temper-
ature: 35 �C; thermal guards temperature: 35 �C; air temperature: 20 �C; air speed: 1 m/s;
and relative humidity: 65% [61].

Figure 22. Device for measuring thermal conductivity [55].
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Figures 24 and 25 show the fabric images for the 2%, 4%, and 8% aerogel-coated
fabrics. For ease of presentation, the different fabric types used for the test purpose were
coded as follows:

A1 : 2% aerogel, coated on the outer surface of the fabric;
A1opst : 2% aerogel, coated on the ‘next-to-skin’ surface of the fabric;
A4 : 4% aerogel, coated on the outer surface of the fabric;
A8 : 8% aerogel, coated on the outer surface of the fabric.
B : fabric coated with paste containing all additives except the aerogel;
C : Uncoated fabric;
D : Gore-Tex® Airlock® fabric � composed of heat and chemical-resistant spacers made

of foamed silicone on a Gore-Tex® moisture barrier (W. L. Gore Associates, Newark,
DE).

After coating, along with measuring physical parameters like weight and thickness, fab-
ric’s microscopic images were also examined. The results for the physical parameters are
shown in Table 6 [26] and the microscope images in Figure 25.

From the test results, it is clear that the aerogel particles on the fabric surface increase
the thermal resistance of the fabric. The thickener-coated fabric has showed thermal resis-
tance of 0.0118 m2 K/W whereas the aerogel-coated fabric (A1) has showed thermal resis-
tance of 0.0199 m2 K/W. In other words, a 2% coating of aerogel provided a 68.64%

Figure 23. Measuring unit of the moisture management tester (MMT) (top) and sweating guarded hot-
plate (bottom) [61].
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Figure 24. Different types of coated and uncoated fabrics [61].

Figure 25. Microscopic view of some selected fabric samples: fabric tyspe A1, C, A8 (from top left) and
A1, B, A4 (from bottom left) [61].
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increase in thermal resistance [61]. Due to aerogel coating, between 4% and 6% increases
in thickness and a 6%�9% incremental increase in fabric weight per unit area were
observed. Thickness increases the resistance to the transfer of heat and moisture. Previous
research has shown that for two conventional fabrics of equal thickness, the lower density
fabric shows the greater thermal insulation, but in this case, coating increased the density
but resulted in higher insulation [61].

2.4. Assessment of thermal improvements gained by using aerogels in garments

Thermal images using IR photography have been used to look for thermal shorts in proto-
type aerogel garments and for comparing their thermal performance with commercial
garments. Figures 26�29 show IR comparisons at various suit orientations. Prior to captur-
ing these IR photographs, a human test subject had stood in a dry test chamber condi-
tioned to an air temperature of ¡10 �C (14 �F) for 30 min while wearing each garment.
Note that the colour coding for surface temperatures is shown on the right-hand bar in
each photograph. The temperature is given in degrees Fahrenheit and localized surface
temperatures on different parts of the garment are indicated for reference.

Table 6. Test result summary [61].
Fabrics Thickness (mm) Weight (g/m2) Air permeability (mL/cm2/s) Thermal resistance (m2 K/W)

Al 0.47 236 64.3 0.0199
Al opst 0.47 236 64.3 X
A4 0.48 242 45.1 X
AS 0.68 X 10.2 X
B 0.47 235 111.6 0.0118
C 0.45 221 117.9 X
D 0.69 X 10.2 X

Note: X D Not tested.

Figure 26. Frontal view of prototype aerogel garment. Typical surface temperatures 18�26 �F [62].
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The aerogel-infiltrated fabrics can be seen to provide superior thermal protection in
comparison with the garment constructed from commercially available microfibrous poly-
propylene batts. Comparing Figures 26 and 27, the outer surface temperatures for a gar-
ment constructed with microfibrous polypropylene batts show up as warmer in the
frontal view than the aerogel garment, indicating higher heat loss from the garment con-
structed using the microfibrous polypropylene batts. In general, the surface temperatures
on the commercial garment can be seen to be consistently higher in all views when

Figure 27. Frontal view of 400-g Thinsulate garment. Typical surface temperatures 27�35 �F [62].

Figure 28. Back view of aerogel garment. Typical surface temperatures 17�27 �F [62].
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compared to the aerogel garment [62]. The front views are shown in Figures 26 and 27
and back views are shown in Figures 28. and 29.

Additional to demonstrating superior thermal protection, the thermal performance of
composite aerogel garments has been shown to be minimally affected by either machine
or hand laundering. Laundering was done using either a weak bleach solution or a non-
ionic detergent. Air-drying gave the best results in this investigation, as substantial shrink-
age of the encapsulated aerogel panels was observed during machine drying.

Laboratory testing has shown specific insulation values for aerogel batt materials to
approach 12 clo. Prototype aerogel garments have been characterized to provide a ther-
mal improvement of 76% when compared to a 400 g ThinsulateTM ensemble during sub-
merged thermal manikin testing (2.22 clo for the aerogel garment versus 1.26 clo for
400 g ThinsulateTM). The aerogel garment had approximately the same thickness and
weighed approximately 0.2 kg more than the Thinsulate garment. In comparison, 400 g
Thinsulate, a standard for cold weather clothing, has a specific insulation value of approxi-
mately 5 clo per inch which changes significantly when compressed. IR thermal imaging
confirmed lower heat loss from the aerogel garment during surface exposures to cold air
environments. Thermal conductivity testing indicates that this superior thermal perfor-
mance is minimally impacted by repeated flexing and compression, or when subjected to
complete water immersion [62].

2.5. Thermal properties of SiO2 aerogel composites reinforced with electrospun
PVDF webs

The thermal conductivities of SiO2 aerogel composites reinforced with the electrospun
Polyvinylidene fluoride (PVDF) webs with three different microstructures were measured
at room temperature. The microstructures were

Figure 29. Back view of 400-g Thinsulate garment (surface temperature range 22�36 �F) [62].
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(1) aerogel composites reinforced with the electrospun PVDF nanofibres (best insulator);
(2) aerogel composite reinforced with PVDF microparticles (poorest insulator);
(3) aerogel composite with a combination of PVDF microparticles and nanofibres

(intermediate insulation performance).

It was observed that the thermal conductivity of the electrospun PVDF nanofibrous webs
was significantly reduced from 0.037 and 0.027 W/m/K by filling the electrospun PVDF
nanofibrous webs with SiO2 aerogel (Table 7). It is because the pores of the electrospun
PVDF nanofibrous webs at the micron scale were filled with and separated by the aerogel
into smaller pores of nanometre scale. The improvement in insulating ability was brought
about because the gaseous thermal conductivity of the electrospun PVDF webs filled with
nanoporous aerogel had been significantly reduced � the size of the aerogel nanopores
was smaller than that of the molecular free path of the air in the pores and this had
brought about the reduction. As a result, the aerogel composites reinforced with the elec-
trospun PVDF webs had lower thermal conductivity than the electrospun PVDF webs alone.
The aerogel composites reinforced with the electrospun PVDF nanofibres yielded the lowest
thermal conductivity of 0.027 W/m/K in all the three aerogel composites. The composite
aerogel reinforced with the PVDF microparticles had the highest thermal conductivity of
0.039 W/m/K, and the composite with a combination of PVDF microparticles and nanofibres
had a moderate thermal conductivity of 0.032 W/m/K. The form of the PVDF in the compos-
ite is important, because the electrospun nanofibres had smaller diameters and greater spe-
cific surface area (SSA) which is advantageous to shield the heat radiation and reduce the
effective thermal conductivity/increase the insulation ability [63].

It can be observed that the SiO2/aerogel composites have greater thermal stability
below 475 �C but poorer thermal stability above 475 �C than the pure SiO2 aerogel. The
pure aerogel showed approximately 10% weight loss in the temperature range of
350�475 �C (loss which is derived from the degeneration of Si�O�C2H5 groups). The
aerogel composites reinforced with the electrospun PVDF webs showed significant weight
loss in the temperature range of 450�510 �C owing to the degeneration of the PVDF. The
weight loss at 510 �C of the three aerogel composites: reinforced by nanofibres, combined
microparticles/nanofibres, and microparticles was 60%, 44%, and 34%, respectively.

Table 8 shows the crack behaviour of SiO2 aerogel composites reinforced with the elec-
trospun PVDF webs; in addition to showing the best insulating ability, the aerogel compo-
sites reinforced by PVDF nanofibres also showed better stability than those reinforced by
PVDF microparticles. However, it should be noted that PVDF materials, including the elec-
trospun PVDF webs, may melt at 172 �C without any noticeable weight loss; hence the
SiO2 aerogel composites reinforced with electrospun PVDF are only suitable for the appli-
cation in thermal insulation below 172 �C [63].

Table 7. Thermal conductivity of aerogel composites supported by electro-
spun PVDF [63].

Microstructure type of electrospun PVDF
Thermal conductivity of

aerogel composites (W/m//K)

Microparticle 0.039
Microparticle/nanofibre 0.032
Nanofibre 0.027
Without PVDF (pure aerogel) 0.024
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2.5.1. Morphologies of SiO2/aerogel composites reinforced by electrospun PVDF webs
Figure 30 shows optical and scanning electron microscope images of SiO2 aerogel compo-
sites reinforced with the three electrospun PVDF webs of differing microstructure. The
SiO2/aerogel composites were cut into 12-cm-diameter circles. It was observed that the
SiO2/aerogel composite specimens reinforced with the electrospun PVDF nanofibres and
those with combined PVDF microparticles and nanofibres maintained their integrity at a
large diameter size of 12 cm, significantly bigger than that in the previous literature [64].
From Figure 30(e) and 30(f), the SiO2/aerogel composite specimens reinforced with the
electrospun PVDF nanofibres and with combined PVDF microparticles and nanofibres
showed good flexibility even if they were bent into a cone shape. It was the first time that

Figure 30. Morphology and microstructure of the three electrospun PVDF webs (a, d, and g) micropar-
ticles electrospun from 18 wt% PVDF; (b, e, and h) combined microparticles and nanofibres electrospun
from 23 wt% PVDF; (c, f, and i) nanofibres electrospun from 28wt% PVDF [63].

Table 8. Properties of SiO2 aerogel composites reinforced with electrospun PVDF webs [63].
SiO2 aerogel composites reinforced with electrospun PVDF webConcentration of PVDF

solution (wt%) Density Integrity Flexibility (g/cm3)

18 Crack Fragile 0.277
23 Intact Flexible 0.235
29 Intact Flexible 0.202
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such intact and flexible SiO2/aerogel composite specimens reinforced with the electro-
spun PVDF nanofibres and with combined PVDF microparticles and nanofibres had been
achieved. By comparison, the SiO2/aerogel composite specimen reinforced with electro-
spun PVDF microparticles (Figure 30(a)) was relatively stiffer and developed some micro-
cracks while being bent [63].

The morphologies of the aerogel composites reinforced with the three microstructured
PVDF webs are shown. The intact morphology of the aerogel composites reinforced with
PVDF nanofibres compared with the cracked morphology of that reinforced with PVDF
microparticles imply that the electrospun PVDF nanofibres effectively improved the
strength and the flexibility of the aerogel. It is likely to be because the electrospun PVDF
nanofibres absorb the destructive energy and maintain the integrity of aerogel composite
specimens. The second reason is that the diameter of the PVDF nanofibres is around
20�200 nm which is much closer than the dimensions of the microparticles to the size of
holes and particles of the SiO2 aerogel. For the aerogel composites reinforced with electro-
spun PVDF nanofibres, the induced tension differences between the interfaces of the
nanofibres and the aerogel are expected to be reduced and the defects from bending
were correspondingly decreased. As a result, the aerogel composites reinforced with elec-
trospun PVDF nanofibres exhibited better flexibility than either the pure SiO2 aerogel or
the SiO2 aerogel composites reinforced with electrospun PVDF microparticles. Figure 31
shows the contact angle of the pure aerogel and the aerogel composites reinforced with
electrospun PVDF webs. Whilst the contact angle of the pure aerogel is 139.0�, the contact
angle of the aerogel composites was slightly reduced to between 128.5� and 134.1� with
the electrospun PVDF webs added. It may be because the added electrospun PVDF micro-
particles or nanofibres increase the surface roughness of the aerogel. The SiO2 aerogel
composites reinforced with electrospun PVDF microparticles were still fully hydrophobic
to water, so the aerogel composites could retain their thermal insulation even in moist
environments [63�66].

2.6. Heat insulation performance and mechanics of cellulose/SiO2 composite
aerogels

In order to analyse the effect of density and porosity on heat insulation performance, dif-
ferent densities and porosities of a cellulose/SiO2 composite aerogel were obtained by
using a variety of SiO2 contents and cellulose concentrations. Density and porosity meas-
urements of the resulting cellulose�SiO2 composite aerogel with different SiO2 content
and cellulose concentration are shown in Table 9.

As the SiO2 content was increased, the number of SiO2 particles which filled up the
pores of aerogel increased and the silica aerogel layers became thicker; the porosity was
reduced accordingly as shown in Figure 32. The decrease in the porosity was a direct
reflection of the increased density of the polymer network.

Density and porosity are the main factors influencing the heat insulation performance
of bulk materials [65]. Generally speaking, the thermal conductivity of a dense solid is
always higher than that of still air, and at normal temperatures, thermal conductivity
increases with the increase of the mass of solid matter content in unit volume.

As shown in Figure 33(a), with increasing density, the thermal conductivity also
increases. Although SiO2 has a substantially low density and has a negligible effect on
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conductivity, composites with SiO2 show higher densities and relatively higher thermal con-
ductivity [66]. The higher the porosity, the lower the thermal conductivity, as shown in
Figure 33(b). The lowest thermal conductivity, 0.0257 W/(m K), can be achieved with a den-
sity of 0.233 g/cm3 and a porosity of 75.97%. An increase in porosity can reduce the mean
free energy, and thus reduce the thermal conductivity of composite aerogel materials.

Figure 31. Contact angles between water and aerogel and aerogel composites reinforced with electro-
spun PVDF webs: (a) pure aerogel; (b) aerogel composites reinforced with electrospun PVDF micropar-
ticles; (c) aerogel composites reinforced with electrospun PVDF nanofibres; (d) aerogel composites
reinforced with electrospun PVDF microparticles and nanofibres [63].

Table 9. Density and porosity of the resulting cellulose�SiO2 composite aerogel with different SiO2

content and cellulose concentration [145].
Sample CS1 CS2 CS3 CS4 CS5 CS6 CS7 C58 CS9

Concentration of cellulose solution (%) 5 5 5 5 5 5 2 3 4
SiO2 content (%) 9.95 10.85 13.66 14.14 14.26 16.25 7.25 8.76 12.36
Density (g/cm3) 0.31 0.34 0.26 0.26 0.36 0.45 0.23 0.35 0.41
Porosity (%) 20.09 15.33 37.50 21.93 21.72 22.12 75.97 29.42 22.29
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The thermal conductivity of both cellulose aerogel and cellulose�SiO2 composites
increased with the increase of cellulose concentration as shown in Figure 34. Limited by
the solubility of cellulose in solvent, when the cellulose concentration reached a critical
level, the amount of undissolved cellulose increased and the absolute content of cellulose
also increased. Thus thermal conduction in solid and the thermal conductivity increased
accordingly. When the cellulose concentration was 3% in cellulose aerogel and was 2% in
cellulose�SiO2 composite aerogel, the thermal conductivity reached the lowest point
because, limited by the cellulose concentration, 2% cellulose aerogel had less cellulose
involved in forming the structure of aerogel, which caused the structure of aerogel to be
incomplete. However, a 3% cellulose aerogel had a relatively completed structure, and
the lower density of 0.233 g/cm3 and higher porosity of 84.88%. So the 3% cellulose aero-
gel showed the lowest thermal conductivity of the cellulose aerogels. Although the same

Figure 32. Effect of SiO2 concentration on porosity of composite aerogel at 5% cellulose concentration
[145].

Figure 33. Effect of density and porosity of cellulose/SiO2 composite aerogel sample number CS7 on its
thermal conductivity [145].
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problem occurred in composite aerogels, and a 2% cellulose could not offer a complete
structure, huge amounts of SiO2 particles and silica aerogel filled up into aerogel, which
provided an effective support and a stable structure in the composite aerogel, and
because the SiO2 particles and silica aerogel had low density and low thermal conductivity
[67], it resulted in a 2% cellulose content yielding the lowest thermal conductivity. Gener-
ally, the thermal conductivity of composite aerogels was lower than that of cellulose aero-
gel. On the one hand, because of the low thermal conductivity of SiO2, the composite
aerogel also had a lower thermal conductivity. On the other hand, the thermal resistivity
of open porous composite aerogel was also increased when its effective pore size
decreases. The mean free motion path of air molecule is about in 70 nm [68]. After the for-
mation of the SiO2 composite, the number of pores which met the size required to limit
motion was increasing. In materials, thermal conduction through the small size of the con-
nections between the particles makes up the conduction path and when the pore size is
comparable to or smaller than the mean free path of the gas, the molecules of the latter
collide more often with the molecules forming the solid part than amongst themselves. In
fact, the gas molecules will tend to stick to the molecules of the solid part, virtually elimi-
nating thermal conductivity through the gas inside the material.

With increasing cellulose concentration, the internal pore size of the composite aerogel
increases while the number of pores less than 70 nm decreases. Therefore, the thermal
conductivity of the composite aerogel increases as its cellulose content is raised.

Cellulose/SiO2 composite aerogel is a kind of porous insulating material composed of a
solid phase (crystalloid and non-crystalloid) and gas phase (pore). The solid matrix of the
composite aerogel is formed by interconnection of cellulose molecule clusters. There are
a lot of air molecules in the interstices of cellulose aerogel. The heat transfer in aerogels
can be divided into solid-phase heat conduction and gas-phase heat conduction [69].

In the case of solid-phase heat conduction, non-metallic crystalline materials conduct
heat by the transport of quantized atomic lattice vibrations called phonons. Thermal con-
ductivity depends on how far phonons travel between scattering events � their mean
free paths. Due to the breadth of the phonon mean free path spectrum, nanostructuring
of materials can reduce thermal conductivity from bulk by scattering long mean free path
phonons, whereas short mean free path phonons are unaffected [70]. The solid heat
transfer in aerogels is mainly determined by the mean free path of phonons in the solid

Figure 34. Effect of cellulose concentration on the thermal conductivity of cellulose/SiO2 sample num-
ber CS7 compared with a 5% cellulose aerogel [145].
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structure unit. During the step in aerogel formation involving dissolution of the cellulose,
non-crystalline areas and crystalline areas are both opened. Thus the transfer space for
phonons [71] enlarges. At the same time, the size of the solid particles also influences the
density of the aerogel to a certain degree. The composite aerogel with a relatively low
density has quite small solid particle sizes, so the phonon mean free path is reduced and
thermal conductivity is decreased.

At medium and low temperatures, gas molecules in random motion in air have differ-
ent average kinetic energies in different areas of a material [72]. Given that the air cannot
simply flow on account of its density differences at different temperatures, when the
high-energy molecules move from a high- to a low-temperature area, their energy is trans-
mitted by molecular collision and heat is conveyed in that way. Heat conveyance by a
large quantity of molecules is expressed as macro-heat conduction. The mean free path of
a gas molecule in air influences the ability of molecules to exchange energy on an infini-
tesimal surface in space, and this influences the heat insulation performance of the com-
posite aerogel further. The low density and high porosity of composite aerogel pose
multiple restrictions to the movement of the gas molecules. In forming the cellulose/SiO2

aerogel composite, the number of pores less than 70 nm is increased, so the flowability of
the gas is reduced causing the gas-phase heat conduction to reduce too, leading to a rela-
tively low thermal conductivity of the gas phase. Therefore, as a consequence of the
effects imposed by its combination of low density and high porosity, the cellulose/SiO2

composite aerogel exhibited excellent heat insulation performance.

2.6.1. Hydrophobic modification of cellulose/SiO2 composite aerogels
The conclusion from Fourier transform infrared spectra was that the presence of SiO2 in
the cellulose/SiO2 composite aerogel could improve the hydrophobicity of the composite
aerogel. Besides possessing a relatively large SSA and a porous structure, the composite
aerogel was rich in hydroxyl groups, so it easily adsorbed water vapour from the air and
gathered water on its surfaces or in pores. Water has a much higher thermal conductivity
than air (approximately 21 times greater) [73]). If water molecules were to be adsorbed by
the cellulose/SiO2 composite aerogel, its thermal conductivity would be increased, and its
heat insulation performance reduced. As shown in Figure 35, for the composite aerogel

Figure 35. Effect of air humidity on hygroscopicity rate and thermal conductivity of sample CS7 [145].
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with 2% cellulose concentration, its hygroscopicity increased with a rise in humidity, while
the thermal conductivity also increased significantly with a rise in humidity. In order to
obtain stable heat insulation performance of composite aerogel over a variety of environ-
mental conditions, a practicable way was to improve its hydrophobicity. Cold plasma
modification technology was employed to modify the surface of the composite aerogel
from hydrophilic to hydrophobic using carbon tetrachloride.

The modification process mainly involved chlorination. It was deduced that the CCl4
molecule was dissociated by electronic impact under the electrical discharge. The process
of CCl4 gas dissociation was the same as that for carbon tetrafluoride (CF4) dissociation
[74]. The CCl4 molecules are dissociated by electron collisions as follows:

eCCCl4 ! eCCCl3 C Cl
eCCCl4 ! eCCCl2 C 2Cl
eCCCl3 ! eCCCl2 C Cl
eCCCl2 ! eCCCl C Cl
eCCCl! eCC C Cl

(2:19)

During the process, the CClx radicals acted as functionalization agent, and of these, CCl2
had the most density in plasmas, relative to which, chlorine atoms played the role of etch-
ing agent and had the least density in the plasmas.

The effects of using different discharge powers and durations on the change in water
contact angle on the composite aerogel surface were examined and are shown in Figure
36. Under 50-W treatments, a 5-min treatment time, increased the water contact angle of
the composite aerogel from 0� to 83�; after 10 min, the water contact angle was beyond
90�, and the surface of composite aerogel became hydrophobic; small increases in the
water contact angle were then observed for treatment times beyond 20 min and a dis-
charge power of 50 W and treatment time of 25 min yielded the largest contact angle of
132�. The outcomes at 70 W discharge power and a 25-min treatment time, however,
were different. Whereas when the discharge power increased from 0 to 50 W, the water
contact angle had increased and the trend to hydrophobicity had also increased, raising
the discharge power to 70 W causing the water contact angle to begin to decrease. A

Figure 36. Effect of discharge duration and discharge power on water contact angle of sample number
CS7 treated by CCl4 plasma [145].
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possible reason was that when composite aerogel was exposed to the more severe dis-
charge conditions, sputtering or etching functions took the leading role instead of chlori-
nated grafting causing a reduction in the proportion of the carbon�chlorine functional
groups formed.

The thermal conductivities of the composite aerogel before and after hydrophobic
modification were compared and showed no significant difference. There was no signifi-
cant change in the thermal conductivity of the hydrophobic composite aerogel after
conditioning at a humidity of 60% for 24 h whereas the unmodified aerogel became more
thermally conductive. It demonstrated that the plasma hydrophobic modification was
useful, not just for improving the hydrophobility of composite aerogel surface, but also it
would not reduce the excellent heat insulation performance shown by the dry composite
aerogel and would allow this high level of performance to be maintained under humid
conditions. Overall, plasma modification technology is an effective method of modifying
the surface properties of the cellulose/SiO2 composite aerogel.

2.7. Aerogel materials derived from polymers other than silica

Essentially, any liquid can be gelled whenever a continuous solid lattice structure is formed
within the liquid phase, entraining the solvent within open pores. The key to making a
nanoporous aerogel involves developing a balance between polymer chain growth and
interchain cross-linking to yield the desired pore structure and high surface area. The modu-
lus (stiffness) of the resulting cross-linked gels must be high enough to resist the capillary
forces generated during solvent removal. This property is strongly influenced by the num-
ber of links between neighbouring chains per unit volume of gel. Many materials can
be incorporated into the silica or metal oxide matrix at the sol stage, including organic
polymers capable of modifying the aerogel’s physical properties. Many highly cross-linked
polymer systems can also be induced to create gels in organic solvents, such as
resorcinol�formaldehyde (RF) resins, melamine�formaldehyde resins, polyimides, polyur-
ethanes, polyisocyanurates, and various unsaturated hydrocarbon compounds.

2.7.1. Carbon aerogels
Carbon aerogels, or porous carbons synthesized via the sol�gel route, are considered to
be interesting materials for high-temperature thermal insulation in non-oxidizing atmos-
pheres or in vacuum [75, 76]. Carbon aerogels are open, porous solids consisting of a 3D
network of spherical, interconnected, primary particles. The mean pore dimensions and
particle size can be specifically adjusted to be in the range from several nanometres to a
few micrometres by varying the synthesis conditions. Porosities of up to 99% can be
achieved, making carbon aerogel suitable for thermal insulation applications, particularly
at high temperatures, and also for electrodes in supercapacitors and gas diffusion layers
in fuel cells [77, 78]. Carbon aerogel is often produced using RF as the main precursor, pre-
pared by polycondensation of resorcinol with formaldehyde in an aqueous solution.
Sometimes, sodium carbonate, which acts as a base catalyst, is mixed with resorcinol and
deionized water, to accelerate dehydrogenation of resorcinol, and after stirring the solu-
tion for a few minutes, formaldehyde is added slowly into the solution to form a sol [79].

An overall preparation route for carbon aerogel beginning with a precursor gel pre-
pared in this way is shown in Figure 37 and a series of typical processing routes are listed
for preparing carbon aerogel.
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Wiener et al. [80�82] investigated the high-temperature insulation properties of
carbon-based aerogels derived via pyrolysis of the organic aerogel precursor synthe-
sized using RF. The mass ratio of the RF reactants to water in the starting aqueous
solution was adjusted to 25% (where the mass ratio D mass of RF to total mass of the
solution) to yield a density of the resulting aerogel of about 230 kg/m3. Equimolar
quantities of RF were used. Following initial gel formation, the samples were exposed
to a temperature of 85 �C for 24 h to allow further gelling and curing. The liquid within
the pores of the wet gel was then replaced by ethanol to reduce the surface tension
upon drying, subsequent to which, the gels were dried under ambient conditions.
Finally, the resulting organic aerogels were pyrolysed in an argon atmosphere at 1073
and 2073 K. Figure 38 shows the microscopic structure of one of the carbon aerogels
synthesized [79].

Figure 37. Overall preparation route for carbon aerogel [79].
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In the case of classical type of sol�gel-derived porous carbons synthesized from an
aqueous solution of RF[83�88], whereas the concentration of the two reactants in the start-
ing solution determines the meso- and macroporosity of the resulting porous carbon, it is
the catalyst employed and its concentration that controls the size of the interconnected
particle-like entities that form the carbon backbone (Figure 38). The thermal conductivity of
a porous solid is essentially given by the superposition of the contribution of the heat trans-
fer along the solid phase, the transport within the gaseous phase (pores), and radiative heat
exchange. While at low temperatures, the heat transfer via the solid and the pore phase
dominates, these contributions become only a minor effect at high temperatures where
heat transport via radiation is the dominant factor. Materials such as carbon which show a
high degree of opacity to IR radiation are, therefore, expected to be the best performers in
providing insulation at high temperatures. In fact, carbon aerogels are extremely ‘black’ in
the IR spectrum, reflecting only 0.3% of the radiation between 250 nm and 14.3 mm.

Depending on the felt density, the orientation of the fibres and the presence of addi-
tional connections between the fibres as a result of stabilization by pyrocarbon deposits,
the available materials cover a range in thermal conductivity (Figure 39). The same plot
shows the thermal conductivity of carbon aerogel as determined from the thermal diffu-
sivity measured via a laser flash experiment and the heat capacity cp determined with a
differential scanning calorimeter [89]:

λD a r cp (2:20)

The dark, filled-in symbols represent the thermal conductivity at ambient air pressure,
while the hollow symbols indicate the figures obtained for the materials under vacuum.
The dashed lines in the case of the aerogel mark the expected range in thermal conductiv-
ity at high temperatures where no experimental values are yet available. While at temper-
atures below 500 �C, the aerogel yields values for thermal conductivity that are within the
same range as those for the best felts, the sol�gel-derived carbon aerogel shows a factor
of up to four times better insulation properties for temperatures beyond 1500 �C. These
attractive features are accompanied by mechanical stability providing self-supporting
properties to the carbon aerogel and easy machining. Carbon aerogel is, therefore,
expected to become one of the preferred materials for high-temperature thermal insula-
tion. The SEM image of carbon aerogel is shown in Figure 40.

Figure 38. Left: Schematic representation of a carbon aerogel backbone; centre: SEM image of a carbon
aerogel; right: macroscopic view of a carbon aerogel tile [89].
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The effective thermal conductivities of carbon aerogel according to the determined val-
ues of thermal diffusivity, specific heat, and sample densities are shown in Figure 41 [90]
for the two carbon aerogels investigated. Comparison of the values derived in a 0.1-MPa
argon atmosphere and under vacuum shows that the difference between the two data-
sets is almost temperature independent and of the order of 0.02 W/m/K. This difference in
thermal conductivities represents the contribution that the argon gas in the pores of the
aerogel is making to the total effective thermal conductivity. In Figure 41, these data are
compared to the experimental data of the total effective thermal conductivities measured
in vacuum. The plot reveals that even at 1770 K, radiative transport makes only a small
contribution to the total effective thermal conductivity of the carbon aerogel investigated
[79]; indeed, the thermal transport by the heat transfer via the solid phase is rather

Figure 39. Total thermal conductivity of commercially available carbon fibre felts for thermal insulation
(black symbols) and a carbon aerogel [89].

Figure 40. SEM image of one of the carbon aerogels (Tpyro D 2073 K) [90].
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dominant. The full line in Figure 42 corresponds to a fit of a superposition of the radiative
thermal conductivity and the solid thermal conductivity, whereas the upper dashed line
in Figure 41 represents the effective thermal conductivity to be expected for a carbon
aerogel derived from the same organic precursor as the samples measured here, but pyro-
lysed at a temperature of 2773 K. Under a 0.1-MPa argon atmosphere, the values are
expected to increase by an additional constant term of about 0.02 W/m/K. It showed that
the thermal conductivity via the backbone of the carbon aerogel increases strongly with
the pyrolysis or annealing temperature applied [86]; this is due to an increase in ordering
of the carbon structure on the molecular scale accompanied by the growth of the carbo-
naceous microcrystallites. The study revealed that these structural changes mainly reduce
the grain boundaries and thus the scattering of the phonons that dominate heat transport
via the solid phase. In contrast, the electronic contribution to the thermal transport was

Figure 41. Thermal conductivity of the investigated carbon aerogel [90].

Figure 42. Thermal conductivities of a carbon aerogel [90].
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shown to be negligible as would be expected for highly amorphous systems. Neverthe-
less, an earlier paper had already revealed the high potential of carbon aerogel as high-
temperature thermal insulations [90].

In Figure 41, the thermal conductivity of the carbon aerogel (pyrolysis undertaken at
2073 K) under a 0.1-MPa argon atmosphere (filled circle) and vacuum (open circle) is
shown as a function of temperature. Also shown is the thermal conductivity at 573 K of a
carbon aerogel (prepared at a lower pyrolysis temperature of 1073 K) in 0.1-MPa argon
atmosphere (filled triangle) and vacuum (open triangle) [90].

In Figure 42, the thermal conductivities of a carbon aerogel (prepared at a pyrolysis
temperature D 2073 K) was measured as a function of temperature in vacuum (open
circles); the radiative λr and solid λs contributions to the overall thermal conductivity are
indicated and the full line represents the superposition of the two terms. The upper
dashed line corresponds to the thermal conductivity expected for a similar aerogel, but
pyrolysed at 2773 K [90].

2.7.2. LC-NCell aerogels
Nanocellulose, or nanofibrillated native cellulose, [87] has recently been attracting interest
as a support structure for use in aerogels [88,91�96]. Cellulose is produced in plant tissues
in the form of crystalline nanofibres with a width of approximately 3 nm. These nanofibres
have a low density (1.6 g cm3), a high strength (2�3 GPa), a high elastic modulus
(110�140 GPa), and a large surface area (ca. 800 m2/g); all of these properties render these
nanofibres very suitable for aerogel skeletons [80, 97, 98] and the resulting nanocellulose
aerogel is thus mechanically tough and flexible [81]. However, unlike silica aerogels, this
type of aerogel does not show optical transparency and no linear elasticity and has a
much lower surface area than expected. These unfavourable properties of the nanocellu-
lose aerogel are related to their skeletal structures, which consist of randomly-connected,
bundled nanofibres. Foam structures of nanocellulose and aerogels of regenerated cellu-
lose prepared through molecular dissolution processes have also been described
[82,99�102]. Aerogels that consist of three-dimensionally ordered nanofibre skeletons of
liquid crystalline nanocellulose (LC-NCell; Figure 43) have also been reported. The LC-NCell
used in that study was composed of surface-carboxylated cellulose nanofibres dispersed

Figure 43. Structural characteristics of LC-NCell aerogel: (a) density and porosity of the aerogel as a func-
tion of hydrogel concentration; (b) light transmittance spectrum of the 1-mm-thick aerogel with a density
of 10 mg cm3 (inset: light transmittance at 600 nm as a function of density.); (c) nitrogen adsorp-
tion�desorption isotherm of the aerogel (inset: SSA of the aerogel estimated from the isotherms.) [146].
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in water in a nematic LC order; it was prepared from wood cellulose by an oxidation reac-
tion using 2,2,6,6-tetramethylpiperidine-1-oxyl as the catalyst [103�105]. The liquid crys-
talline arrangement of the nanofibres could be fixed using a dilute acid solution,[105] so
that the fluid LC-NCell dispersions became stiff, free-standing hydrogels without volume
shrinkage. A transparent LC-NCell aerogel was obtained by supercritical drying of these
hydrogels. The ordered nanofibre network of the hydrogels was preserved in the aerogel
even throughout the drying process. The structural properties of the LC-NCell aerogel
could be easily regulated (Figure 43). The bulk densities (1) of the aerogel were found to
increase in a linear manner with hydrogel concentration (Figure 43). The LC-NCell aerogels
prepared in the study had very low densities (4�40 mg/cm3; porosity: 98.1%�99.7%), and
can therefore be categorized into the lowest density class of lightweight, porous materials.
A low aerogel density results in a smaller dielectric constant and lower thermal conductiv-
ity. Upon drying of the hydrogels, the LC-NCell aerogel exhibited linear shrinkages of
approximately 14%. These shrinkages were uniform for each side of the cube-shaped
aerogel, suggesting that the LC-NCell aerogels were isotropic as bulk structures. In gen-
eral, a linear shrinkage of 10%�15% is inevitable when supercritical drying is used to pre-
pare an aerogel. Figure 43(b) shows the UV/Vis light transmittance spectrum of the LC-
NCell aerogel. The 1-mm-thick LC-NCell aerogel, with a density of approximately 10 mg/
cm3, showed a high transmittance of 80%�90% in the visible light region, which
decreased moderately in a linear manner with density (Figure 43(b)). This type of aerogel
did not absorb in the visible light region; the LC-NCell aerogel is, therefore, colourless, as
are silica aerogels. The blue appearance of the LC-NCell aerogel is caused by Rayleigh scat-
tering of short-wavelength visible light by their thin skeletons. The nitrogen adsorption
isotherms of the LC-NCell aerogel were characterized by hysteresis at a high relative pres-
sure (Figure 43(c)). Such an isotherm is often observed for mesoporous structures with
pore sizes of 2�50 nm [106]. The pores of the LC-NCell aerogel correspond to the spaces
between the oriented nanofibres. The pore sizes of the LC-NCell aerogels as estimated
from the isotherms ranged from a few nanometres to 100 nm, with a most probable value
of approximately 30 nm with the increase in density (Figure 43). The SSAs of the LC-NCell
aerogels were almost constant within a narrow range of 500�600 m2/g (Figure 43(c)), indi-
cating that the contact areas between the nanofibres remained constant even as the den-
sity was changed. From the SSA values, the nanofibre width of the aerogel skeleton could
be estimated to be 4�5 nm, which is close to the width of isolated cellulose nanofibres
(ca. 3 nm). A large SSA is important for the application of the aerogels as insulators, sup-
ports, and adsorbents [107].

In theory, the thermal conductivity of an aerogel in air is approximated by the sum of
the heat transfer by the solid phase (skeleton; λsolid), the gas phase (λgas), and radiation
(λrad):

λaerogel D λsolid C λgas C λrad (2:21)

The contributions of the solid phase (λsolid) and the gas phase (λgas) can be significantly
reduced by lowering the bulk density of an aerogel and by narrowing the pore size to less
than the mean free path of the gas molecules present in air (ca. 70 nm). The LC-NCell aero-
gel with the lowest conductivity displayed both a very low density of 17 mg/cm3 and a
characteristic pore size of approximately 30 nm (Figure 44), which should account for the
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significant reduction in conductivity of this aerogel to a value that is smaller than the con-
ductivity of air.

3. Applications of aerogels

Aerogel can be used for the development of a wide variety of novel high-performance
products such as jackets for protection from extreme cold weather conditions, compo-
nents in space suits, specialist building and pipeline insulation, acoustic and thermal insu-
lation blankets, aerogel�textile composite materials, and many more (see Figure 45).
Some of the main areas of applications of aerogel identified in the 1990s which include
several areas involving textiles and still stand are

� interior and exterior insulating plasters for breathable building envelopes and facades;
� insulation boards for internal insulating finishing systems;
� industrial insulation;
� thermal insulation coatings for safe-to-touch surfaces, energy efficiency, prevention

of corrosion under insulation (CUI), thermal breaks, and condensation control;
� insulation packs for oil and gas subsea pipelines;
� architectural daylighting panels, glass units, and tensile roofing systems;
� ultra-low-gloss matte paint coatings for industrial surfaces;
� non-wovens for architectural membrane roofing;
� outdoor gear and apparel;
� personal products including skin and beauty care.

Figure 44. Thermal conductivity of LC-NCell aerogels as a function of density [146].
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3.1. Aerogel blankets

Aerogel materials may also be applied to a building’s walls, attics, grounds, and applian-
ces. Aerogel blankets/panels have been developed to meet various demands, as shown in
Figure 46, and commercial manufacture of aerogel blankets began around the year 2000
[108]. Aerogel blanket/panel is a composite of a silica aerogel and fibrous reinforcement
that turns the brittle aerogel into a durable, flexible/solid and hydrophobic material, useful
for building envelopes, inside or applications in buildings [108].

Figure 45. Applications of silica aerogel [18].

Figure 46. Flexible aerogel blankets and solid aerogel boards: (a) aerogel blankets [147], (b) aerogel
panel [148], and (c) super-insulating aerogel blanket [147].
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3.2. Housing, refrigerators, skylights, and windows

Silica aerogel can be synthesized using low-cost precursors at ambient pressure which
makes aerogel suitable for commercialization. Aerogel transmits heat only one hundredth
as well as normal-density glass. The first residential use of aerogel is as an insulator in the
Georgia Institute of Technology’s Solar Decathlon House, where it is used as an insulator
in the semi-transparent roof. Aerogel is a more efficient, low-density form of insulation
than the PUF currently used to insulate refrigerators, refrigerated vehicles, and containers,
and it avoids the need to be blown into refrigerator walls, which used to be done by chlo-
rofluorocarbon propellants, the chemical that has been one of the chief causes of the
depletion of the earth’s stratospheric ozone layer [109].

3.3. In clothing, apparel, and footwear

Aerogel blanket known as Spaceloft, which is used primarily in winter apparel products
such as snowboard suits, is produced by trapping aerogel interstitially within a fibre
matrix. To accomplish this, the matrix is impregnated with aerogel-forming precursor and
supercritically dried under pressure. In 2002, Aspen Aerogel Inc. patented aerogel com-
posite reinforced by a low-density fibrous batting in combination with one or both of
short, randomly oriented microfibres and conductive layers. The aerogel composite mate-
rial consists of two phases. The first is a low-density aerogel matrix and the second is a
reinforcing phase. This reinforcing phase consists primarily of fibres, preferably a combina-
tion of the batting and one or more fibrous materials of significantly different thickness,
length, and/or aspect ratio. A preferred combination of a two fibrous material system is
produced when a short, high aspect ratio microfibre (one fibrous material) is dispersed
throughout an aerogel matrix that penetrates a continuous lofty fibre batting (the second
fibrous material). Such aerogel-based insulation materials can be used for insulation com-
ponents in apparel and footwear applications.

Compared with traditional insulation materials for footwear and apparel applications that
rely on textile, foam, or fibre technology, the insulating power of aerogel-based materials is
found to be superior; they yield materials with a sub-nanoporous lattice structure that has a
very high surface area and billions of irregularly shaped pores throughout the material. As a
result, aerogels have from two to six times more insulating power than other commonly
used materials. While all other materials rely on high thickness or loft to provide their insula-
tion value, aerogels provide higher insulation values at greatly reduced loft. The difference
between the temperature below and above the aerogel-insulated footwear is shown in
Figure 47. For example, in order to maintain either stylish designs and/or functional perfor-
mance in footwear applications, there is very little space available for insulation. The aerogel
product Pyrogel® AR5401 (Aspen Aerogels Inc.), a carbon-filled aerogel, is claimed to be able
to provide manufacturers with the ability to significantly upgrade the performance of their
footwear and cold weather products, while increasing the freedom for design and the inclu-
sion of other functional elements. Even under the minimal force of 1 PSI (6.89 kPa) applied
in standard thermal testing, popular microfibre textiles can lose up to 75% of their thickness
and insulating power, while aerogel maintains its original thickness. Compressive loads
applied to footwear and apparel during use are significantly higher than 1 psi, but under
loads of 15 psi, aerogels continue to retain over 95% of their thickness and 97% of their
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insulating ability [110], so they can be used to deliver consistently high insulating power
[111]. The US company, Aerogels Inc., offers insulation components based on Aerotherm
aerogel products for footwear as well as components for gloves and insulation panels for
garments [112]. Aerogels can also be utilized in the development of novel anti-wetting
coatings on textiles such as silica�biopolymer coating to render highly hydrophobic charac-
teristics to the fabrics or to impart flame-retardant finishes to fabrics. A typical example is
achieved by the coating of protective clothing with aerogels.

For applications where thermal conductivity must be minimized, heat transfer by the
gas phase present in an aerogel could be avoided by evacuation. Evacuation of
Si�aerogel reduces its thermal conductivity by 50%.

Commercial manufacture of aerogel ‘blankets’ began around the year 2000. Aero-
gel blanket is a composite of silica aerogel and fibrous reinforcement intended to
convert brittle aerogel into a more useful product by incorporating it into a durable
and flexible material. The mechanical and thermal properties of the product may be
varied based upon the choice of reinforcing fibres, the aerogel matrix, and opacifica-
tion additives included in the composite. Aspen Aerogel Inc. of Northborough, MA,
for example, produces Spaceloft® as a relatively inexpensive and flexible blanket by
incorporating a thin layer of aerogel embedded directly into the fabric; in promo-
tional exercises, Mount Everest climbers have used aerogel insoles, as well as sleep-
ing bags lined with the material [113].

3.4. Green buildings

Aerogel/fibre composites are available which aim to reduce the energy consumption in
households and industries by providing higher levels of insulation from thinner sheets
than those which would be required with traditional insulating batts such as those
made from rockwool or fibreglass. The earliest form of insulation-incorporating aero-
gels was the aerogel blanket and this is still in widespread use. Studies have shown
that aerogel blanket can reduce energy consumption from heating or cooling the inte-
rior of a fabric structure by 30%�70%, depending on the climate and is being used as

Figure 47. Difference between the temperature below and above the aerogel-insulated footwear
[149].
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the insulation, for example, in sports stadia, recreational facilities, water parks, and
‘green’ shopping centres, and also in thermal awnings and blinds to provide a lower
cost option to window replacement for retrofits of old buildings that must comply
with new energy codes.

Some applications make use of more than one of the aerogel’s characteristics. For
example, a layered, tensioned textile composite roofing membrane called TensothermTM,
patented [113] and made by Birdair Inc., Amherst, NY, uses an aerogel-based insulation
layer to trap air, prevent heat loss, and gain solar energy/daylight in the building by virtue
of its ability to transmit and diffuse natural light. The TensothermTM composite membrane
consists of three layers sandwiched together:

� a Polytetrafluoroethylene (PTFE)/fibreglass fabric exterior skin to provide durability,
transparency, and protection from the elements;

� a layer of aerogel blanket to provide transparency and both thermal and acoustic
insulations; and,

� a PTFE/fibreglass acoustic or vapour barrier interior liner.

4. Global necessity of super-insulation

The first global oil crisis in 1970s dramatically affected the whole world and clearly showed
the growing dependence of modern society on imported oil and vital need for cheap,
renewable, and environmentally friendly energy technologies. Due to the limited supply
of fossil fuels and growing significance of environmental issues, developed countries
needed to check their energy strategies and politics. There was, and still is, also a crucial
need to stabilize the CO2 concentration in the atmosphere and then to reduce it to mini-
mize its effects on the global climate. Stabilization of atmospheric CO2 concentration
below 500 ppm is regarded as the first step [114]. That was a significant move but very dif-
ficult to implement in a short period because of the huge dependence of modern society
on oil, gas, and coal. Moreover, replacing fossil-fuel-based applications with renewable
energy technologies all over the world includes some severe technological difficulties and
economic barriers. Nevertheless, short-term, medium-term, and long-term strategies were
developed to narrow the gap between fossil fuels and renewable energy systems. Appro-
priate strategies for halting global climate change were sorted by time and source, and
the target steps were divided into three groups headed mobility, power plants/heavy
industry, and, finally, buildings as illustrated in Table 10. The results (perhaps surprisingly)
indicated that building sector plays a remarkable role in global energy consumption, tak-
ing a larger share, for example, than that of the mobility sector. It was also noted that
HVAC (heating, ventilation, and air conditioning) accounts for the lion׳s share of energy
consumption by buildings. This situation highlighted the necessity for more stringent
thermal insulation standards for buildings, to levels which can be described as super-insu-
lation [115]; super-insulating glazing and aerogel blankets are becoming more widely
available in the insulation market [116].

Any thermal insulation material aims to reduce heat loss, and so a low thermal con-
ductivity or high R-value is of prime importance. A high R-value means that a thinner
layer of insulation can be used, leading to a smaller space requirement; for example,
according to its product data sheet, a 10 mm thickness of ThermablokTM fibre-
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reinforced laminated insulation blanket (Thermablok Aerogels Ltd, Ashford, Kent, UK) is
quoted as providing an R-value of 0.769 (m2/KW), around twice that of the best com-
petitor insulating material [117]. Omer et al. [118] evaluated various insulation materi-
als and compared their thermal conductivities; aerogel showed the lowest thermal
conductivity, and its manufacturing cost has the potential to be reduced drastically, if
it is produced in a rapid single-step process using ambient drying.

4.1. Advantages and limitations

4.1.1. Advantages of aerogels
Aerogel is regarded as one of the most promising high-performance thermal insulation
materials for building applications today. With a low thermal conductivity (»13 mW/mK),
it shows remarkable characteristics compared to traditional thermal insulation materials.
Also higher transmittances in the solar spectrum are of great interest for the construction
sector; their visible transparency for insulation applications allows their use in windows
and skylights which give architects and engineers the opportunity of reinventing architec-
tural solutions, a prospect which has now been put into practice [115] in an insulated ten-
sile fabric roofing material. Also, the low thermal conductivity, a high solar energy, and
daylight transmittance in monolithic silica aerogel make it a very interesting material for
use in highly energy-efficient windows [119]. For cryogenic systems, multilayered insula-
tion (MLI) is the insulation of choice. However, MLI requires a high vacuum for optimal
effectiveness, whereas powder insulations such as glass microspheres and aerogel beads
have shown promise at soft vacuums and have a structural advantage in that they are far
simpler to install and maintain [118, 120�123].

Due to its porous structure and low density, aerogel can trap dust-sized space projec-
tiles travelling with hypervelocity speed; NASA, therefore, used aerogels to trap space
dust particles and for the thermal insulation of space suits [124�126].

Table 10. Short-, medium-, and long-term strategies for halting global climate change [150].
Short-term Medium-term Long-term

Mobility
Increasing drive efficiency, hybrid
systems, weight reduction

Only electrical and hybrid vehicles are
available on markets

Short-range fuel-cell and hydrogen-
technology-powered mobility picks
up; fossil fuels reserved for long-
range mobility

Power plants/heavy industry
Establishing possibilities for
CO2 sequestering; slight increase in
number of nuclear plants to
provide more of the steady,
continuously required level of
energy and other intermittent
systems to deal with peaks

Sequestration implemented growing
contributions of renewables (sun,
wind, water), improved electrical
storage

All plants operate nearly CO2 free,
renewables dominate the mix,
nuclear and fossil-fuelled plants are
only for volume support; robust
grid and storage systems are in
place

Buildings
Reducing energy demand of HVAC
by thermal insulation, developing
zero-energy buildings

New buildings are CO2 neutral, wide
use of photovoltaics; retrofitting of
old buildings required by law

More than 50% of all buildings are
no longer net producers of CO2;
retrofitting of all buildings
continues; buildings store notable
amounts of electricity
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Indoor environments can become polluted by the chlorine from tap water, volatile
organic compounds from organic solvents, formaldehyde from furniture and paints,
SO2 and NO2 from the incomplete combustion of gases in heating and cooking appli-
ances and a range of hydrocarbons. Airborne contaminants are associated with respi-
ratory problems and allergies like asthma; their conversion into nontoxic compounds
is an effective pathway for their removal and for protecting the environment; modified
aerogels offer a solution for removal of airborne contaminants [127]; they have the
potential to be more environmentally friendly than systems involving the use of noble
metal catalysts due to the negative environmental impact associated with mining and
processing the metals involved [128]. Modification of the aerogel is essential to
achieve specific functionality and this tailoring can start during the sol�gel process
either following gelation or after obtaining the aerogel. Suitable modification can be
achieved via either

(1) surface functionalization of aerogel for regulating the adsorption capacity, or
(2) applying a polymeric coating on aerogel surface. Hybrid aerogel materials can

encompass the intrinsic properties of aerogels (high porosity and surface area)
with the mechanical properties of inorganic components and the functionality and
biodegradability of biopolymers [129�131].

4.1.2. Limitations of aerogels
Widespread uses of aerogel materials are restricted at present mainly due to high produc-
tion costs, poor mechanical properties, and health issues associated with the release of
fine particles if crushed. The main issues are their mechanical brittleness (unless sup-
ported/protected by reinforcement materials or covered by a membrane) and the energy-
consuming and time-consuming fabrication process, which requires long periods of tem-
perature-controlled ageing, solvent exchange, and supercritical drying.

To overcome the mechanical brittleness of aerogels which is intrinsic to their skeletal
structure and limits their applications, the hybridization of aerogels with organic polymers
is considered to be a fruitful approach [132�137]; reinforcement introduces significant
decreases in porosity and surface area.

Supercritical drying is the most expensive and risky step in the process of making an
aerogel. A highly desirable goal in aerogel preparation was the elimination of the super-
critical drying process and there has been some success. For example, Guo and Guadalupe
[134] succeeded in synthesizing a silica-based aerogel from a metastable lamellar compos-
ite through cooperative interaction between silica and surfactant species [138]. The surfac-
tant molecules used to generate pores were able to be removed from the silica network
through conventional solvent extraction and no supercritical extraction was necessary
[139].

Although silica aerogels are very fragile, the strength of silica aerogel monoliths has
been improved by a factor of>100 times by cross-linking the nanoparticle building blocks
of preformed silica hydrogels with polyhexamethylene diisocyanate. These composite
monoliths are much less hygroscopic than native silica, and they do not collapse when in
contact with liquids [140].

TEXTILE PROGRESS 107



TTPR_A_1179477.3d (Standard Sanserif) (174£248mm) 26-05-2016 15:3

Aerogel is a mechanical irritant to the eyes, skin, respiratory tract, and digestive system.
Small aerogel particles can potentially cause silicosis, and so forth, when inhaled and can
induce dryness of the skin, eyes, and mucous membranes. Therefore, protective gear
including respiratory protection, gloves, and eye goggles must be worn while handling
aerogel [141]. Products are now available, however, which are safe to touch and/or encap-
sulated to enable them to be worked [138].

4.1.3. Development of low-cost aerogels by a one-step continuous process
The company JIOS was founded by project leaders in a Korean government-sponsored
research team that developed new approaches to the production of silica aerogel.
Since its founding in 2010, JIOS has continued to invest heavily in R&D and engineer-
ing to be able to produce aerogel at rapidly declining costs. They sell high volumes of
powder directly to top-tier industry partners. Until the founding of JIOS, high costs
and low volumes had prevented the mass development of aerogel for everyday appli-
cations. JIOS uses a novel, proprietary production process that employs readily-
available raw materials, a one-step continuous process which combines sol�gel,
gelation, and ageing, and an ambient drying process all of which help to reduce the
production cost. JIOS’ ambient drying process differs substantially from the standard
‘supercritical drying’ process and drives production time down from the usual several
days to less than 3 hours. JIOS’ disruptive pricing is considered to offer global

Figure 48. JIOS one-step continuous process.
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manufacturing leaders the opportunity to develop aerogel-enhanced performance
lines at market-acceptable prices.

To help customers bring their aerogel-enhanced products to market faster and with
less risk, JIOS has also developed aerogel application technologies and intellectual prop-
erty in target industries which are licensed and shared with customers including, for
example, Etex Group, a Belgian company supplying building products.

4.2. Comparative performance and cost

Natural-fibre-based thermal insulation materials perform at least 10 times better than
brick or stone (see Table 11). Newer insulation materials perform at least 20 times better
than brick or stone, and aerogels over 40 times better, while vacuum-insulated panels are
better still, at least 60 times better than brick or stone. However, both aerogels (the best
performing new insulation material), and vacuum-insulated panels, remain very expen-
sive. Table 11 shows a comparison of performance and cost of different thermal insulating
materials [138]. Figure 48 shows a comparison of insulation properties of aerogel against
other materials.

4.3. Commercial manufacturers and products

During the last five years, large-scale commercial production of nanoporous aerogel
materials has been achieved. The financial motivation for this business development
was due, in large part, to the potential applications in thermal insulation. Comparison
of characteristics of different kinds of insulation is shown in Table 12. For example,
products now available include aerogel non-woven sheet for cold-weather applica-
tions manufactured by Cabot Corporation [142], aerogel composite blankets manufac-
tured by Aspen Aerogel, Inc. [140], and aerogel insoles manufactured by Aerotherm.
Minimum and maximum conductivity of some insulation materials are shown in
Figure 49. Because they are fully breathable and hydrophobic, these materials are
ideal candidates for thermal insulators in a variety of applications. As illustrated in
Table 13, there are currently 16 major companies which are involved in the produc-
tion of different types of aerogel. They either use aerogel for the production of their
own products or they distribute and supply to other industries. The data have been
collated from Boston Business Journal/Business Week (http://www.maerotech.com/
prospect3.html) company websites.

Table 11. Comparison of performance and cost of different thermal insulating materials [138].

Material
Thermal conductivity

(W/m K)

Minimum improvement
(D reduction) in conductivity

over brick or stone Indicative costs

Brick or stone 0.6�2.5 -
Natural insulation materials 0.03�0.05 20 £9�£18/m2

Mineral insulation 0.03�0.04 20 £5/m2

Petrochemical insulation 0.02�0.04 30 £5�£22/m2

Layered foil 0.033�0.035 18 £8�£9/m2

Aerogel 0.013�0.014 42 £20�£30/m2

Vacuum-insulated panels 0.004�0.01 60 £40�£50/m2
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Figure 49. Minimum and maximum conductivity of some insulation materials [138].

Table 13. Global aerogel industry players by alphabetical order.

No Company Activities Annual revenue� Base

1 Active Aerogels Nanostructured materials for thermal insulation and
for adsorption of pollutants, applicable in
aerospace, oil and gas industries, housing, and
wastewater treatment.

N/A Portugal

2 Aerogel Composite Inc. Develop and supply aerogel-based composite
materials for a wide variety of industries, e.g. a
carbon aerogel based electrocatalyst for use in the
manufacturing of fuel cell electrodes to reduce the
platinum requirements for fuel cell vehicles.

$1-10 mil USA

3 Aerogel Technologies
LLC

Airloy Ultramaterials; super-insulating with
machinability, durability, and strength in the form
of aerogel discs, blocks, tiles, particles, and super-
insulating blankets

N/A USA

4 Airglass Monolithic aerogel (blocks and tiles), blankets,
granular, powder, coatings, etc.

N/A Sweden

5 American Aerogel
Corporation

Insulated packaging for superior temperature
protection against both high and low ambient
temperatures,

$1�10 mil USA

6 Aspen Aerogel Inc. Pyrogel® XT-E high-performance insulation material
for the industrial market.
Cryogel® Z cryogenic insulation is used in below-
ambient temperature applications in the oil and
gas processing industry and industrial appliances.

$3.8 mil USA

7 BASF SE Insulating material with insulation values of
16 mW/mK compared to those of 21�40 mW/mK
for classical insulating materials. The material,
SLENTITETM, is a polyurethane aerogel with
50�100 nm pores.

N/A Germany

8 Cabot Corporation High-quality particulate silica aerogel solutions for
energy-efficient buildings and industrial
infrastructure, safe-to-touch surfaces, personal care
products, interior and exterior insulating plasters,
industrial insulation, outdoor gear and apparel

$2.1 bil USA

(continued )
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Table 13. (Continued )

No Company Activities Annual revenue� Base

9 CDT Systems Inc. In excess of 3 volts, carbon aerogel electrodes
perform electrolysis, or the separation of a
hydrogen/oxygen mix from water for improved
fuel economy and reduced harmful emissions.

$32 k USA

10 CF Technologies Custom formulation for high-performance thermal
and acoustic insulation, multi-component catalysts,
adsorbents, and ceramic precursors, monolithic
custom-made aerogels, supercritical drying
laboratory and pilot scale services

$750 k USA

11 Cooper Electronic
Technologies Inc.

PowerStor Aerogel Capacitors, ultra-high capacitance
devices based on carbon aerogel.

$17.5 bil USA

12 Dow Corning
Corporation

White free-flowing 100% hydrophobic aerogel
powder for use in hair care, skincare, fragrance
delivery, and antiperspirants/deodorants.

$4.9 bil USA

13 Enersens SAS Aerogels and insulators for the construction and
industrial sector. Its products include granules,
silica aerogel, panels, and matelasses.

N/A France

14 Guangdong Alison Hi-
Tech Co. Ltd.

Alison Aerogel Blanket DRT06 Series is a series of
flexible high-temperature insulation blankets in
which silica aerogel is composited with fibres.

N/A China

15 Honeywell
International Inc.

Aerogel bases mould for MEMS fabrication and
formation, a patterned aerogel-based layer that
serves as a mould for at least part of a
microelectromechanical feature.

$34.6 bil USA

16 JIOS Aerogel
Corporation

JIOS employs a one continuous step process which
combines sol-gel, gelation, and ageing, and an
ambient drying process to reduce production cost.
JIOS’ ambient drying process differs from the
standard ‘supercritical drying’ process and drives
production time down from the usual several days
to less than 3 h.

N/A South Korea

17 Marketech
International Inc.

Marketech offers a line of standard silica, organic and
carbon aerogels that include monoliths, ingots,
random pieces, powders, and composite papers.

$1.8 mil USA

18 Matsushita (Panasonic)
Electric Works

Employs a waterproofing process to lengthen the
lifetime and optical efficiency of silica aerogel for a
variety of applications, including the cladding and
protection of optical fibre.

$12.9 bil Japan

19 Nano High-Tech Co.
Ltd.

Aerogel, aerogel blanket, aerogel insulation felts
manufacturer/supplier based in China, offering 3,
6, and 10 mm aerogel blanket for wall insulation,
tanks and pipes insulation, flexible jackets, etc.

N/A China

20 NanoPore Inc. NanoPoreTM thermal insulation for both vacuum
insulation and ambient pressure applications.
NANOGLASS© is a family of inorganic porous
oxide-like low-k dielectric materials suitable for
applications requiring ultra-low-k values.
NanoCoolTM is for maintaining product
temperature during shipment without the need to
use frozen cool packs.

$1.8 mil USA

21 Ocellus Technologies Nanoporous foams (nanofoams) and aerogels
including nanofoam materials made from silica,
alumina, phenolic resins, and carbon for aerospace
and industrial applications.

N/A USA

22 TAASI Aerogel products in a powder form for general
packaging, food, pharmacological and laboratory
packaging and the PristinaTM personal air filter

$750 k USA

23 United Nuclear
Scientific Equipment
& Suppliers

Monolithic aerogel from silica, in the form of thermal
blankets, powder, etc.

N/A USA

Note: �Revenue figures may include income generated by other products and operations.
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5. Conclusion

Compared to other insulation materials, aerogel-based materials have considerably lower
thermal conductivity and higher thermal resistance even at extreme temperatures, charac-
teristics which are attributable to their low sample density; the aerogel component in
aerogel blankets, for example, has a significant effect on its thermal properties. Whilst the
thermal resistance (Rct) of the aerogel blanket fabric shows an increase as the fabric thick-
ness increases in some applications, only a very thin sheet is required to achieve the
desired degree of insulation. Such products are beginning to emerge and point the way
towards the achievement of higher performance fabrics in terms of thermal insulation.
Moreover, thermal measurements show that embedding silica aerogel in nanofibrous
layers leads to increased thermal insulation, so performance gains in existing thermal insu-
lation materials may be possible by incorporating a proportion of nanofibres into the
structure, but large-diameter fibres would still be necessary for durability and compression
recovery.

Carbon and other types of aerogel are effective absorbers of IR radiation and, in some
cases, actually increase the mechanical strength of the aerogel. At ambient pressure the
addition of carbon lowers the thermal conductivity from 0.017 to 0.0135 W/mK. In
the case of cold weather clothing, higher thermal resistance is very important. This may
be attributed to decrease in heat losses due to insulation by nano-airspaces inside aerogel
present in the fabric. To fully realize the potential of aerogel, continued efforts are
required to tackle the outstanding technical issues and improve the practical feasibility of
the aerogel fabrication. Until recently, the batchwise step-by-step preparation of aerogels
completed by supercritical drying was considered to be both essential and the most effec-
tive process, but it takes considerable time to complete and the final supercritical drying
step adds considerable expense to the manufacturing process. However, significant prog-
ress has been made and recently JIOS, a producer of aerogel powder established in 2010
in South Korea, has developed methods for producing aerogels more rapidly and at lower
prices by adopting a single-step continuous production process and ambient drying. With
potential applications in films and threads, one of the company’s primary target industries
is textiles.

In the past, aerogels were dismissed for use in clothing as those made from silica can
be fragile and brittle. Various approaches have been taken to overcome such disadvan-
tages. For example, in 2012, researchers at NASA reported that altering the composition
and structure of an aerogel by using polymers to reinforce the networks of silica could
make it highly flexible and up to 500 times stronger. Another similar but separate method
reported was to reinforce polyimide with brace-like cross-links to further strengthen the
aerogel; such products could be produced in the form of a thin film sufficiently flexible to
be used in highly insulating clothing that is less bulky than traditional ‘thermal’ garments,
in spacesuits and firefighters’ protective gear. Aspen Aerogels recommend incorporating
SpaceloftTM aerogel blanket in insulating apparel and the fibre-reinforced, carbon-filled
Pyrogel® in footwear. In yet another approach utilizing existing aerogel materials, adopted
by Aerogel Technologies, encapsulated aerogel blanket is prepared and sold in sets suit-
able for use as panels in clothing or footwear; the accent is on the elimination of dust dur-
ing cut-and-sew or similar clothing manufacturing methods; these products are already
on the market under the name of Aerotherm.
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5.1. Future direction

Analysts forecast the global aerogel market to grow at a CAGR of 35.86% over the period
2014�2019. The high number of patents being filed for new uses of aerogel and the
development of new aerogel-based products is expected to contribute to market growth
in the coming years [126]. However, to improve development opportunities and to take
full advantage of aerogels’ excellent thermal insulating abilities, further research needs to
be conducted in the areas of

� synthesis and characterization of various types of aerogel focused on high-perfor-
mance textiles;

� manufacturing methods for further process improvement and cost reduction to add
to those already making an impact such as JIOS’s rapid one-step and ambient drying
process;

� new types of aerogel composites with properties desirable in clothing and footwear;
� development of new methods to treat fabrics with aerogel particles to reduce fragil-

ity and sensitivity to moisture;
� refinement of thermal measurement techniques as the existing measurements are

designed mostly for standard ambient conditions and are not suitable for high-per-
formance insulation materials at extreme temperatures;

� fabrication of new devices for the measurement of thermal properties in fibrous
structures;

� modelling of convective heat transfer phenomena in fabrics treated with aerogels to
enable better understanding of the thermodynamics under extreme temperature
conditions;

� develop or update standards for thermal measurement in aerogel-based insulation
materials used for textile applications, because existing standards do not address the
necessary parameters under extreme conditions.
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