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Acoustic Properties of Aerogels: Current Status and

Prospects

Tatiana Budtova,* Tapio Lokki, Sadeq Malakooti, Ameya Rege, Hongbing Lu,

Barbara Milow, Jaana Vapaavuori, and Stephanie L. Vivod

Noise reduction remains an important priority in the modern society, in
particular, for urban areas and highly populated cities. Insulation of buildings and
transport systems such as cars, trains, and airplanes has accelerated the need to
develop advanced materials. Various porous materials, such as commercially
available foams and granular and fibrous materials, are commonly used for sound
mitigating applications. In this review, a special class of advanced porous
materials, aerogels, is examined, and an overview of the current experimental and
theoretical status of their acoustic properties is provided. Aerogels can be
composed of inorganic matter, synthetic or natural polymers, as well as organic/
inorganic composites and hybrids. Aerogels are highly porous nanostructured
materials with a large number of meso- and small macropores; the mechanisms
of sound absorption partly differ from those of traditional porous absorbers
possessing large macropores. The understanding of the acoustic properties
of aerogels is far from being complete, and experimental results remain scattered.
It is demonstrated that the structure of the aerogel provides a complex three-
dimensional architecture ideally suited for promising high-performance materials
for acoustic mitigation systems. This is in addition to the numerous other
desirable properties that include low density, low thermal conductivity,

and low refractive index.

1. Introduction

Noise pollution has been aptly described as
one of the modern plagues.”! Due to many
adverse health effects of loud environ-
ments, ranging from sleep disturbances
to cardiovascular diseases, reducing the
exposure of humans to excess noise is
essential to the public health of large
populations living in the cities. Regarding
sound absorption materials, the optimal
choice depends on the intended sound
frequency range; solutions of damping
high-frequency sound waves rely on totally
different absorption mechanism than the
solutions for very low-frequency noise.
Indoors, the most commonly used sound
absorption materials are porous by nature
due to their ability to efficiently absorb
sound at mid to high frequencies with rel-
atively thin layers. Common porous
absorption materials in the market, target-
ing to over 90% absorption above 350 Hz,
are glass and mineral wools and acoustic
foams made, e.g., from melamine or poly-
urethane. Here, we review the acoustic

properties of aerogels and demonstrate their high potential to
challenge and exceed the absorption properties of the current
market standards, whether we talk about the performance in
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acoustic absorption or aspects related to their processability or
sustainability.

The term “aerogel” should first be defined as literature often
provides different approaches. According to IUPAC Gold Book,
aerogel is a “Gel comprised of a microporous solid in which the
dispersed phase is a gas” with “microporous silica, microporous
glass and zeolites” given as examples.””! This definition is very
restrictive as it includes only microporous materials, i.e., with
pore sizes below 2 nm, and thus excludes, for example, classical
silica aerogels that have pores from a few to a few dozens of nano-
meters. It is now commonly agreed that aerogels are open cell
porous networks with high porosity (at least 90%), high specific
surface area (approximately, higher than 100 m®g™"'), and are
nanostructured (mainly mesoporous with small macropores).

The classical way of making aerogels is extraction of the fluid
from the pores of a gel via drying with supercritical CO,. In some
cases, freeze-drying may also result in lightweight high specific
surface area materials. However, in the majority of cases, freeze-
drying is performed by sublimation of ice formed in the pores of
a gel; such procedure usually results in very large macropores
that are replicas of ice crystals. In this context, freeze-dried mate-
rials will be called “cryogels” for simplicity. If the fluid in the
pores of gels is extracted at ambient pressure or under low vac-
uum evaporative drying, high capillary pressure, which develops
during drying, usually results in the collapse of the pores. These
materials will be called “xerogels”; they are usually with rather
high density and low specific surface area. An exceptional case
is ambient-pressure dried silica gels: silylation of silica helps the
preservation of gel morphology after ambient pressure drying,
resulting in aerogel-like materials.!"! In this review, we will focus
on “aerogels” within the definition given above and based on all
types of matter. The examples of acoustic properties of cryogels
and xerogels, as well as of other porous materials, will also be
given for comparison.

In addition to common fibrous sound absorption materials,
nanofibrous electrospun mats are considered to be promising
for noise reduction.”) Compared to felts based on micron-size
fibers, nanofiber-based electrospun materials have better acous-
tic performance due to the increased internal surface area and
friction and vibration of nanofibers.®! The majority of electro-
spun materials are based on polyvinylidene fluoride due to its
piezoelectric properties and ability to convert acoustic energy into
electric potential.! Other synthetic polymers (polyacrylonitrile,
polyvinyl pyrrolidone, polyvinyl acetate, etc) and their composites
with inorganic compounds have also been used for electrospin-
ning.®”! In most cases sound is absorbed in low- and middle-
frequency regions with sound absorption coefficient reaching
0.8-0.9 values at 600-1000 Hz.!® Despite fibers’ diameter in
sub-micron range and high porosity of electrospun mats (see,
for example,*”)), their pore sizes are within large macropores
range (unless a special treatment is used to make fibers them-
selves mesoporous or microporous), and specific surface area
remains low as compared to aerogels: around few tens versus
several hundreds of m”g™", respectively. Because electrospun
mats are, by far, macroporous, their acoustic properties can be
predicted, to some extent, by theoretical sound absorption
models. As it will be shown in this review, this is not the case
for aerogels possessing mesoporous (and small macropores)
morphology which makes them a special class of materials.
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As a consequence, the acoustic properties of electrospun mats
as well as other highly macroporous materials will not be
discussed in this review.

Absorption of sound energy by porous materials occurs
through the interconnected pores due to viscous, thermal, and
inertial effects caused by the interaction of air molecules at
the interfaces of the gas and the solid phases. For efficient sound
energy dissipation in a porous material, geometry of a solid
frame should be designed in such a way that the interactions
of air molecules with the frame are maximized. In other words,
the size of the pores should be large enough that the sound waves
penetrate deeply into the material, but small enough to maximize
the number of encounters of the gas with the boundaries. In dry
air (0% humidity) at normal atmospheric pressure, the mean free
path of an air molecule before colliding with another one is
66 nm.®! This means that the likelihood of an air molecule to
enter pores smaller than this value is reduced, and they can
interact only with the surface of the frame. In other
words, the nano-scale porous structures would appear as
“homogeneous” to air molecules. Therefore, in general, the size
of the pores is supposed to be above few hundreds of nanometers
to let the air molecules penetrate deeply into the material for
maximizing the interactions with pore walls, i.e., transforming
the sound energy into heat. A more detailed description of sound
absorption mechanisms in materials having structural character-
istics dimensions below 1 pm is presented in the next section.
It is important to emphasize that the understanding of these
mechanisms is still at its infancy.

Consequently, fabricating materials with optimized combina-
tion of density and pore sizes should lead into exceeding the
sound absorption properties of conventional absorbents.
Aerogels, as materials exhibiting very high specific surface area,
can, potentially, increase all three sound attenuation mecha-
nisms, namely inertial, viscous, and thermal effects. The increase
in the specific surface area and tortuosity hamper most effec-
tively the movement of air, i.e., O, and N, molecules. We assume
that the absorption mechanisms in aerogels differ significantly
from the traditional porous acoustic materials, as usually the
focus has been on the bulk effects that are caused by macroscopic
structures. For example, high surface area materials, e.g., acti-
vated carbon, have been shown to have peculiar sound absorption
properties especially at the low frequencies.”] Generally, as
discussed in this review, the establishment of the understanding
of the relationship between the morphology of a highly porous
nanostructured material with high specific surface area and
their sound absorption properties will require more theoretical,
computational, and experimental contributions.

Another important aspect, when aiming for resource-wise
societies, is the sustainable production of high-performance
sound absorption materials. The field of bio-based and sustain-
able sound absorbing materials has gained interest in the
recent years,>'! but there is no large-scale production of acous-
tic materials made out of natural polymers. In fact, taken into
account the estimated value of the acoustic insulator market size
based on conventional materials, 15 billion USD by 2022,'Y
there is a huge demand for novel materials that are environmental-
friendly, nonhazardous, resistant to hostile environments (high
temperatures or hits, among others), economical, esthetic, and
of reduced thickness. We believe that a thorough life-cycle
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assessment of proof-of-a-concept sound absorbents is required to
identify how their sustainability can be increased. In any event, the
development of novel materials and implementation of
circular economy approaches should allow overcoming the
sustainability problems of current market standards, glass and
mineral wool, as well as polyurethane foams.

The goal of this review article is to summarize what is known
about the acoustic properties of various aerogels: silica, synthetic
polymer, organic/inorganic composites, and bio-based. First, we
set the general background of the acoustic properties of porous
materials. Then we introduce different types of aerogels, their
synthesis, morphology, and main properties. Afterward, we
analyze the results known in literature on each type of aerogels
mentioned above. Finally, we summarize the potential of using
aerogels for acoustic insulation.

2. Background on Acoustic Properties of Porous
Materials

The attenuation of sound in porous materials is mainly based
on viscous, thermal, and inertial effects, which results in the
transfer of the acoustic energy into heat. In addition, structural
damping could increase the attenuation at some frequency
range, and such needs have intensified the design of sound
absorbers with a specific resonating structure(s), e.g., periodic
slits or holes, see, for example, Zangeneh-Nejad and
Fleury."? Sound waves penetrating the porous medium set
air molecules, mainly O, and N, within the pores into oscilla-
tion. The interaction between the gas and the solid frame causes
sound energy losses by three different main mechanisms:
1) viscous losses are caused by the generation of shear forces,
also known as viscous stresses, that aim to equate the velocity
of the two media by transferring some of the gas’ kinetic energy
into heat. Viscous forces have the effect of increasing the effec-
tive density of the gas traveling through the pores. In porous
materials, viscous forces depend on the geometry of the pores,
dynamic viscosity of the gas, and the contact surface available for
the gas to interact with pore walls. The viscous boundary layer is
the area in which viscous forces efficiently attenuate sound
energy. The sound velocity within the viscous boundary layer
is minimum at the surface of the rigid frame, where the effect
of viscous forces is maximum. The speed of the gas increases
with distance from the surface and reaches its maximum outside
the boundary layer. The dimensions of the viscous boundary are
greater at lower frequencies than at higher frequencies, from
about 350 to 10pm in the audible frequency range.
Consequently, sound energy attenuation due to viscous stresses
is more significant at lower frequencies;!** 2) molecules from the
gas are hitting the pore walls when entering a porous material.
During this short time, there is an energy exchange that aims at
thermal equilibrium between the gas and the solid frame.™™*!
After the exchange of energy, molecules are released with a mod-
ification in the magnitude of their velocity, thus reducing the
sound energy. Analogously to the viscous boundary layer, the
area where the molecules of the gas and the solid exchange ther-
mal energy is known as thermal boundary layer. The thickness of
the thermal boundary layer is of the same range as the viscous
boundary layer, although it depends on the thermal properties of
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the gas and the material of pore walls, and on the sound
frequency. Even though at high frequencies the boundary layer
is very small, in high specific surface area structures, thermal
boundary layer might still be significant; and 3) the third main
mechanism for energy losses can be explained by the inertial
effects or exchange of momentum between the molecules of
the gas.!"? A process of energy exchange is initiated when gas
molecules impact the pore walls.

Summarizing the existing literature on acoustic absorption,
where the concept of a “porous material” refers to materials with
pore sizes of several orders of magnitude larger than those in the
aerogels, viscous, and thermal losses dominate at low frequen-
cies. At high frequencies, the inertial effects dominate as the
viscous and thermal boundary layers are so thin that their effect
on sound absorption is negligible. Viscous and inertial losses
result in an increase in the effective density of the gas within
the porous materials. Furthermore, thermal losses are substan-
tial at low frequencies, where sound propagation is considered as
an isothermal process, which involves thermal exchange between
the gas and the pore walls. At high frequencies, sound absorption
is considered as an adiabatic process, as compressions and
rarefactions happen so fast that there is no time for the heat
transfer.

Modeling the sound absorption in the materials such as
aerogels is extremely challenging as the existing theories are
adapted to materials with much larger pores. Moreover, the
direct generalization related to the dominance of different
absorption mechanisms in aerogels cannot be made, for the
same exact reason. It might even be possible to design an aerogel
with such lightweight pore walls that they could vibrate, adding
one more sound absorption mechanism.

When characterizing the sound absorption properties of a
material, the key value is sound absorption coefficient. The most
common way of measuring this on a benchtop scale is to use an
acoustic impedance tube. The sample sizes vary from a dozen
millimeters to 100mm and with the measurement method
defined in the ISO 10534-2 standard the incoming and outgoing
sound waves can be separated allowing the analysis of energy
fraction absorbed by the material. The drawback of this method
is that only the perpendicular wave direction can be studied. For
the diffuse field sound absorption measurement, defined in the
ISO 354 standard, the requirement for a sample size is 10 m* and
a special purpose reverberation room. Therefore, measurement
of the absorption coefficient in the diffuse sound field is out of
the reach for aerogel samples. Unfortunately, current literature
often does not use standards for sound absorption characteriza-
tion making the comparison of different materials produced at
different locations quite difficult.

3. Background on Aerogels: Inorganic, Synthetic
Polymer, Bio-Aerogels—Main Principles of
Synthesis and Overview of Their Structure and
Properties

Aerogels are materials with very low density (below 0.2 gcm >,

usually around 0.01-0.1 g cm ™), nano-scale pore sizes, and with
high porosity (>90%). What makes aerogels different from other
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porous materials such as foams and sponges is their very high
specific surface area, at least above 100m” g™ ", and even up to
several thousand m? g~ *.*¥

The first aerogels were synthesized by Kistler in 1931 who
removed the liquid from a gel (inorganic oxides and some
bio-based matter) via drying in supercritical CO,; as a result, a
solid, open-pores network that maintained the 3D structure of
the gel was obtained.!>'® In the following decades, the research
on aerogels was minimal until the 1970s when S. Teichner sug-
gested a new preparation route for silica aerogels, from tetraethyl
orthosilicate (TEOS) sol in ethanol.!'”) This significantly reduced
the time of aerogels’ synthesis and improved their properties.
Next, aerogels based on metal oxides were synthesized.'® A sig-
nificant step forward in the development of silica aerogels was
done when functionalization (silylation) of the gel network
allowed the preservation of gel morphology after ambient pres-
sure drying: aerogel-like materials with low density and very high
specific surface area were obtained.!"! However, monolithic gels
break under such drying into subcentimeter particles due to the
so-called “spring-back effect,” i.e., contraction and subsequent
re-opening of the pores at the final stage of drying due to the
repulsion of the grafted groups."! The last decade of the 20th
century was marked by the development of aerogels based on
synthetic polymers: first resorcinol-formaldehyde!*® and later
polyamide,*®  polyimide,”” and polyurethane.??’ Finally,
aerogels based on polysaccharides and proteins, so-called
bio-aerogels, started to be investigated from the beginning of
the 21st century.***] The preparation, structure, properties,
and applications of various aerogels are summarized in
Aerogels Handbook.!'"

The main principles of the preparation of aerogels are shown
in Figure 1. Two main options should be considered: the starting
matter is 1) a solution of monomers (case of synthetic polymer
aerogels) or a sol of inorganic precursors (case of inorganic

(a)

polymerisation
gelation

(b) non-solvent induced phase separation

Biopolymer
solution
solvent

gelation exchange

o

] solvent exchange
e

¥

www.aem-journal.com

aerogels), Figure 1a and 2) solution or suspension of a natural
polymer (polysaccharide, protein), Figure 1b,c, respectively.
The fundamental difference between the two options is that
in the case of synthetic polymer or inorganic aerogels the process
starts with polymerization while in the case of biopolymers no
polymerization, and often even no gelation or cross-linking, is
needed. The common point for all aerogels is that in the majority
of cases, drying with supercritical CO, is necessary to avoid pore
collapse arising from capillary stresses. Ambient pressure dry-
ing, resulting in aerogel-like material with high specific surface
area and porosity, has been developed, till now, for silica
aerogels, and, very recently, for cellulose and some synthetic
polymer aerogels.[>~7]

The first silica aerogels were made from aqueous sodium
silicate (Na,SiOs), also called “water glass,” which is gelling in
the presence of an acid, usually HCL® As a salt (here, NaCl)
is formed during this reaction, it must be eliminated by a dialysis
or using ion exchanges. Nowadays, alkoxides (SiOR,), which are
soluble in ethanol, are used to make silica-based aerogels. R is
often either a methyl group (CHj;) with the precursor tetrame-
thoxysilane (or TMOS) or ethyl group (C,Hs) with the precursor
tetraethoxysilane (or TEOS) or other silica derivatives such as
methyltrimethoxysilane (MTMS), dimethyldiethoxysilane, etc.
In all these cases, “polymerization” occurs via hydrolysis and
polycondensation, with gelation often speeded up by the addition
of a catalyst, either a basis (often NHj;) or an acid (often H,SO,).
The advantage of using alkoxides is that no solvent exchange is
needed for drying with supercritical CO,. Before drying, often
aging and/or cross-linking is performed to improve the mechan-
ical properties of the gel and of the subsequent aerogel
(Figure 1a). Hydrophobization or other types of silica function-
alization can also be made before drying.

A similar sol-gel approach is applied for the synthesis of other
inorganic aerogels, e.g., based on zirconium, titania, and

Aging,
Sfunctionalisation

solvent
exchange _ drying
(if needed) (usually with

supercritical CO,)

drying with
—_—

supercritical
Cco,

drying with
supercritical
Cco,

Figure 1. Main approaches of the preparation of aerogels: a) case of synthetic polymer and inorganic precursors, b) case of solutions of natural poly-

mers,”’] and c) case of suspensions of natural nanoparticles.
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transition metal alkoxides (Figure 1la). Templating with surfac-
tants or polymers followed by posttreatment (annealing) is some-
times performed to diversify aerogel morphology. Drying can be
performed either under classical low-temperature or high-
temperature supercritical conditions resulting in aerogels
with different crystallinity. Aerogels can be doped by metals (plat-
inum, iron, and copper) or by ions (sulfate, phosphate, and tung-
state anions) for making materials with catalytic properties.
Simple inorganic metal salts (metal nitrates or halides) can also
be used for synthesizing inorganic aerogels applying epoxide-
initiated gelation with organic epoxides as initiators. This
approach allows synthesizing interpenetrated networks of the
two metal oxides.

The first organic aerogels were synthesized from resorcinol-
formaldehyde,*® utilizing the same route as silica gels, whereby
the reaction occurs via base-catalyzed or acid-catalyzed
polycondensation, here, of resorcinol with formaldehyde in an
aqueous medium. This approach was then extended to other
formaldehyde-based networks such as phenol-formaldehyde or
melamine-formaldehyde. Nowadays, numerous synthetic
polymer aerogels based on polyimides, polyacrylamides, polya-
crylonitriles, polyacrylates, polystyrenes, and polyurethanes have
been synthesized. For example, polyurethane gels were synthe-
sized by polycondensation in organic solvents®®); standard cata-
lysts employed for the synthesis of polyurethanes, i.e., metal salts
or tertiary amines, can be used. Polymer-inorganic composite
aerogels were also developed: they are based either on the
“independent” interpenetrated networks or when organic and
inorganic parts are linked by various types of bonds. For example,
amine-functionalized silica was cross-linked with polyfunctional
isocyanates or epoxides or polystyrene.!*”!

Bio-aerogels can be made either from a polymer solution
(Figure 1b) or, in the case of nanocellulose and nanochitin, from
a suspension of “nanoparticles” (nanofibers or nanocrystals)
(Figure 1c). If the starting matter is biopolymer solution (polysac-
charide, protein), it can be gelled or not; in the latter case the
morphology and macroscopic shape of the future aerogel is fixed
via nonsolvent induced phase separation (or immersion

Silica aerogel

Resorcinol-formaldehyde
aerogels
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precipitation). Gelation can occur either via chemical cross-link-
ing or physical reversible bonds. Depending on the external con-
ditions, the same polymer can form different types of networks:
for example, at low pH pectin solutions are gelling via hydrogen
bonds between protonated carboxyl groups and/or via hydropho-
bic interactions; at pH around and above, pKa pectin solutions
can be cross-linked with calcium ions, and pectin solutions
can also form a network of coagulated polymer upon the addition
of a nonsolvent (ethanol or acetone).*”! Bio-aerogel structure and
properties depend on the network formation pathway. Solvent to
nonsolvent exchange is, in any case, needed, as in the majority of
cases the solvent of a biopolymer (solution or gel) is not miscible
with CO,. This also applies to the case of nanocellulose and nano-
chitin for which the dispersing medium is usually water. Here
the morphology and shape can be stabilized by the addition of a
nonsolvent without chemical cross-linking. Finally, in a few
cases, a polysaccharide can be dissolved in a solvent miscible
with CO,: for example, aerogels were synthesized from cellulose
diacetate or cellulose acetate butyrate that were dissolved in
acetone and cross-linked with isocyanates.®” This synthesis
pathway can be seen as being similar to that of (poly)
urethane-based aerogels, but the starting matter is polymer ver-
sus monomer solution, respectively.

Two main types of morphologies can be detected on SEM
images of aerogels: either bead-like (Figure 2) or net-like
(Figure 3). Classical silica aerogels are known to form a hierar-
chical “pearl necklace” network made of nonporous primary par-
ticles of diameter below 1nm interconnected to form porous
secondary particles of diameter around 5-10 nm linked by thin
“necks,” resulting in fragile mechanical properties (Figure 2a).
Resorcinol-formaldehyde aerogels also possess a bead-like
morphology (Figure 2b); on a larger scale, bead-like morphology
was reported for aerogels made from cellulose dissolved in ionic
liquids (Figure 2c). However, opposite to silica aerogels, the
internal morphology of these “internal” cellulose beads is a
network of fine fibers (see inset in Figure 2c). Despite visually
similar morphology and bulk density (around 0.13-0.17 gcm™3),
the specific surface area is very different (the highest for silica

Cellulose aerogel from
cellulose dissolved in 1-ethyl-
3-methylimidazolium
acetate/dimethyl sulfoxide (no
gelation)

R

Density, g/cm3 0.17

Specific surface
area, m?/g

440 282

Figure 2. Examples of aerogels with bead-like morphology: silica aerogel,l""”! (Reprinted with permission."'”! Copyright 2007, American Chemical
Society), resorcinol-formaldehyde aerogell''® (Reprinted with permission.''® Copyright 2007, American Chemical Society), and cellulose aerogel''®

(Reprinted by permission from Springer.l''® Copyright 2016).
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Cross-linked
polyimide aerogel

gelled

Cellulose aerogel
from cellulose
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8%NaOH-water and
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Pectin aerogel from
pectin solution (at
pH 3), cross-linked

with calcium

Nanofibrillated
cellulose aerogel

500 nm

Density, g/cm3

Specific surface

N 240-260 220
area, m?/g

Figure 3. Examples of aerogels with net-like morphology: cross-linked polyimide,?"! (Reprinted with permission.?"! Copyright 2011, American Chemical
Society), cellulose aerogel,''”! (Reprinted by permission.''”! Copyright 2014, Springer), pectin aerogel®? (Reprinted from,*? Copyright 2018, with per-
mission from Elsevier), and nanofibrillated cellulose aerogel®* (Reprinted by permission.*! Copyright 2014, Wiley-VCH).

aerogel and the lowest for cellulose aerogel, see Figure 2), and
polymer-based aerogels are mechanically much stronger than
the silica ones.

The examples of aerogels with net-like morphology are shown
in Figure 3, all for aerogels based on polymers: polyimide,
cellulose (dissolved in 8%NaOH-water and gelled), pectin
(cross-linked with calcium), and mnanofibrillated cellulose.
Depending on the synthesis conditions, the fibrils in some
synthetic polymer aerogels (polyimide, polyurea) may have a
“caterpillar” morphology (not shown, see, for example,***%).

The mechanical properties of aerogels strongly depend on the
type of matter and network structure. Classical silica aerogels are
known to be very brittle because of the weak links between the
nanoparticles’ “necks” in the “pearl necklace” structure (see
Figure 2). As measuring the mechanical properties of brittle
materials is complicated, the majority of experiments are per-
formed under the uniaxial compression. It should be noted that
the mechanical response depends on the applied strain rate. At

low loading rate, the stress—strain dependence of silica aerogels
under compression is similar to that of foams with elastic (usu-
ally very small), plastic, and densification regions, at high strain
rates cracks develop and silica aerogels break. The compressive
modulus of silica aerogels F is from few hundreds of kPa to few
MPa at bulk density ppy around 0.1-0.2 gcmf3 (see, for
example,****)). To improve their mechanical properties,
in particular, toughness, crosslinking is applied. This may
lead to one order of magnitude increase in the modulus
(Figure 4).2*3¢

Synthetic polymer aerogels, for example, based on resorcinol-
formaldehyde, are not brittle and follow foam-like stress—strain
dependence (Figure 4b);*”! similar trends were reported for
other polymer aerogels.******! Compressive modulus of
synthetic polymer aerogels can reach several tens of MPa at
density around 0.1-0.2 g cm .

For classical open-cell foams, it was demonstrated that modu-
lus scales with bulk density

(a) (b)
1000 6 T
- - -R:W0.003 ' !
° ---=-R:W0.005 1y
° o — R:W 0.009 ”,
100 4 © o v R:W0.011 i
"‘“\ (] Og Vv Vv 4 R:W0.012 I
o 4 v E
= %IDD o éﬁ? =} =N v " s |
@ 10+ VV S vy v P i
E g V'V w v o 1
3 vv v a,|
s v 00 silica 24
14 ° L ®  polyamide
o o v silica-epoxy crosslinked
o v polyimide- TAB crosslinked
@0 0 polyimide- POSS crosslinked
00 © e
0.1 oo © , ! B e
0.05 0.1 0.2 0.5 0 10 20 30 40 S50 60 70 8 9 100

Density, g/lcm®

Compressive strain [%)

Figure 4. lllustration of the mechanical properties of aerogels: a) compressive modulus of various aerogels as a function of density (TAB is

1,3,5-benzenetricarbonyl trichloride, POSS is polyhedral oligomeric silsesquioxane), data taken fro

m;[20:35:97.118] b) stress—strain curves stress-strain

for resorcinol-formaldehyde aerogels under compression displaying the dependence on the resorcinol (R):water (W) ratio. Reproduced with

permission.?”] Copyright 2021, The Authors, published by Wiley-VCH.
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with m =2 for open-cell foams!*” and m = 3 — 4 for silica and
synthetic polymer aerogels*'™** Data for polysaccharide-based
aerogels scatter a lot. Stress—strain dependences are “foam-like”
as for aerogels based on synthetic polymers;*4 however, the scal-
ing exponent varies significantly depending on the polysaccha-
ride and on network morphology (compare cellulose aerogels
obtained by dissolution in ionic liquid (Figure 2) and in
NaOH-water (Figure 3)). For example, for cellulose II aerogels
made by dissolution in ionic liquid, the scaling exponent in
Equation (1) is around 41** (Figure 5a) while if averaging data
from different publications on cellulose II aerogels m 244
for k-carrageenan aerogels m ~ 1.8.1! Figure 5b illustrates the
cases of aerogels from different polysaccharide sources.*”! The
reason of these differences is different network connectivity,
pores size, and pore wall morphology (see, for example,*”)).
Low density, fine morphology, and high specific surface area
make all types of aerogels very promising for various applica-
tions. One of the most remarkable properties of aerogels is their
extremely low thermal conductivity, often lower than that of air in
ambient conditions (0.025 W m™'K™?), with the best values
around 0.012-0.015 W m 'K~ ".*** This is called thermal
super-insulation, and aerogels are the only materials with such
intrinsic property. The reason of such low conductivity is as fol-
lows. Thermal conductivity of a porous material is, roughly, the
sum of solid, gas (here, air), and radiative conductions; the latter
is usually low for optically thick materials. The conduction of the
solid phase can be decreased by decreasing material density. To
decrease the conduction of the air in the pores below
0.025Wm 'K, their size must be lower than the mean free
path of air molecule (66 nm); this is called Knudsen regime.
Mesoporous low-density aerogels can thus possess thermal
conductivity below that of air in ambient conditions. The
leaders among thermal super-insulators are silica aerogels and

www.aem-journal.com

aerogel-like materials (so-called ambient pressure dried silica
gels).*% Their very low thermal conductivity is the main reason
why silica aerogels and their composites are now produced at
preindustrial scale, for example, for the construction sector.
Several other types of aerogels, based on synthetic or natural
polymers (resorcinol-formaldehyde,®" polyimide,?" pectin,®%>?!
and nanofibrillated cellulose®), are also thermal super-insulat-
ing materials.

In addition to very low thermal conductivity, aerogels and their
carbon counterparts (after aerogel pyrolysis) are suggested to be
used for oil/water separation and filtration, drug release, energy
storage, for adsorption, and as catalyst supports. Being highly
porous and finely structured, aerogels are said to be promising
materials for sound absorption; however, the studies of acoustic
properties of aerogels are still scarce. A recent review summa-
rized acoustic properties of silica aerogels only.”® Below the
acoustic properties of inorganic, synthetic, and biopolymer
aerogels are overviewed based on published results.

4. Acoustic Properties of Inorganic Aerogels and
their Composites

Among all types of aerogels, silica aerogels are the most well
studied. Some are among the lowest density solids ever made.
Silica aerogels can be synthesized in the form of monoliths or
granules (Figure 6a,b), with an internal morphology resembling
pearl-necklace-like particle network (see Figure 6¢,d).

The sound propagation in silica aerogels has been studied
experimentally by various groups shown in Table 1. Gronauer
etal.”® and Gross et al.””! established that the sound propagation
in silica aerogels of densities above 100 kg m™> is predominantly
influenced by the elastic properties of the aerogel skeleton. They
found that the sound velocity v in silica aerogels follows scaling
behavior as a function of material bulk density pyux

@) (b) e) All combined: E~p'”7
1000 2sf . omer o
¢ Cellulose
Pectin 00
2 Chitosan R % 0
100 < Alginate v ('S
é 1.5
- 10 =
| g »
g 1 w, os
2 g
2 ®/ A [Amim][Cl], ref. 52 = 0
g 01 + A X [Emim][Oac], ref. 13
g + [TMGH][OACc], ref. 14 05
o ZnCl, water, ref. 22 =
001 @7ndl, isopropanol, ref. 21
! 0 2ZnCl, isopropanol, ref. 22 -1
0 Ca(SCN)2-6H20, ethanol, ref. 21
© Ca(SCN)2-6H20, ethanol, ref. 53 <18 ¢
0.001 - T —TTTTTTY T — T '25A ;OASA o
0.01 0.1 1 - :

Bulk density (g/cm?)

log, p (g/cma)

Figure 5. Modulus as a function of aerogel density: a) cellulose Il aerogels made by cellulose dissolution in different solvents (solid line corresponds to
the slope m = 4.2 for cellulose dissolved in ionic liquid), for more details see,**! reproduced from ref. [45] with permission from the Royal Society of
Chemistry and b) various bio-based aerogels,** reproduced with permission from ref. [24] with permission from John Wiley and Sons.

Adv. Eng. Mater. 2022, 2201137 2201137 (7 of 26)

© 2022 The Authors. Advanced Engineering Materials published by Wiley-VCH GmbH

85U8017 SUOWILLIOD BAIERID 3ot jdde ay) Aq peuienob ae sajole O ‘8sn Jo S9N 10} Afeiqi8UlIUO A8]IM UO (SUORIPUOD-PUE-SWIB)ALID™ A8 |IM" ARe.q) 1 BU1|UD//:SANY) SUORIPUOD pUe Swie | 84} 88S *[2202/2T/T0] Uo Ariqiaulluo AB(IM ‘Yoeisted SSUlN Aq LETT0ZZ0Z Wepe/z00T OT/I0p/uoo A8 | im Afe.d Ul |uo//sdny wouy pepeojumod ‘0 ‘8v9z.esT


http://www.advancedsciencenews.com
http://www.aem-journal.com

ADVANCED
SCIENCE NEWS

ENGINEERING

www.advancedsciencenews.com

www.aem-journal.com

(d)

Figure 6. a) Monolithic silica aerogel, b) silica aerogels in granular form, c) TEM image of the aerogel, d) schematic presentation of silica aerogel
structure, and e) impedance tube setup used by Begum et al.l®®¥ (“Reprinted with permission.®® Copyright 2021, Acoustic Society of America).

VL & PRk ()

where «a is the scaling exponent equal to 1.3 for silica aerogels of
densities above 100kgm™ and to 0.8 for those with lower
densities (Figure 7a). This scaling is similar to the other well-
established density-dependent aerogel characteristics such as
the mechanical properties as well as solid thermal conductivity.
Taking into account Equation (1) that correlated mechanical
properties and bulk density with exponent m and Equation
(2), a relation between two exponents was derived:
m=2a+1.°¥ Also, solid thermal conductivity scales density
with an exponent ¢ ~ 1.5.%?) Weigold and Reichenauer!®” estab-
lished a correlation between the mechanical stiffness and solid
thermal conductivity of silica aerogels and showed that the ratio,
m/t~ 2, which is generally observed in foams, also holds true
for silica aerogels.

One must be very careful in using Equation (2) in the case of
aerogels with densities below 40-50 kg m™>: for silica aerogels in
vacuum the correlation holds well, but for “nonevacuated” speci-
mens, this relation is no longer valid.*"! For nonevacuated aero-
gels with density approximately below 50 kgm™, the air in the
pores plays a dominant role in the sound propagation. Thus,
Equation (2) for the sound wave propagation in gas-filled aero-
gels*! was modified by Gross et al.’”) as follows

v = [(E +xpg®)/(p + ©p,)]"/? (3)

where E is the Young’s modulus, p, is the gas pressure, @ is the
porosity, p is the bulk density, and

y=1+F-1)[1+ Cv/’/(cv,gpgq))]_l 4)

Finally, the sound velocity in aerogels as a function of density
and of the gas pressure can be well approximated by Equation (2)
and (3) (see Figure 7b).

Gibiat et al.*” investigated the acoustic performance of silica
aerogels in two disconnected frequency ranges, namely, low
ultrasonic  (20-200kHz) and low audible (20-2500 Hz).
Velocity measurements in silica aerogels under low ultrasonic
frequencies showed that the low-density aerogels exhibited
unexpected attenuation for well-defined frequency bands.
These results could neither be explained by the homogeneous
propagation hypothesis nor by the Biot theory. However, they
found a correlation between the attenuation bands in which
the samples presented an unexpected high attenuation and
the density of the silica aerogels. Measurements in the audible
regime, based on impedance testing, showed that the results

Adv. Eng. Mater. 2022, 2201137 2201137 (8 of 26)

strongly depend on the geometry and the boundary conditions
imposed on the specimens.

Conroy et al.l*®! studied the longitudinal sound velocity in sil-
ica aerogels as a function of the interstitial gas type and pressure.
They showed that the energy transferred from the gas to the solid
phase is lost to the sound propagation, resulting in slowing the
sound velocity through the aerogel. Measurements of the sound
velocity were made using three interstitial gases: helium, nitro-
gen, and argon. The rate of increase of acoustic velocity with pres-
sure was found to be the highest in the gases with the higher
sound velocity of the free gas, i.e., in helium, followed by nitro-
gen and then closely by argon. The sound wave propagation in
aerogels was modeled using the Wood equation, wherein the
bulk modulus of the gaseous state was examined using three
approaches. The first one, as used by Gross et al.,””) assumed
an independent isothermal gas compression with no heating
of the solid component. The second approach assumed standard
adiabatic compression. This corresponds to the limiting case of
no heat exchange between the two components. In the third
approach, the heat exchange between the two component phases
was accounted and occurred instantaneously and the tempera-
ture of both phases changed synchronously. The isothermal
models consistently underestimated the acoustic velocity, while
the adiabatic model overestimated it. Nevertheless, the third
approach showed the best agreement with the experimental data
for all interstitial gases studied. The sound velocity measure-
ments in all cases at pressure up to 10 MPa displayed the loss
of acoustic energy by the gaseous component.

Forest et al.*"l were among the first to investigate the acoustic
properties of silica aerogel granules. In their study, they used two
granule sizes, viz., 80 pm and 3.5 mm. They measured the reflec-
tion coefficient, attenuation, and sound velocity of the granular
aerogels under a frequency range of 20-2500 Hz and compared
with the results for glass wool. They found that acoustic trans-
mission losses in silica aerogels were at least 10 dB higher than
those from glass wool of the same thickness. To show the optimal
performance, they used a two-thickness method developed by
Smith and Parrott'®’ and measured the characteristic impedance
and the propagation constant. This approach is reliable and use-
ful except when the reflection coefficient or absorption is too
high. In the latter cases, direct sound velocity measurements
by means of an impedance tube method are preferred.
Accordingly, an impedance tube with a diameter of 15mm
was used. They demonstrated that the larger aerogel granules
possess lower reflection under 500 Hz, while the smaller gran-
ules have a significantly high attenuation. Thus, they proposed
a multilayer stacked system, namely, the first layer, 1 cm thick,

© 2022 The Authors. Advanced Engineering Materials published by Wiley-VCH GmbH
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Table 1. Acoustic properties of silica aerogels, their granular beads, blankets, and composites. SA: silica aerogel; SoAb: sound absorption, TL:
transmission loss, vs: sound velocity, p: bulk density.

Authors Aerogel Density range  Specific ~ Specimen Specimen  Granule size  Testing Frequency Properties Temperature
system kgm?] surface type thickness [mm] method range measured K]
area [mm]
(m*g ]
Gibiat et al. SA 90-400 Monolith 10 Impedance  20-200 kHz, SoAb
19952 tube 20-2500 Hz
Conroy et al. SA 7l Monolith 6 Signal 1-10 GHz vs, SoAb 300
19991631 processing
Caponi et al. SA 510-2200 210-565  Monolith Brillouin Us Versus p, 300
20030 scattering mean
pore-width
Daughton et al. SA 45-267 Monolith 22.8-315 Acoustic vs, damping 0.4-400 K
2003174 resonator versus T
Merli et al. SA 93-121 Monolith 12.7-25.4 Impedance 100-5000 Hz SoAb, TL
20181 tube
Li et al. 201912 SA 53-70 457-648  Monolith 11.8-25.4 Impedance  500-5000 Hz SoAb, TL
tube
Forest et al. SA Granules 0.08, 3.5 Impedance 20-2500 Hz Reflection,
200114 tube attenuation vg
Cotana et al. SA Granules 0.07-4.00
201483
Moretti et al. SA 65-85 Granules 0.01-4.00 Impedance 50-6400 Hz TL
20170121 tube
Buratti et al. SA, aerogel- 65-85 Granules 15-40 0.01-1.20, Impedance 100-6400 Hz SoAb, TL
201771 based plaster 1.2-4.0 tube
Begum et al. SA 130-227 885-946  Granules Impedance  300-3000 Hz SoAb, 293 K
2021168 tube Reflection
Gronauer et al. SA 71-285 Tiles, pellets 200 7 Signal 0.1-1 MHz s versus p
198661 processing
Gross et al. SA 50-2200 Monolith, Signal 1-5 MHz Us Versus p
199208 pellets processing
Jichao et al. SA 80 Monolith, Signal 10-200 kHz Us Versus p,
201002 granules processing, Attenuation,
impedance SoAb
tube
Oh et al. 2009V SA/PET 37-184 Blanket Impedance  200-6000 Hz SoAb
blanket tube
Venkatraman SA/embedded 66-81 Blanket 3.5-6.6 Impedance  60-6400 Hz SoAb, NR
et al. 201412 nonwoven tube
fabric
Eskandari et al. SA/UPVC 1150-1450  447-764 Composite 1 Impedance  10-6400 Hz SoAb, TL
201781 sheets tube
Ramamoorthy SA/nonwoven 75-158 Blanket 4.9-5.5 Impedance  50-6300 Hz SoAb
et al. 2018"% PET tube
Yang et al. SA/polyester/  silica 135, fabrics Blanket 3.5-6.6 0.1-0.7  Impedance  0-6500 Hz Absorption
201833 polyethylene 67-80 tube (ASTM coefficient
E 1050)
Talebi et al. SA/polyester 210-390 782-977 Blanket 2.58-6.29 Impedance  50-6100 Hz SoAb, NR 293 K
201979 tube
Begum and SA/fiberglass Blanket 7-11 Impedance 300-3000 Hz SoAb,
Horoshenkov tube Reflection
202179
Adv. Eng. Mater. 2022, 2201137 2201137 (9 of 26) © 2022 The Authors. Advanced Engineering Materials published by Wiley-VCH GmbH
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Authors Aerogel Density range  Specific ~ Specimen Specimen  Granule size  Testing Frequency Properties Temperature
system kgm3] surface type thickness [mm] method range measured [K]
area [mm]
(m*g ]
Yan et al. Silica cross-linked 90-172 463-582  Monolith 1.6 Impedance  2.5-10 kHz SoAb
2014024 with polyimide tube
Hamidi et al. SA 28-183 Monolith 20 80-6300 Hz SoAb, TL
202111 nanocomposite®

AFour composites were studied here: SA/polyester nonwoven layer nanocomposite, SA/pan nanofibers nanocomposite, SA/nanoclay nanocomposite, SA/polyester

nonwoven layer/pan nanofibers/nanoclay nanocomposite.
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Figure 7. a) lllustration of power law correlation between the sound velocity and bulk density of silica aerogel. For densities above 100 kg m™2, an
exponent of 1.3 was found. For lower densities, it is 0.8. Here x=vitreous silica, 4« =opal, + =xerogels for drying purposes, «= aerogels
from DESY, Hamburg, m = aerogels from Airglass, Staffanstorp, a = aerogels from LLNL, Livermore, » = aerogel pellets from BASF, Ludwigshafen,
m = sintered silica aerogels. Data on evacuated aerogel specimens are shown with A, b) sound velocity as a function of gas pressure for exceptionally
low-density aerogels 5 (CJ), 16 (A), and 32 (O) kg m2.16" Reprinted with permission.[®" Copyright 2004, Acoustic Society of America.

made of the large granules, and a second layer, 3 cm thick, made
of the smaller ones. The first layer acted as an impedance
matcher while the second one as an efficient absorber. Such a
multilayer setup was also explored by Ricciardi et al.,'*® who
developed a three-layer absorber system, where the first two
layers acted as impedance matchers while the third layer acts
as an absorber. The best attenuation was obtained in the case
where the three layers were designed having granules of decreas-
ing sizes (a 2 cm layer of granules of diameter 3 mm, followed by
another 2 cm layer of granules with diameter 1 mm, and the last
2 cm layer of granules having a diameter of 80 pm).

Buratti et al. also studied the influence of granule size on the
acoustic properties of silica aerogels.!*”) Granule sizes ranged
from 0.01 to 4 mm. A conventional impedance tube was used
to measure the absorption coefficient and transmission loss.
Five different specimen thicknesses were chosen: 15, 20, 25,
30, and 40 mm. It was demonstrated that the materials with
smaller granule sizes, having higher density, had better acoustic
insulation performance. Figure 8a shows that the smaller gran-
ule sizes (S and M) achieved the absorption coefficient of 1 at
3200Hz and transmission losses of 7dB were achieved at
1700 Hz. The results shown in Figure 8a,b correspond to the per-
formance of different granule sizes for 15 mm thick specimens.

Adv. Eng. Mater. 2022, 2201137 2201137 (10 of 26)

The authors also compared the performance of the aerogels with
state-of-the-art insulation materials from the market, rock wool,
and basalt fiber. A combined peak performance was achieved by
aerogels with the smallest granule sizes (S), which demonstrated
an absorption coefficient higher than 0.9 and transmission losses
of 15dB at 1700 Hz (see Figure 8c,d). For low-frequency ranges
(below 2000 Hz), aerogel-based samples outperform rock wool
and basalt fiber considering absorption coefficient and transmis-
sion losses. Since the study was motivated by energy saving in
building applications, the authors also confirmed their laboratory
results by using two plaster-aerogel composites for building. The
peak of the absorption coefficient of these materials was 0.29
at 1050Hz, compared to 0.1 for conventional plasters.
Simultaneously, the thermal conductivity of the plaster decreased
from 0.7 to 0.05Wm™'K™". In the best case, using smaller
granules resulted in a transmission loss of 17dB at 1700 Hz
for the 40 mm thick panel, while with larger granules the loss
was 6-7 dB.

The influence of silica sol concentration, and, as a conse-
quence, of aerogel density, was studied by Begum et al.*®! using
10 mm diameter impedance tube setup. Silica aerogels were pre-
pared with different polyethoxydisiloxane content in the sol. To
enable ambient pressure drying, hydrophobization treatment

© 2022 The Authors. Advanced Engineering Materials published by Wiley-VCH GmbH
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Figure 8. Influence of granule size on the acoustic properties of silica aerogels: a) effect of silica aerogel granule sizes in the granular bed on the
absorption coefficient and b) transmission loss; c¢) comparison between the aerogel samples, rock wool (30 mm), and basalt fiber (27 mm) for their
acoustic absorption and d) transmission loss. S: 0.01-1.20 mm, M: 0.7-2.0 mm, L1: 0.7-4.0 mm, L2: 1.2-4.0 mm, RW: rock wool, and BF: basalt fiber.[7]

(Reprinted from.[®”! Copyright 2017, with permission from Elsevier).

was carried out. The thickness of each specimen was maintained
at 50 mm, since the impedance tube was designed to deposit
granular samples through a 10mm wide and 50 mm deep
sample holder. The aerogels with higher density demonstrated,
generally, better absorption characteristics. For all cases, the first
destructive interference maximum was observed in the low-
frequency range, around 1000 Hz. This was shown to be an effect
of the relative decrease in the sound speed in the aerogel caused
by an increase in dynamic compressibility of the air in the
inner-particle pores. As seen from Figure 9, the aerogel with
the highest density and also the smallest pore-width (obtained
with BJH approach) had the most pronounced effect. This
demonstrates the effect of the micropores. Beyond the interfer-
ence maximum, the absorption coefficient was shown to depend
less on the compressibility of the air in the material’s pores but
more on the viscous permeability of the aerogels. To explain
these results, the authors used the inverse model proposed by
Venegas et al.®”! The model considered hierarchical porosity
and explained the dissipation of sound in the bed of granular
silica aerogels due to viscous and thermal effects in the voids,
rarefied gas flow and heat transfer in the inner-particle macro-
pores, hierarchical pressure, and mass diffusion. It was also
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Figure 9. Effect of silica aerogel density on the acoustic absorption
properties of granular beds; glass beads are shown for comparison.l’’]
(Reprinted with permission.[®®] Copyright 2021, Acoustic Society of
America). Here, PEDS E30, E60, and E90 correspond to aerogels with bulk
densities 0.130, 0.163, and 0.227gcm’3, respectively.
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shown that the acoustic absorption significantly increases due to
the presence of the pores smaller than that of the mean-free path
of the air molecule. This study, together with the one by Abawi
et al,,”” has reopened the discussion for a need in advancing the
theoretical understanding and modeling for predicting and inter-
preting the acoustic properties of granular aerogels.

It is interesting to compare the acoustic performance of
monolithic and granular aerogels. Merli et al.”!! investigated
the acoustic performance of monolithic silica aerogels by means
of the impedance tube method. They found that the sound
absorption coefficient decreased with increasing thickness of
the specimens. Among the three specimen thicknesses studied
(12.7, 19.1, and 25.4 mm), peak absorption was observed in the
case of the 12.7 mm specimen, having a coefficient of 0.88 at a
frequency of 1500 Hz. The transmission loss was found to
increase with increasing thickness. Monolithic aerogel glazing
systems showed highest transmission losses, compared to
granular ones, particularly in the 200-1000 Hz range (see
Figure 10).”" The sound insulation index improved by 3 dB
when using monolithic aerogel system, while by 1-2 dB when
using a granular system. Jichao et al.”? also presented a compar-
ative study of monolithic and granular silica aerogels. They
showed that density, elasticity, air pressure, temperature, and
pore sizes are key parameters in determining the sound velocity
in silica aerogels. They also echoed the results of Gibiat et al.[°”
after observing the unexpected attenuation. They also claimed

www.aem-jou rnal.com

that silica aerogels revealed the lowest acoustic impedance
among all solid materials.

Temperature may be an important factor to consider for
acoustic properties, in particular, in construction applications.
Xie and Beamish!”® observed a steep drop in sound speed of
dense (290 and 360 kg m ™) silica aerogel samples with increas-
ing temperature. This was attributed to a thermally activated
relaxation process. Longitudinal and transverse modes showed
similar influences on their velocities, indicating that the
Poisson ratio remains constant around 0.22. Daughton
et al’ used acoustic resonance spectroscopy to study
low-frequency elastic properties of silica aerogels of density
45-267kgm > over a temperature range of 0.4-400K. The
elastic modulus was found to drop dramatically between 20
and 100 K and was accompanied by a damping peak. This was
attributed to a thermally activated relaxation process. At higher
temperatures, the elastic modulus increased linearly with
temperature. This was strongly resembling the effect observed
in elastomers and rubbers, where there is a significant entropic
contribution to the stiffness of the material.

Several authors have recently studied the acoustic perfor-
mance of silica aerogel blankets, i.e., aerogel particles “hold
together” by a nonwoven mat. This is a cost-effective approach
for scaled-up applications including sound absorption and insu-
lation where manufacturing of large panels is needed.”® It was
demonstrated that aerogel blankets exhibit higher sound

(d) Glazing with air ~ ==Glazing with monolithic aerogel
50 -

45

&

Transmission Loss [dB]
w
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w
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25

——Glazing with granular aerogel

100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600
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Figure 10. Images of specimens for glazing systems with a) air, b) monolithic aerogel, and c) granular aerogel; d) comparison of transmission losses in
glazing systems without aerogels (air glazing), and with monolithic and granular aerogels.”" (Reprinted from.”" Copyright 2018, with permission from

Elsevier).
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Figure 11. a) SEM images of the microstructure of neat nonwoven PET fabric: “A” fiber diameter of 17.60 pm and surface density of 206 g m~2, “B” fiber
diameter of 29.45 pm and surface density of 834 g m~2 and the corresponding aerogel-reinforced blankets AH, AM, and BM; b,c) effect of silica aerogels
on sound absorption coefficient of the aerogel/polyester blankets. All AX-24 and BX-24 samples represent aerogel blankets with different densities and
synthesis conditions. Details of synthesis conditions can be found in Table 2 of ref. [80]. (Reprinted from.”® Copyright 2019, with permission from
Elsevier). The reported bulk densities of the silica aerogels in BM, BC, BH, and Bl are 0.21gcm >, 0.24gcm >, 0.33gcm 2, and 0.39gcm?,

respectively.

absorption coefficient than the neat nonwoven samples, here,
based on polyethylene terephthalate (PET), see Figure 11.7%
Blankets with lower bulk densities, larger pore sizes, and higher
porosities resulted in better acoustic absorption (Figure 11). The
acoustic performance was found to be controlled by the (mean)
pore sizes in aerogels and the porosity of the aerogels.
Hydrophobic blankets performed better compared to the hydro-
philic ones. Other studies on silica aerogel/PET blankets also
showed the improved sound absorption.””””®! The same conclu-
sion was made for silica aerogel blankets with fiberglass:"*! the
sound absorption coefficient increased for silica aerogel particle
filling ratio from 0 to 50%. At 75% filling ratio and beyond, the
increase in the sound absorption coefficient was less

Adv. Eng. Mater. 2022, 2201137 2201137 (13 of 26)

pronounced. This makes sense as the effective porosity strongly
decreased. All tests were done with a 10 mm diameter imped-
ance tube. To predict the acoustic properties of the fibreglass
blankets, a refined Biot model was used that considered the sorp-
tion and pressure diffusion effects.®”!

Silica aerogel /unplastisized polyvinyl chloride (UPVC) compo-
sites were studied in the view of their acoustic performance in
window profiles and drainage pipes.®"! All tests were done by the
impedance tube method with specimens having diameters of
29mm under a frequency range of 63-6300 Hz. Pure UPVC
demonstrates a maximum sound absorption of 17%, which is
very low. With the addition of 0.5, 1.5, and 3.0 wt% of silica aero-
gel to UPVC, the sound absorption increased to 24, 28%, and

© 2022 The Authors. Advanced Engineering Materials published by Wiley-VCH GmbH
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43%, respectively. As sound waves struck the specimens and
explored the pores, the complexity of paths that the sound wave
passes increased in the presence of aerogel particles. Viscous
stresses caused by shearing and friction of air across the pores
of silica aerogels increases leading to an increase in sound
absorption. The smaller and more homogeneous the pores,
the higher the energy absorption occurs through vibration.
Low density of the aerogel composites slowed the propagation
of sound waves and increased acoustic absorption. The stiffness
and density were shown to affect sound reflection. At low fre-
quencies, the stiffer the aerogel, the higher was the transmission
loss. At higher frequency, density was the dominant factor. For
building and construction applications, since the low-frequency
noise is recognized as an environmental problem, silica aerogel/
UPVC composites were shown to be good candidates for window
profiles. Many other studies have investigated the use of silica
aerogels and their composites in application to the building
and construction industry.”?77:8283]

Different theoretical descriptions of sound propagation in sil-
ica aerogels have been developed, but they are still far from being
complete. One could use the Wood equation® to predict the
compressional sound wave speed in aerogels, v as follows

@s P
((ps/}s + ‘/’g/)g) <S + g)
Hs  Hg

~1/2

®)

v =

where ¢, p, and y represent the volume fractions, material’s den-
sity, and bulk modulus in the solid “s” and gaseous “g” phases,
respectively. Modified versions of this equation were shown to
adequately describe the dependence of sound velocity on the
pressure of the interstitial gases in extremely low-density aero-
gels (below 50 kg m~*)."”) Continuum approaches that consider
coupling two component phases, such as Biot theory®*¢ and
dynamic tortuosity approach of Johnson et al.,®”! were tested
to describe the acoustic properties in silica aerogels. Biot model
considers the problem of sound propagation in a porous elastic
solid saturated by a viscous fluid (here, air) by deriving the equa-
tions for sound waves through the solid and “fluid” fractions.
Johnson model is discussed later in this section.

The air molecules in the interstitial nanoporous network of
silica aerogels are more likely to collide with the solid skeletal
walls of the pores than with other gas molecules. This is because
silica aerogels are mesoporous, with pore sizes smaller than the
mean free path of air molecule at ambient pressure (few tens of
nm vs 66 nm, respectively). Thus, the theories developed for
highly macroporous materials do not work for silica aerogels.
The model needs to bear a closer resemblance to vacuum sys-
tems than to those typically used to describe standard porous
media. This is because the microscopic response to sound prop-
agation of the solid phase and gaseous phase in a porous material
is different as compared to aerogels. Under typical conditions,
the temperature swings in a gas are of the order of 0.01 K.
These are much smaller in the solid phase, suggesting lower adi-
abatic compressibility. Within a silica aerogel, this difference in
the thermal response results in temperature gradients within the
scale of the pores’ size. The heat transfer between components
resulting from these microscopic temperature gradients
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influences bulk acoustic properties. The solid phase in aerogels
acts analogous to the nontranslational states of a polyatomic gas,
while the gaseous phase is analogous to the translational ones.
During the propagation of sound waves, the energy transferred
from the gaseous phase to the solid skeleton is lost for the
propagation in the gaseous phase. This results in an increased
absorption of the acoustic pulse and a decreased sound velocity
in aerogels.

To predict the sound absorption coefficient in silica aerogels,
the Johnson—Champoux-Allard (JCA) model®*" was shown to
work well. JCA is a semi-phenomenological model that provides
the sound absorption coefficient for uniformly- and nonuni-
formly nanoporous materials, assuming straight and cylindrical
pores. While the pore space in aerogels is random and far from
having a uniform straight cylindrical appearance, the assumption
of cylindrical pores is accepted in the aerogel community and is
used for calculating the pore-size distribution within the Barrett—
Joyner—Halenda theory,®® which is based on the Kelvin equa-
tion. The validity of cylindrical pores as an assumption has been
debated in other works and will not be addressed in this paper.

The JCA model requires five parameters, namely, porosity,
flow resistivity, tortuosity, and the viscous and thermal character-
istic lengths. The two latter account for the nonuniform structure
of the aerogels. Abawi et al.”” used an inverse characterization
method, where the JCA model was used to map the sound
absorption coefficient of silica aerogel granules as a function
of the frequency. The theoretical results correlated well with
experimental data for aerogel granules larger than 0.25mm.
The aerogels on which the inverse characterization was carried
out were silica aerogel granules produced by Cabot Corporation
and had densities ranging from 60 to 90 kgm™>. The details of
the parameter study can be found in ref. [64] For granules smaller
than 0.25 mm, the results only showed a qualitative convergence
in the absorption curves due to ill-fitting of the pore shape param-
eters in the equations for the thermal and viscous characteristic
lengths. The results from!®* were further applied to study the
sound proofing characteristics of silica aerogel granules in
application to aircraft cabins.®™ This application was motivated
by the fact that current state-of-the-art insulation solutions,
e.g., glass wool, do not provide significant sound absorption at
low frequencies. The JCA-model was used in the simulation-based
study, and the results were then compared to the case of insulation
with glass wool. The sound proofing was found to be much more
efficient in the aerogel case, in particular, in the low-frequency
region (100-200 Hz), which is, in general, challenging.®"!

It should be noted that the JCA model neglects the thermal
effects at low frequencies. To overcome this drawback, the exten-
sions of the JCA model using the Johnson—Champoux-Allard—
Lafarge (JCAL) theory!®” account for the correction to the bulk
modulus thermal behavior at low frequencies. The Johnson—
Champoux-Allard—Pride-Lafarge (JCAPL) model®® additionally
considers the static viscous and thermal tortuosity. Both these
parameters in the JCAPL model introduce low-frequency
corrections to the JCA and JCAL models. For further optimiza-
tion of the acoustic properties of aerogels, the advancement
in the theoretical description of the sound propagation is
necessary.
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5. Acoustic Properties of Polymer Aerogels

Following the success of polymer-crosslinked hybrid silica aero-
gels and their embedded polymer composite forms to address
the intrinsic fragility of silica aerogels, it was reasoned that a neat
polymer aerogel with a self-assembly mechanism similar to
crosslinked silica hybrid aerogel should also have enhanced prop-
erties in terms of mechanical integrity as well as ductility. Thus, a
new class of purely synthetic polymer aerogels has emerged.
Those include aerogels based on different polymeric sources,
such as polyurea,?>**°* polyurethane,*®°>°¢ polyimide,*’~*%
and polyamide,”” among many others. Owing to the unique
combination of excellent properties such as low thermal conduc-
tivity, low dielectric constant, and a high-degree of flexibility,
polymer aerogels have been considered a novel advanced mate-
rial with high commercialization potential and therefore recently
attracted research attention for vibro-acoustic mitigation
applications.*”

Yao et al. reported the first acoustic characterization of a phe-
nolic aerogel material system that was prepared by freeze-drying
method."® They studied a sandwich microstructural material
system comprised of three layers whereby the top and bottom
layers exhibited a pyknotic structure, and the middle layer
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exhibited irregularly dispersed nanopores. It was referred to
as an open-pore phenolic cryogel acoustic multistructured plate
(OCMP). Using an acoustic impedance tube, the sound transmis-
sion loss and absorption coefficient of four OCMP samples at
different solid content concentrations (10%, 15%, and 20%
denoted by A1 to A3, respectively) against a cryogel plate sample
with uniform -pore (with 20% solid content and denoted by B1)
were studied (Figure 12).1°"

Significant improvement for the OCMP samples is seen in
terms of sound transmission loss in comparison with that of
the OCP sample. This improvement for sound absorption coef-
ficient of the OCMP samples at low frequencies is attributed to
the increase in the overall impedance of the multilayered micro-
structure compared to the uniform pore-sized sample. Although
the bulk density of the OCMPs was not reported in this work,
their high sound transmission loss makes them attractive for
acoustic attenuation applications in building structures, vehicles,
and aerospace fields.

With the high mechanical strength and exceptional energy
absorption capability, polyurea aerogel is considered an attractive
multifunctional material.’®” The commercially available ali-
phatic triisocyanate-based polyurea aerogels!'®"'%?! have been
studied for explosive shockwave absorption.'%*1% In the same
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Figure 12. Sound transmission loss a) and absorption coefficient b) of open-pore phenolic cryogel acoustic multistructured plates (OCMPs) at different
solid content concentrations (A1, 10%; A2, 15%; A3, 20%) and an open-pore cryogel plate (OCP) sample with uniform-pore (with 20% solid content and
denoted by B1).'% (Reprinted from.l"® Copyright 2016, with permission from Elsevier)

Figure 13. SEM micrographs of the polyurea aerogel samples at bulk densities of a) 0.11 gecm ™, b) 0.25gcm >, and ¢) 0.54 gcm>.% (Reprinted

from.?*] Copyright 2017, with permission from Elsevier).
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Figure 14. Normal incidence sound transmission loss of the polyurea aero-
gel samples at various bulk densities as well as an acoustic foam (polyure-
thane foam) and a commercially available silica aerogel (Spaceloft).””!
(Reprinted from.”®! Copyright 2017, with permission from Elsevier).

context, Malakooti et al. studied their normal incidence sound
transmission loss behavior using an acoustic impedance tube!®”!
as well as their diffuse field sound transmission loss using the
standard chamber-based diffuse sound field measurements."*"!
For normal incidence sound transmission loss measurements, a
three-microphone-based impedance tube was utilized and the
sound transmission loss of the aerogels was measured at differ-
ent frequencies up to 4 kHz.1** Figure 13 shows the SEM micro-
graphs of the polyurea (PUA) aerogels at different bulk densities.
The normal incidence sound transmission loss results of the
PUA aerogels at three different bulk densities are shown in
Figure 14. In this work, the wave propagation in aerogels was
also modeled using the Biot’s theory of dynamic poroelasticity.**!
For comparison, similar measurements were carried out on
relevant materials such as a commercially available aerogel

A B |
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(Spaceloft Blanket by Aspen Aerogels) made of a traditional silica
aerogel monolith with embedded glasswool fibers through its
bulk, as well as an acoustic polyurethane-based foam at similar
densities. The polyurea aerogels at all densities exhibited higher
sound transmission loss in comparison with the commercial
samples.

Acoustic characterization under normal incidence condition
(i-e., impedance tube-based measurements) is only a small part
of our understanding of material’s acoustic behavior. In order to
fully characterize the acoustic properties of a material, relevant
measurements should be carried out at a diffuse field condition.
Standardized diffuse field sound transmission loss measure-
ments require a large sample, typically 10 m? in size, as specified
in ASTM standard E90-90,!'°! which is similar to ISO 10 140.11%7)
To prepare aerogels of this dimension makes such a test a labor
intensive and costly task. To date, there is only one E90 testing on
a wall panel incorporating a polymer aerogel reported in open
literature.'%! In this work, Malakooti et al. studied the PUA
aerogels as a constraint damping in a sandwich structure with
gypsum wallboards and the airborne sound insulation character-
istics of the component have been measured. In these experi-
ments, the sample is mounted at the opening of two adjacent
reverberation rooms. A diffuse incident sound field is generated
from one side and the radiated sound pressure levels from the
sample into the other room are measured. The frequency range
of their measurements was set to 100-5000 Hz. This study con-
sisted of two sets of experiments for two different sample face
areas of 1 and 10 m?. Figure 15 shows the sample and the setup.

The diffuse field sound transmission loss of the two sample
sets is shown in Figure 16. The effect of the polyurea aerogel
layer on the sound transmission loss of the composite panel
at both sizes is significant, especially at 4 kHz. The drop in sound
transmission loss at 4 kHz is correlated to the lowest coincidence
frequency of the panel. This improvement was achieved only
with 20% increase in the overall mass of the composite panel
that breaks the Mass Law in acoustics'® for these gypsum/
polyurea aerogel composite panels.

Recently, graphene oxide/polyvinyl alcohol hybrid aerogels
(GPAs) were synthesized, and the effects of blend composition,
sample thickness, and density on their acoustic properties were

C

oypswuqueuoyp-w. Wallboard
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Figure 15. Diffuse field sound transmission loss setup preparations. A) View from the connecting window of the test chamber prepared for the 1 m? test
specimen; B) view from the 10 m? aerogel layer; C) schematic for the final configuration of the composite wallboard including two gypsum skin layers
accompanied with two core aerogel layers (shown in white).['°! (Reprinted with permission.'%® Copyright 2018, John Wiley and Sons).
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Figure 16. The diffuse field sound transmission loss of the polyurea aerogel composites. Data taken from ref. [105].
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Figure 17. Sound absorption coefficient a,c) and sound transmission loss b,d) of the graphene oxide/polyvinyl alcohol hybrid aerogels at different blend

composition (all with 25 mm thickness) and various sample thicknesses (results shown only for GPA-1 sample). Reproduced with permissio

Copyright 2021, The Authors, published by Springer Nature.

investigated.'”! Sound absorption coefficient and sound trans-
mission loss were measured using an impedance tube. For these
studies, six samples at different graphene oxide/polyvinyl alcohol
(GO:PVA) weight ratios of 0:1, 1:1, 2:1, 3:1, and 1:0 denoted by

r,L['IOQ]

PVA, GPA-1, GPA-2, GPA-3, and GO were prepared. Figure 17
shows the effect of blend composition and sample thickness on
the sound absorption and transmission loss of the GPAs. The
presence of PVA improves the low frequency (below 1200 Hz)
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Figure 18. a) Sound absorption coefficient and b) sound transmission loss of the graphene oxide/polyvinyl alcohol hybrid aerogels (GPA-1 formulation)
at different densities. The processing times for air entrapment during the blending process are also mentioned in the legend for sound absorption

coefficients.[%]

sound absorption of the aerogels as the porosity of the GPAs
increases with PVA and therefore flow resistivity declines.
Moreover, the PVA also improves the sound transmission loss
of the GPAs. Highest sound transmission loss (13.2dB) was
reported for GPA-1 (Figure 17). Thicker samples also showed
improved sound absorption coefficients at low frequencies and
higher sound transmission losses over the entire frequency
range.['*”!

Figure 18 discloses the effect of density on the GPA-1’s sound
absorption and transmission loss behavior. As the density
decreases, the sound absorption of the aerogels was slightly
improved. However, sound transmission loss shows high sensi-
tivity in terms of aerogel’s density. In summary, these samples
demonstrate superior acoustic properties while guaranteeing
extremely low densities.

Table 2 summarizes the polymer aerogel acoustics
studies in terms of the aerogel samples’ bulk density and
average pore diameter, as well as their experimental configu-
rations such as sample thickness, testing method, and fre-
quency range.

6. Acoustic Properties of Bio-Aerogels

Very little is known about the acoustic properties of bio-aerogels.
It should be noted that sometimes authors name “aerogel” the
material with very large macropores without providing specific
surface area. Such materials are usually obtained by freeze-
drying and should be called “foams” or “cryogels” or simply
“porous materials.” Below we show examples found in literature
on the acoustic properties of bio-aerogels; few examples of some
aerogel-like bio-based materials are given for comparison.

Chitosan aerogels were synthesized from formaldehyde-
crosslinked chitosan and supercritically CO, dried."'® When
polymer concentration was varied from 5 to 10g L™, aerogel
density increased from 0.060 to 0.157 gcm °, respectively,
and specific surface area was around 740-870m”g~' without
any notable dependence on chitosan concentration
(Figure 19). The acoustic properties of aerogels, obtained with
impedance tube Type 4206 (B&K) using a two-microphone
transfer function method, are shown in Figure 20; glass wool
was also tested for comparison.

Table 2. Summary of polymer aerogel acoustics studies: material properties and experimental configurations; SA: sound absorption, STL: sound

transmission loss.

Author Aerogel system  Aerogel density ~ Pore Specimen Specimen Testing method Frequency =~ Measured acoustic

range [gcm ] diameter type thickness range [Hz] properties
range [nm] [mm]
Yao et al. 2016"°?  Phenolic cryogel N/A 30-50 Monolith N/A Impedance tube® 1000-3200 SA/normal
incidence STL

Malakooti et al. Polyurea aerogel 0.11-0.45 40.33 Monolith 5 Three-microphone 1000-4000 Normal

201713 impedance tube!'?®! incidence STL

Malakooti et al. Gypsum/polyurea 0.15, 0.25 40.33 Sandwich 309 Diffuse sound field 50-5000 Airborne STL

201811%! aerogel/gypsum composite measurement®)

Rapisarda et al. Graphene oxide/  0.0051-0.0078 N/A Monolith 12.5-37.5 Impedance tube®9 400-2500 SA/normal

2021109 polyvinyl alcohol

aerogel

incidence STL

2Based on ASTM E1050-12;'27) Y)Based on ASTM E90-09 (2016);[106] 9Based on ASTM E2611-19;'2 The thickness of each polyurea aerogel panel was 5 mm.

Adv. Eng. Mater. 2022, 2201137 2201137 (18 of 26)

© 2022 The Authors. Advanced Engineering Materials published by Wiley-VCH GmbH

95U8017 SUOLIWIOD ST 8]qedl|dde ay) Ag peuenob ae ssjole VO ‘8sn Jo ol Joj Aeiqiauluo A8]iW UO (SUOTIPUCD-pUe-SLLIB)/0D" A3 | Afelq 1jeul|uo//:SdnL) SUONIPUOD Pue SIS | 8U) 89S *[2202/2T/T0] uo AriqiTauliuo A8|IM ‘Yaeisiied SSuliN Ag ZETT0ZZ0Z Wepe/z00T OT/I0p/Woo" A3 1M AJeid1jouljuo//Sdy W) papeojumod ‘0 ‘8v9z.2ST


http://www.advancedsciencenews.com
http://www.aem-journal.com

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

Sample and S5 S7.5

chitosan 5g/L
concentration

www.aem-journal.com

S10 Glass wool

Morphology 7

Thickness, mm 4.5 4.4 43 5.0
Density, g/cm? 0.060 0.122 0.157 0.064
Specific surface

area, m?/g 793 872 737

Figure 19. Main characteristics of chitosan aerogels.!"'” (SEM images are reprinted from.'"'” Copyright 2019, with permission from Elsevier).

1.0 : - T T T

o o o
ES (o)) [oe]

Absorption coefficient

©
N}

Frequency (Hz)

Figure 20. Frequency dependence of the normal-incidence sound
absorption coefficient of chitosan aerogels and glass wool.'"”
(Reprinted from."" Copyright 2019, with permission from Elsevier).

The authors suggest that a porous material with thick fibers of
diameter larger than 3 pm, which is the case of glass fibers, show
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typical sound absorption profile, while the material with thinner
fibers (case of aerogel) show absorption peaks due to sample
vibration. The latter becomes the dominant absorption mode,
resulting in the peak-shaped profiles. The position of the peak
should, theoretically, depend on the density, provided the
material is homogeneous which seems not to be the case for
S10 (see Figure 20). Static air flow resistivity of samples S5,
$75, and S10 was 81x10,  15x10", and
3.6 x 10" Nsm™* for, respectively, for glass wool the values
are much lower, 5 x 10* Nsm™*. The high values obtained on
chitosan aerogels were attributed to their mesoporous structure.

Cellulose in different forms was used to make various porous
materials. For example, cellulose and lignin were dissolved in
ionic liquid 1-butyl-3-methylimidazolium chloride (BmimCl)
and freeze-dried from tert-butanol." Upon the increase
of lignin fraction, density strongly increased (from 0.024 to
0.423 gcm ) and specific surface area decreased (from 269 to
5m?g™"). Most probably, this is because lignin is not making
a self-standing network. Sound absorption was measured with
a JIZB standing wave tube absorption coefficient test system
(Figure 21a). Another example of sound absorption property
(obtained with SW477 impedance tube) of a porous cellulose-
based material prepared via cellulose dissolution and freeze-

O
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Figure 21. Frequency dependence of the sound absorption coefficient of porous materials obtained from dissolved cellulose: a) cellulose-lignin aerogel-
like material (S-0 to S-95 correspond to samples with zero lignin to increasing lignin concentration, respectively)"'" and b) cellulose-aluminum hydroxide
nanoparticles with example of morphology of CA3 sample.'"?! (Reprinted with permission.l''l Copyright 2018 American Chemical Society).
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Figure 22. Sound absorption coefficient of a) PAN-CNC (SEM image corresponds to PAN-CNC40)!'"®! (Adapted from.'"! Copyright 2021, with

permission from Elsevier) and b) cellulose fibers from bamboo leaves (“purified cellulose”) and the corresponding nanofibrillated cellulose

(Adapted from.'"" Copyright 2018, with permission form Wiley).

drying is shown in Figure 21b.'*¥ Cellulose was dissolved in
NaOH-urea—water solvent, and aluminum hydroxide nanopar-
ticles were formed inside cellulose network. Density increased
with the increase of aluminum hydroxide from 0.18 gcm™?
for the neat cellulose (sample CAO in Figure 21b) to 0.45 gcm™>
for cellulose filled with nanoparticles (sample CA4 in
Figure 21b). Specific surface area was not reported, thus making
it difficult to draw conclusions of the impact of the morphology
on sound absorption properties.

Finally, few authors have reported sound absorption of
nanocellulose-based porous materials. Unfortunately, none of
them report specific surface area. Figure 22a shows sound
absorption of freeze-dried polyacrylonitrile (PAN)-cellulose nano-
crystal (CNC) material of various CNC concentrations''*! and
Figure 22b of silanized nanofibrillated cellulose freeze-dried
from tert-butanol."'*! “Purified cellulose” in Figure 22b
corresponds to the initial fibers from bamboo leaves from which
nanofibrillated cellulose was obtained, higher the CNC concen-
tration, higher the absorption coefficient (compare PAN-CNCO
with PAN-CNC40, Figure 22a). As for the “purified
cellulose” and the corresponding nanofibrillated cellulose, the
absorption peaks were obtained at rather low frequency. This
result is similar to the acoustic properties of cellulose-lignin
porous materials (Figure 22a).

In the view of very small amount of publications reporting the
acoustic properties of bio-aerogels and, except chitosan aerogels,
their poor characterization, no trend can be deduced. This area,
which is extremely interesting both from the fundamental and
practical points of view, remains unexplored.

7. Discussion

In the field of noise control, there is a need for durable, safe, light
weight, and also thin insulators with sound absorption (or sound
insulating) capacity competing with or even exceeding the
current commercial sound absorbing materials, such as rock,

Adv. Eng. Mater. 2022, 2201137 2201137 (20 of 26)
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mineral, and glass wools. In this review, we described how
aerogels, having the inherent characteristics encompassing very
low density and very high specific surface area thus maximizing
the ability of the air molecules to interact with the solid frame,
can provide solutions for future acoustic insulation materials.
Table 3 summarizes the main types and characteristics of various
aerogels together with their sound insulation properties,
advantages, potential drawbacks, and open questions.

Silica aerogels are the most extensively studied among the
inorganic aerogels from all perspectives: thermal, mechanical,
and also for their acoustic properties. The classical silica aerogels,
which are more brittle, have shown to perform as excellent acous-
tic insulation solutions as beads or granules and in the form of
glazing systems for building insulation. For applications that
require better vibrational properties, such as aircraft and automo-
tive applications, flexible silica aerogel sheets, or blankets
perform similar or better as compared to the state-of-the-art
sound insulation materials, especially in the low-frequency
region. Optimization techniques to tailor the synthesis and, sub-
sequently, the structural properties of silica aerogels to target
acoustic insulation requirements are missing. However, since
the acoustic properties, like their thermal and mechanical prop-
erties, scale with the density of the aerogels, the know-how from
optimization of other-than-acoustic properties could play an
important role in accelerating the development of high-
performance sound-insulating aerogels. This is where theoretical
development in describing the acoustic properties of aerogels are
urgently needed to accelerate the reverse engineering of the
materials development process. Moreover, scalability of silica
aerogels is now well established (for example, Spaceloft or
Cryogel from Aspen).

Polymer aerogels have reached a certain maturity level to be
produced via a cost-efficient manufacturing process (e.g., poly-
mer aerogel continuous manufacturing) and may have potential
for commercial acoustic insulation applications provided that
supercritical drying is avoided. Polymer aerogels are structurally

© 2022 The Authors. Advanced Engineering Materials published by Wiley-VCH GmbH
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Table 3. A brief summary of the acoustic properties, open questions, and needs related to different types of aerogels.
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Aerogel class Main characteristics

What is known about
acoustic properties?

Disadvantages

Open questions/
needs to advance

Inorganic Most well-studied aerogels
(silica based)
and their weight, manufacturable as

that are extremely light-
composites monoliths, beads (granules),
and sheets, can be
transparent or translucent,
can be brittle or flexible,
reinforced using hybrid
(crosslinking), or composite
(with fibers, blankets)
approaches. Drying in
supercritical conditions can
be avoided

Synthetic Low density and rather high
polymer specific surface area. Low
manufacturing cost and
excellent mechanical
properties such as high
ductility and strength.
Synthesized mainly as
monoliths. Drying in
supercritical conditions can
be avoided but not developed
on the pilot or industrial
scale.

Bio-based Low density and rather high
surface area. No “synthesis”
is required as bio-aerogels
are made from natural
polymers. Possibility of
fabricating composite
inorganic/bio-based
aerogels.

Easy to make of any shape,
from monoliths to
microparticles.

Good mechanical properties
(no breakage under
compression).

The majority of bio-aerogels
are biodegradable

There is a certain set of
experimental data on the
acoustic properties of silica
aerogels. Both sound
absorption and sound
transmission losses have
been studied for aerogel
monoliths, beads, and sheets
(blankets). Silica aerogels
possess better acoustic
insulation performance than
state of the art materials, e.g.,
glass wool, in the low-
frequency regime.
Theoretical models
moderately well describe the
acoustic properties of silica
aerogels. Potential
applications were suggested
for aircraft cabin insulation
and in glazing systems for
building insulation.

Both sound absorption and
sound transmission loss
have been experimentally
studied for some of the

common polymer aerogels

No established knowledge
covering the acoustic
properties of bio-aerogels

Humidity sensitivity needs
chemical treatments (they
can be the same as used for
thermal insulation).

Still expensive because of the
requirements to the starting
silica

Most of aerogels are still
made using drying with
supercritical CO,
Some synthesis routes
involve environmentally
unfriendly compounds.

Emission of toxic gases when
burning.

Limited applicability at high
temperatures (above 300 °
C) due to polymer
degradation. There are
exceptions such as
polyimides as high-
performance polymers of
which decomposition starts
at 500° C, but there is no
acoustic data reported yet.
Highly sensitive to humidity.
Need in solvent exchange
which is a slow (diffusion
driven) process.
Majority of processing routes
involve drying with
supercritical CO,.

Low resistance to fire unless
pre-treated.

Very poor knowledge on the
acoustic properties

Need in reverse engineering
(optimization) of synthesis
parameters to target for
acoustic properties.

Since all, acoustic, thermal,
and mechanical properties
scale with density, it is
important to establish a
trade-off between the
structural parameters and
target properties. Theoretical
quantitative models are
needed to understand and
predict the acoustic
properties of silica aerogels.

Upscaling of processing
routes avoiding high-
pressure drying for any type
of polymeric aerogel.

More experimental evidence
on the acoustic properties.

Developing and testing
theoretical approaches.

As the polymer material
properties can be
significantly affected by
temperature, there is a need
in the studies of the acoustic
properties of polymer
aerogels at low and high
temperatures.

Experimental basis and
theoretical approaches need
to be developed.
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durable and theoretically can serve as an ultralight alternative to
the state-of-the-art acoustic impeders with superior sound trans-
mission loss capabilities. The superiority of polymer aerogels
over silica aerogels is in their acoustic impedance characteristics.
Unlike silica aerogels with extremely small pore sizes, polymer
aerogels allow a better energy transfer between the air molecules
and the aerogel structure making them a better acoustic absorber
compared to silica aerogels. Acoustic damper is another prospec-
tive application of polymer aerogels in a composite form that can
potentially be constructed in conjunction with an acoustic
absorber (e.g., melamine, gypsum, etc.). In this way, the absorber
captures the air molecule energy and transfer it to the aerogel
solid structure for acoustic damping.

Bio-aerogels are “young” materials that started to be developed
at the beginning of the 21st century. Till now, the majority is
based on polysaccharides, the “synthesis” of which is controlled
by Nature. A huge number of parameters related to polysacchar-
ides themselves and to numerous different processing condi-
tions result in a rather poor understanding of bio-aerogels’
polymer—structure—properties relationships. Bio-aerogels are
very attractive materials as they are based on renewable feedstock
with no toxic compound used; however, till now, the acoustic
properties of bio-aerogels are unexplored.

In order to advance the theoretical interpretation of the acous-
tic properties of aerogels, the following aspects should be consid-
ered. 1) theoretical interpretation using the Biot’s dynamic theory
of poroelasticity has shown some success in the prediction of the
polyurea aerogel sound transmission loss behavior; however,
there is still a need to establish a direct microstructure—property
relationship through a micromechanical model for the interpre-
tation of sound wave interactions with aerogels of different hier-
archical micro/nanostructures. 2) based on the JCA model, an
inverse characterization method was applied to determine char-
acteristic material parameters of silica aerogel granules
complying with the JCA model and with values listed in litera-
ture. A specific combination of physically realistic parameters
led to an optimal fit between theoretical and experimental sound
absorption curves. This opens up the potential of further extend-
ing/modifying either the theoretical implications or the theory
itself to describe the acoustic properties other (nonsilica)
aerogels. Generalizing micromechanical models for aerogels
can be very challenging, as the morphological features of diverse
aerogels are different, e.g., fibrillar, particle-aggregated,
hierarchical. However, tuning or extending the JCA model,
which is semi-empirical, can certainly pave a way for developing
a generalized model for describing the sound absorption
properties in aerogels.

8. Conclusions

The overview of the acoustic properties of aerogels shows their
great potential in sound insulation. To date, the characterization
and understanding of the acoustic behavior are limited mainly to
inorganic (silica-based) aerogels and their composites rather than
to polymer aerogels, synthetic or bio-based. Silica-based aerogels
have demonstrated excellent sound absorption over a wide range
of frequencies. Typically, conventional porous materials do not
show exceptional insulation characteristics in the low-frequency
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range, below 200 Hz, where silica and some synthetic polymer
aerogels have outperformed any state-of-the-art insulation mate-
rial. Moreover, for the frequency range up to 5kHz, aerogels
show significantly higher sound transmission loss properties
(e.g., 40 dB cm ™ for monolithic polyurea aerogels at 0.45 g cm ™
bulk density) compared to traditional state-of-the-art acoustics
materials, such as polyurethane foam at similar density, which
can only reach up to 5 dB. This is another breakthrough for aero-
gels that makes them different from other porous materials.
However, silica aerogels possess some drawbacks (e.g., the price)
that hinder, for the time being, their commercialization. Bio-
based polymer aerogels are awaiting to be explored for their
acoustic properties.

The interpretation of the experimental results requires the
development of new and/or adjusted theoretical approaches.
Well-established models such as the Johnson-Champoux—
Allard model have shown potential in correlating physical prop-
erties of silica aerogels to their sound absorption characteristics,
thus opening a door for the understanding and predicting the
acoustic properties of polymer-based aerogels.

Overall, the field of aerogels for acoustic applications is open
for developments in all its sectors and from different starting
materials, organic or inorganic, and/or their composites. Since
early-stage material development often proceeds with quite small
samples, unifying measurement standards for small batches of
new materials between different laboratories would definitely
benefit the field as a whole. In addition, the detailed characteri-
zation of aerogel parameters, including porosity, pore size distri-
bution, and specific surface area, is necessary to have enough
data for establishing structure—function relationships, especially
in the young and emerging fields, such as bio-aerogels. To sum-
marize, an in-depth systematic experimental and theoretical
investigations of a broad range of aerogels are needed to advance
the development of high-performance materials for acoustic
insulation.
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