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1. Introduction

The International Union of Pure 
and Applied Chemistry (IUPAC) 
defines an aerogel material as “a gel 
comprised of a microporous solid in 
which the dispersed phase is a gas” 
(McNaught and Wilkinson, 1997).

Aerogels were firstly introduced 
by S. Kistler in the ’30s, during 
experiments in which he extracted 

the liquid filling the pores of wet 
gels (Kistel, 1931, 1932) obtaining 
solid silica-based materials whose 
pores, filled by air, showed dimen-
sions close to those of the starting 
wet gel. Aerogel is actually a gene-
ral term, referring to any material 
of any class (i.e., organic or inor-
ganic, ceramic or semiconducting) 
in which a three-dimensional, hi-
ghly-porous, continuous solid is 

obtained by an appropriate drying 
process applied to a wet gel.

At the time of their discovery, ae-
rogel synthesis was quite challen-
ging from a technical point of view 
and it is only during the last deca-
des that they received a renewed at-
tention especially due to advances 
in the available drying technologies 
(Aegerter et al., 2011). Currently, 
synthesis routes are available for 
preparing almost all kind of mate-
rials in aerogel structure, including 
inorganic (such as SiO2, ZrO2, 
TiO2, Al2O3, etc.) (Moner-Girona 
et al., 2003; Baumann et al., 2005; 
Aegerter et al., 2011; Aegerter 
et al., 2011), organic (i.e. polyu-
rethane, resorcinol-formaldehyde 
(RF), polystyrene, polyimide, etc.) 
(Aegerter et al., 2011), carbon-ba-
sed and carbon-related materials 
(i.e. carbon, carbon nanotubes, 
graphene) (Horikawa et al., 2004; 
Worsley et al. 2008; Wu, D., et al. 
2012), semiconductor chalcoge-
nide (i.e. PbTe, CdS, CdSe) (Ae-
gerter et al., 2011; Mohanan et al. 
2005), natural based aerogels (i.e. 
polysaccharides, as agar and cellu-
lose and proteins) (Aegerter et al., 
2011; Selmer et al. 2015; Betz et al. 
2012) and recently, SiC-based aero-
gels (Kong et al. 2012; Kong et al. 
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2013; Kong et al. 2014; Leventis et 
al. 2010; Worsley et al. 2010). Star-
ting from the above mentioned sin-
gle components different classes of 
composite aerogels were prepared, 
demonstrating the possibility to 
further improve the behavior of 
the materials to match the requi-
rements for specific applications 
(Wang et al. 1995; Aegerter et al., 
2011; Ismail et al. 2004).

Traditionally aerogels attracted 
huge attention from the aerospa-
ce and building sectors because 
of their properties of thermal and 
acoustic insulation (Baetens et al. 
2011; Randall et al. 2011; Ochoa 
et al., 2012; Aegerter et al., 2011). 

The discovery of new aerogel syn-
thesis and processing strategies for 
a wide range of materials allowed 
scientists to appreciate new and in-
triguing properties of the resulting 
nano- and micro-structured mate-
rials, useful for new applications. 
Indeed, from a general point of 
view, materials synthetized in the 
aerogel form combine a variety of 
morphologies and sizes with exclu-
sive properties such as low density 
(0.003-0.5 g cm-3), high surface 
area (500-1200 m2 g-1), high po-
rosity (80-99.8%) and controlled 
surface chemistry, making these 
materials promising for a large 
number of applications (Maleki et 

al., 2014), including, among many, 
catalysis (Maleki et al., 2014), ad-
sorption and environmental reme-
diation (Matias et al. 2015; Perdi-
goto et al., 2012; Reynolds et al., 
2001; Adebajo et al., 2003), chemi-
cal sensing (Plata et al., 2004), wa-
ter remediation, energy production 
and storage (Mao et al., 2018) and 
life science (Najberg et al., 2020).

Environmental remediation and 
energy are two important fields of 
application for aerogels, as well 
demonstrated by Figure 1 in whi-
ch the number of publications per 
year (retrieved using the keyword 
“aerogel” on Scopus) is analyzed 
since 1930, the year of their first 
demonstration. The curve in Figu-
re 1a) clearly demonstrates an in-
creasing interest towards aerogels 
during the last 20 years. A deeper 
analysis of the publications per 
subject area is proposed in Figu-
re 1b), which allows one to appre-
ciate the significant contributions 
from the energy and environmen-
tal science areas. From the first 
work on aerogels in 1931 a total of 
14171 works have been published; 
out of these, 1306 publications re-
fer to the energy sector and 877 to 
environmental science, the 95% of 
which in both areas have actually 
been published in the last 20 years. 
This impressive number is strictly 
related to the high performance 
that aerogels offer in these fields. 
Applications range from air clea-
ning, water remediation and CO2 
capture and conversion for En-
vironmental Sciences to Energy 
Production, Storage and Distri-
bution. Despite for the impor-
tance aerogels are gaining, only a 
few reviews focusing on aerogels 
analyzed from the perspectives of 
energy and environmental-related 
applications are currently available 
(Pajonk, 1991; Ulker et al., 2014; 
Chen et al., 2014; Maleki, 2016). 
However, none of them tries to 
analyze simultaneously the fun-
damental results obtained by the 
scientific community in these two 

Fig. 1. a) Number of published articles per year, from 1930 to 2020, using the keyword 
“aerogel” for the search (April 2020, source: Scopus); b) Number of published articles for 
subject area: energy and environmental science are highlighted, they account for 1306 and 
877 publications respectively.
a) Numero di articoli pubblicati per anno dal 1930 al 2020, utilizzando il termine “aerogel” come 
parola chiave per la ricerca (aprile 2020, fonte: Scopus); b) Numero di articoli pubblicati per area 
tematica: sono evidenziate le aree energia e scienze ambientali, che contribuisco rispettivamente 
con un numero di pubblicazioni pari a 1306 e 877.
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scientific fields. The present paper 
aims at providing a critical over-
view of the key advances in the 
development of aerogels for both 
energy and environmental applica-
tions, especially emphasizing the 
common strategies and properties 
that are turning aerogels into one 
of the key emerging technologies 
in these areas of science.

2. Aerogel synthesis

Aerogel synthesis is based on 3 
phases: the sol-gel process, ageing, 
drying process.

The sol-gel process includes the 
colloidal dispersion of the precur-
sors in liquid solution and the re-
actions that lead to the formation 
of a 3D network (gel). Gels are syn-
thetized by hydrolysis and conden-
sation of metals or semimetals in 
case of inorganic aerogel and by 
polymerization in case of organic 
aerogels (Pierre and Pajonk, 2002; 
Hüsing and Schubert, 1998). The 
ageing makes the gel network more 

stable and avoids excessive shrin-
kage during the drying step (Solei-
mani Dorcheh and Abbasi, 2008); 
the gel is immersed in the solvent 
that will be removed during the 
drying step. During the drying 
process the liquid part is replaced 
by air and the aerogel is obtained. 
There are 3 possible drying proces-
ses: supercritical drying, freeze 
drying and evaporative drying 
(Vareda et al., 2018). In the super-
critical process the are two possible 
approaches: (1) the solvent inside 
the aerogel reaches the supercriti-
cal state and then the supercritical 
fluid is vented out, (2) supercritical 
CO2 is used to extract the solvent 
and, in this case, the solvent must 
be soluble in supercritical CO2 
(Vareda et al., 2018). In the freeze 
drying process, at first, the solvent 
is frozen and then it is sublima-
ted under vacuum (Rigacci et al., 
2004). In the evaporative drying 
the solvent is simply evaporated 
at ambient pressure (Schwan and 
Ratke, 2013). In Figure 2 we repre-
sent the 3 different approaches in 
a schematic phase diagram.

2.1. Inorganic aerogels

Kistler synthetized a big variety 
of aerogels: besides silica based ae-
rogels, he synthetized aerogels ba-
sed on inorganic precursor as alu-
mina, tungstic oxide, ferric oxide, 
stannic oxide, nickel tartrate and, 
also, organic precursor as cellulose, 
nitrocellulose, gelatin, agar, egg al-
bumin and rubber (Kistler, 1932).

Silica aerogel (SiO2) is the most 
studied material in inorganic che-
mistry field: it is obtained by the 
polymerization of silica precur-
sors, for example sodium silicate 
(Na2SiO3) (Kistler, 1932) and the 
synthetized gel is characterized 
by a nanostructured 3D network 
with molecular chains of Silicon 
(Si) and Carbon (C) linked by co-
valent bond (Hüsing and Schu-
bert, 1998). The Silica aerogel has a 
transparent appearance and it cha-
racterized by: an extreme porosity 
(about 90%), with pores having 
diameters in the range 20-40 nm, a 
density less than 0.05 g/cm3 that, 
in some cases, could reach 0.003 
g/cm3, a high specific surface area 
in the range of 250-1000 m2/g 
(Hüsing and Schubert, 1998). All 
the properties are linked to the sol-
gel phase, drying and post-drying 
processes. Silica aerogels are very 
good insulating materials for two 
main reasons: first, the pores 
structure makes them a convective 
inhibitor because air cannot circu-
late through the network and, se-
condly, the silica itself is a poorly 
conductive material as dense sili-
ca glass and silica powder have a 
conductivity about 1 and 0.025 
W/mK respectively (Yoldas et al., 
2000). The conductivity of silica 
aerogels is between 0.0154 and 
0.0053 W/ mK, depending on 
the pores size (Yoldas et al., 2000)  
and is lower than air conductivity 
in the same conditions (0.025 W/
mK) (Aegerter et al., 2011). For 
the same reasons, these aerogels 
are acoustic insulating materials 
(Cotana et al., 2014): the acoustic 

Fig. 2. Phase diagram scheme representing the 3 different drying process for aerogel: super-
critical drying, freeze drying and evaporative drying.
Rappresentazione schematica di diagramma di fase che mostra le tre diverse modalità di 
asciugatura utilizzabili per la sintesi degli aerogel: asciugatura superscritica, liofilizzazione ed 
evaporazione.
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propagation is difficult inside the 
nanostructure and the mechanism 
is similar to thermal conductivity. 
The mechanical performances are 
not extraordinary, they are brittle 
materials: for a silica aerogel with 
density of 0.112 g/cm3, the resi-
stance to compression is 1.8 x 104 
Pa (Deng et al., 1998). Mechanical 
behavior depends on synthesis 
process and precursors and they 
could be different (Aegerter et al., 
2011); anyway this kind of aerogel 
are characterized by brittleness 
and their possible applications are 
limited (Deng et al., 1998).

Besides silica aerogel, other 
inorganic aerogels were studied: 
non-silicate inorganic aerogels 
could be easily synthetized from 
metal oxide precursors (Hüsing 
and Schubert, 1998).

Zirconia aerogel (ZrO2) is a very 
interesting material and could be 
used as catalyst or catalyst sup-
port thanks to its high surface 
area (Ward et al., 1993; Bedilo et 
al., 1998). Generally, Zirconia ae-
rogels have a density of 0.2-0.3 g/
cm3, porosity between 84-96%, 
pore radii of 10 nm and a surface 
area of 81-480 m2/g (Hüsing and 
Schubert, 1998). Zirconia surface 
is known for its chemical proper-
ties: it is characterized by acid and 
basic sites in which reduction and 
oxidation are possible (Ferino et 
al., 2000). Thanks to its electrical, 
thermal and mechanical proper-
ties, Zirconia is widely applied in 
the ceramic industry as a compo-
nent for fuel cells, coatings, oxy-
gen sensors and high temperature 
component applications (Aegerter 
et al., 2011). Zirconia aerogels have 
slightly better mechanical beha-
vior than Silica aerogels: within 
the same density range, the Young 
modulus of Zirconia aerogel is 10.7 
MPa while the Silica aerogel value 
is 2-3 MPa (Benad et al., 2018).

Alumina aerogels (AlO2) are 
another class of interesting ae-
rogels for their relatively high 
strength, thermal and chemical 

stability at high temperatures (Zu 
et al., 2011). Compared to silica 
aerogels alumina aerogels have 
better thermal insulation proper-
ties at high temperatures thus 
they are a promising candidate 
for high-temperature applica-
tions (thermal superinsulations, 
heat- storage systems, catalysts) 
(Zu et al., 2011). Aerogels based 
on Alumina are largely used as ca-
talytic supports because of their 
resistance at high temperature and 
high surface area (Mizushima and 
Hori, 1994). Anyway, it is difficult 
to synthetized a pure monolithic 
Alumina aerogel without fractures 
and that remains stable in humid 
conditions (Poco et al., 2001).

2.2. Organic and carbon-
based aerogels

In this group we consider all the 
aerogels whose chemistry is cha-
racterized by organic compounds 
as natural and synthetic polymers. 
Organic compounds are characte-
rized by strong Carbon-Carbon 
covalent bonds that make the syn-
thesis of macroscale monolithic 
aerogels possible. These materials 
are innovative because they can to-
lerate high mechanical stress both 
under compression and bending 
forces (Diascorn et al., 2015). In 
general, organic aerogels are syn-
thetized by polycondensation. In 
order to obtain the gels, it is ne-
cessary that precursor monomers 
contain more than 2 functional 
groups: with only 2 reactive groups 
the final polymer will be linear but, 
to achieve the gel condition (from 
the sol to the gel step), at least 3 
functional groups should react in 
order to create a crosslinked 3D 
nanostructure. This kind of poly-
mers are classified as thermosets, 
their chemistry is irreversible and 
they cannot be melted because 
with the increasing of temperatu-
re they degrade. In general, organic 
aerogels are non-transparent and 

less brittle than inorganic aerogels 
(Aegerter et al., 2011). The most 
studied aerogels are based on Re-
sorcinol-Formaldehyde, Polyimide 
and Polyurethane (Aegerter et al., 
2011; Rigacci et al., 2004).

In 1989, Pekala was the first to 
synthetized polymer-based aero-
gels through the polycondensation 
of Resorcinol with Formaldehyde 
(RF) (Pekala, 1989). In RF che-
mistry, the functional groups are 
the hydroxylic group (OH) and 
the carbonyl group (C=O). RF ae-
rogels have high porosity (>80%), 
with pores having diameter less 
than 500 Å, a surface area betwe-
en 400-900 m2/g and a density of 
0.03 g/cm3 (Pekala and Schaefer, 
1993). Aerogels based on resorci-
nol-formaldehyde are very intere-
sting materials with applications 
in thermal insulation, catalysis 
(Aegerter et al., 2011) and as pre-
cursors of Carbon-based aerogels 
whose description was made only 
at a later time. A study by Yang et 
al. (2010) reports the synthesis of 
a RF aerogel that has an energy 
absorption per unit volume higher 
than an Aluminum foam characte-
rized by similar density: this could 
open a new application path for RF 
aerogel as a material for protection 
under an impact. It should be no-
ted that Formaldehyde is classified 
by IARC (International Agency for 
Research on Cancer) as carcinogenic 
to humans and, for this reason, it is 
losing its appeal for new possible 
studies and applications.

More recent studies are focused 
on Polyurethanes aerogels (Bie-
smans et al., 1998; Tabor, 1995; 
Pirard et al., 2003; Rigacci et al., 
2004; Diascorn et al., 2015). Polyu-
rethanes include a large variety of 
polymers whose chemistry is cha-
racterized by organic units joined 
by carbamate (urethane) link. The 
synthesis involves an isocyanate 
that contains 2 or more functio-
nal groups and a polyol with 2 or 
more hydroxilic groups. The main 
application is thermal insulation 
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(Rigacci et al., 2004; Diascorn et 
al., 2015) but, because of their va-
riety, linked to the chosen polyols 
and isocyanate, a lot of possible 
applications could be explored. In 
Table 1, we compare the properties 
of different synthesized Polyu-
rethane aerogels.

It is possible to note that all the 
Polyurethane aerogels have low 
density, low thermal conductivity 
and high surface area. Moreover, 
the study by Diascorn et al. (2015) 
reports of an aerogel with a com-
pressive modulus of 7.8 MPa whi-
ch can tolerate high strains without 
breaking. They could be a valid al-
ternative to RF and Silica aerogels.

Organic aerogels based on natu-
ral polymers are very interesting 
because they meet the current de-
mand of more sustainable chemical 
compounds. Cellulose is the most 
abundant polymer in nature: it can 
be synthetized from plants or from 
some bacteria (Brigham, 2018). 
It is a polysaccharide characteri-
zed by linear chains composed 
by β(1 → 4) linked D-glucose uni-
ts. The degree of polymerization 
depends on the origin of the raw 
material: generally, cellulose from 
wood pulp contains 6000- 10000 
units and cellulose from cotton 
contains 10000- 15000 units (Ae-
gerter et al., 2011). A huge variety 
of cellulose is available and it is dif-
ficult to provide raw material with 
the same chemical characteristics. 
This could be a problem for appli-
cations which should guarantee a 
specific product with constant per-
formances over time.

Cellulose aerogels are white and 

non-transparent, they have a sur-
face area about 300 m2/g (when 
they are obtained by supercritical 
drying) and density in the range 
of 100-350 kg/m3 (Hoepfner et 
al., 2008). One of the first works 
about cellulose (Tan et al., 2001) 
showed how it was possible to cre-
ate a cross-linked cellulose aerogel 
with high-impact strain; the au-
thors suggested possible applica-
tions under rugged conditions as 
coating, thermal insulator, acou-
stical barrier and membrane.

Carbon aerogels are interesting 
materials with possible innovative 
applications in catalysis, adsorp-
tion and energy storage (Worsley 
et al., 2010). Pekala was the first 
to synthetize carbon aerogels 
(Pekala, 1991) by the pyrolysis of 
Resorcinol-Formaldehyde aerogel: 
the material is thermally decom-
posed at elevated temperatures 
in inert atmosphere. Lately, other 
researchers worked at optimizing 
the properties of Carbon aerogel 
for specific applications: for exam-
ple, enhancement of the electrical, 
thermal and mechanical proper-
ties: Some works discuss the addi-
tion of additives during the sol-gel 
step, such as carbon nanotubes or 
graphene sheets (Worsley et al., 
2010; Tao et al., 2007; Bordjiba et 
al., 2007). Another work shows the 
possibility of precursors functio-
nalization to introduce a specific 
functional group into the carbon 
aerogel final network (Baker et al., 
2004). Generally, Carbon aerogels 
have uniform mesopores that de-
pend on the agglomerate structu-
res of uniform spherical carbon 

particles (Yao et al., 2010) and they 
offer the advantage of a tunable 
three dimensional hierarchical 
morphology compared to other 
porous carbon materials (Biener 
et al., 2011). In one study (Hwang 
and Hyun, 2004) the synthesis of a 
Carbon aerogel as electrode, obtai-
ned by pyrolyzing of RF aerogels, 
with high specific surface area 
(400-700 m2/g), low density (0.40-
1.16 g/cm3) and ultrafine pore size 
(<50 nm) is reported. In another 
publication (Pekala et al., 1998) 
Carbon aerogel for electrochemical 
applications with similar data (sur-
face area 400-800 m2/g and pore 
size <100 nm) is presented. All the 
characteristics of Carbon aerogels 
and, in particular, their enhanced 
electrical properties carry a tech-
nological promise for a variety of 
sustainable energy applications.

3. Environmental 
applications

In energy applications, for 
both storage and conversion, car-
bon-based materials play a crucial 
to prepare efficient electrodes and 
carbon-based aerogels offer incre-
dible opportunities to tune the po-
rosity and surface chemistry while 
ensuring electrical conductivity.

3.1. Air cleaning

The increasing concerns about 
the effects of emissions and vo-
latile hazardous compounds on 

Tab. 1. Main properties of Polyurethane aerogels reported by the main reference articles.
Principali proprietà degli aerogel in poliuretano secondo i dati riportati nelle principali pubblicazioni.

Authors Tabor, 1995 Biesmans et al., 1998 Biesmans, 1999 Biesmans et al., 2000 Diascorn et al., 2015 

Drying process evaporation supercritical CO2 supercritical CO2 evaporation supercritical CO2 

Density [g/cm³] 0.15-0.50 0.10-0.25 0.05-0.15 0.1-0.3 0.23-0.12 

Pores dimension [nm] - 14±3 - - 15-70 

Surface area [m²/g] - 570±30 - 50 100-200 

Thermal conductivity [W/m K] 0.033 0.016±0.001 0.018 29 -



Aprile 2020 19Aprile 2020 19

ambiente

human health and on the environ-
ment have triggered investigations 
on several classes of phenomena, 
leading to a better knowledge and 
significantly boosting scientific 
and technological innovation. Vo-
latile Organic Compounds (VOCs) 
are among the most common air 
pollutants released into the atmo-
sphere from industrial activities 
associated to chemical, petroche-
mical and related sectors (Zhu et 
al., 2020). They are a group of or-
ganic substances characterized by 
a low boiling point (Wang et al., 
2007). Benzene, toluene, ethyl-
benzene and xylene, also known 
as BTEX are the most commonly 
emitted VOCs and they are all re-
cognized as highly toxic and carci-
nogenic. Thus effective methods 
to remove them from flue gas are 
needed. Abatement methods can 
be classified in two main groups: 
destruction technologies, that im-
ply the decomposition of VOCs 
into carbon dioxide and water by 
chemical or biological approaches; 
and, recovery technologies, that 
aim at separating VOCs from the 
gaseous phase via physical proces-
ses. Adsorption is the most com-
mon way to recover these volatile 
compounds vapor from the atmo-
sphere (Li et al., 2020). In this fra-
mework aerogels, with their micro- 
and even meso-porous structure, 
high surface area and tunable pore 
surface properties and chemistry, 
are emerging as efficient adsorben-
ts (Fairen-Jimenez et al., 2007).

The possibility of adsorbing to-
luene vapors was demonstrated 
with activated carbon aerogels, 
reaching a maximum capacity 
of 1180 mg/g and also showing 
excellent results in terms of mate-
rial regeneration, with a complete 
desorption at 400 °C (Dingcai et 
al., 2006; Maldonado-Hodar et 
al., 2007). Benzene vapors were 
effectively captured by silica ae-
rogels, which are establishing as a 
promising sorbent with a capacity 
as high as 3000 mg/g; this result is 

impressive especially if compared 
to the behavior of standard acti-
vated carbon powders, which have 
a capacity of 500 mg/g (Jun et al., 
2008).

Moreover, silica aerogels were 
successfully modified for BTEX 
vapors removal directly from gas 
streams (Standeker et al., 2009). 
Surface modification by methyl-
trimethoxysilane (MTMS) and tri-
methylethoxysilane (TMES) have 
been used for this purpose, also 
improving aerogels reusability.

Another important source of air 
contamination is anthropic emis-
sion of carbon dioxide, which is 
the main responsible for climate 
change. Tackling this environmen-
tal challenge requires not only to 
reduce CO2 emissions but also to 
capture the CO2 already emitted 
from air and flue gas. Technolo-
gical approaches for CO2 capture 
must be economically sustainable 
for large-scale applications. Po-
rous solid materials such as zeo-
lites, metal organic frameworks 
(MOFs), activated carbon and cal-
cium oxides, etc. are emerging as 
key technologies for this purpose 
(Choi et al., 2009; Radosz et al., 
2008; Gil et al., 2015).

Aerogels are demonstrating 
to offer the right set of tunable 
properties to take part to this 
environmental challenge, espe-
cially being designed and synthe-
tized as the support for chemical 
groups, as amines, that can acti-
vely capture CO2. This approach is 
demonstrating to be particularly 
effective since aerogels offer high 
degrees of freedom to tailor their 
microporous structure, compo-
sition and surface chemistry to 
specifically address CO2 captu-
ring purposes (Rechberger et al., 
2014; Pierre and Pajonk, 2002). 
Good examples of this approach 
are amine modified silica aerogels. 
Both 3-aminopropyltriethoxysila-
ne (APTES) (Cui et al., 2011) and 
tetraethylenepentamine (TEPA) 
(Qi et al., 2011) were successfully 

investigated for CO2 adsorption, 
reaching the impressive capacity of 
6.97 mmol/g and 7.9 mmol/g in si-
mulated flue gas conditions (with 
10% CO2), respectively (Lineen et 
al., 2013).

3.2. Water treatment

Clean water is an essential re-
source for life and for many hu-
man-related activities. Therefore, 
preserving water quality by sustai-
nable and effective methods is one 
of the key challenges faced at the 
global scale. Industries and muni-
cipalities are the main sources of 
toxic substances seriously compro-
mising water quality and water-ba-
sed ecosystems. Two main groups 
of toxicants can be considered, i.e. 
organic contaminants and heavy 
ions. In both cases the properties 
of aerogels in terms or low density, 
tunable chemistry and high surfa-
ce area make them the ideal candi-
dates for applications in water re-
mediation (Standeker et al., 2007).

Organic contaminants that can 
be found in water and impacting 
on aquatic environments inclu-
de herbicides, pesticides, plant 
and animal fats, heavy and light 
hydrocarbons (Yang et al., 2013). 
Physical, chemical and biological 
methods were developed to tackle 
water remediation (Ayotamuno et 
al., 2006) and among them physi-
cal treatments, mainly adsorption, 
are the most effective to remo-
ve organic toxicants from water 
(Zhang et al., 2012; Zhang et al., 
2014).

Silica aerogels with tunable sur-
face hydrophobicity were succes-
sfully developed to adsorb both 
miscible and immiscible organics 
(Standeker et al., 2007). Since su-
stainability of adsorbents is an es-
sential requirement for this class 
of applications, cellulose aerogels 
are an important emerging group 
of materials (Cai et al., 2008). They 
indeed combine adsorbing capaci-
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ty, as high as 20 g/g (Korhonen et 
al., 2011), to green chemistry ap-
proaches as they are synthetized 
by combining the use of tarting 
raw cellulose fibers derived from 
different natural sources (Moon 
et al., 2011) to the use of recycled 
paper wastes (Nguyen et al., 2013). 
Another important class of aero-
gel materials that attracted parti-
cular attention over the last years 
are carbon aerogels that combine 
a highly porous three-dimensio-
nal (3D) structure with surface 
hydrophobicity, thus featuring 
as excellent oil adsorption media 
(Zhang et al., 2013). Moreover, 
environmentally sustainable and 
cost-effective carbon aerogels can 
be obtained from biomass sources 
(Li et al., 2014).

Heavy ions are another im-
portant source of environmental 
pollution, mainly originated from 
industrial discharges. Many of 
them (e.g. chromium, lead, mer-
cury, cadmium, nickel) are known 
to be highly toxic with detrimen-
tal effects on the environment and 
human health (Amoyaw and Bu, 
2009). In this field too, among the 
different possible approaches, ad-
sorption methods are considered 
effective and reliable for large-sca-
le applications and active carbons 
are the most frequently proposed 
materials (Anirudhan and Sreeku-
mari, 2011).

The properties of aerogels as ad-
sorbents are emerging also for this 
application, especially showing 
again the huge advantages that 
they can offer in terms of tuned 
porosity and surface chemistry to 
meet the specific requirements of 
the final application. An effective 
strategy to capture heavy metal 
ions is to introduce functional 
groups containing N, O, S and 
donor atoms, able to form coordi-
nation complexes with metal ions 
(Kudryavtsev et al., 1990). Fol-
lowing this approach, several aero-
gel materials were developed such 
as heavy metal ions adsorbents. 

Amino modified silica aerogels de-
monstrated good chemisorption 
of Cu (II) ions (Soliman, 1997), 
while amino modified resorci-
nol-formaldehyde aerogels were 
used to capture Pb(II), Hg(II) and 
Cd(II) ions from aqueous solution; 
and maximum sorption capacities 
of 156.25, 158.73 and 151.52 
mg/g were observed, respectively 
(Motahari et al., 2015). A Carbon 
aerogel obtained by pyrolytic car-
bonization of RF aerogels was also 
proposed that showed an impres-
sive adsorption capacity for Cd(II) 
of 400.8mg/g (Kumar et al., 2005).

4. Energy related 
application

In energy applications, both 
for storage and conversion, car-
bon-based materials play a crucial 
to prepare efficient electrodes and 
carbon-based aerogels offer incre-
dible opportunities to tune the po-
rosity and surface chemistry while 
ensuring electrical conductivity.

Contribution of renewable ener-
gy sources (wind, wave and solar) 
is expected to continue growing 
over the next decade, this make 
urgent the need for efficient and 
robust energy storage technolo-
gies that can help mitigating the 
effects of the inherent intermit-
tency of renewables. Electroche-
mical energy storage through 
batteries, especially lithium ion 
batteries and supercapacitors has 
established during the last decades 
as the best technological choices to 
address d this issue. In lithium ion 
batteries a negative and a positi-
ve electrodes are present, separa-
ted by a non-aqueous lithium-ion 
conducting electrolyte. Both the 
electrodes are able to reversibly 
intercalate Li+ ions. During di-
scharge, Li+ ions carry the current 
from the negative to the positive 
electrode, through the non-a-
queous electrolyte. During charge, 

an external high voltage is applied 
that forces lithium ions to migrate 
from the positive to the negative 
electrode, where intercalation oc-
curs (Bianco et al., 2016).

Supercapacitors are energy sto-
rage devices able to store charges 
in the electrical double layer of 
carbon-material with high-surface 
area. The storage mechanism is a 
physical one, based on the separa-
tion of positive and negative char-
ges. Therefore, supercapacitors 
represent an intermediate device 
between batteries and electrosta-
tic capacitors (Pekala et al., 1998; 
Conway, 1991). The energy densi-
ty of supercapacitors is lower than 
for batteries but higher than that 
of an electrostatic capacitor; for 
power density the opposite is true. 
Given these operative differences, 
supercapacitors are the ideal com-
plement to batteries to deal with 
peak power demand.

For both supercapacitors and 
batteries, the advent of carbon-ba-
sed aerogels, especially in the form 
of graphene-based aerogel, signifi-
cantly contributed to the improve-
ment of their storing capacities by 
new aerogel based electrodes (Mao 
et al., 2018). In lithium ion batte-
ries the use of carbon-based – and 
particularly graphene-based aero-
gels – is especially related to the 
possibility of reducing the mecha-
nical strain of the electrodes due 
to the insertion/removal of Li ions 
during cycling. This is achieved by 
exploiting all the advantages of-
fered by the tunable size of pores 
into the resulting electrodes, by 
modifying their surface chemistry 
(even by decoration with other 
nanomaterials) and eventually to 
design them as composites (Hu et 
al., 2016; Yang et al., 2013; Wu et 
al., 2011; Zhu et al., 2011).

In supercapacitors the key goals 
for device optimization are rela-
ted to increasing both energy and 
power densities as well as the ope-
rating voltage together with decre-
asing the cost per Wh stored in the 
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device. Optimization of advanced 
electrode materials is the route to 
improve these properties (Gamby 
et al., 2001; Robinson 2010). Car-
bon aerogels are the ideal materials 
for this purpose as they combine 
chemical inertness to high con-
ductivity and by the use of proper 
raw materials they can be made en-
vironmentally friendly and cheap. 
The performance of carbon aero-
gel-based electrodes is optimized 
thanks to the possibility aerogels 
offer, to improve energy and power 
densities because of their high 
porosity. Moreover, the porous 
structure of carbon aerogels can 
be tuned in a hierarchical structu-
re, combining both macropores, 
for good mass transport which is 
related to power density and mi-
cropores, to provide the high sur-
face area necessary for high energy 
density (Wu et al., 2012).

Among the devices for energy 
conversion, fuel cells (FCs), espe-
cially proton exchange membrane 
FCs (PEMFCs) are gaining incre-
asing importance as a clean and 
sustainable energy source. What 
still hinders the market ability of 
PEMFCs is the limited efficiency 
of the Oxygen Reduction Reaction 
(ORR) occurring at the cathode 
of these systems. PEMFCs are 
electrochemical devices that con-
vert the chemical energy of diffe-
rent classes of molecules (i.e. the 
fuels, such as H2, methanol, etha-
nol) into electricity when proper 
catalysts are present. Over the last 
years, the use of nanomaterials 
significantly improved perfor-
mance and reliability of fuel cells 
while contributing to lower their 
costs (Zhang et al., 2015). Howe-
ver, efforts are still needed to make 
the cost of the devices competiti-
ve. The bottleneck is precisely the 
ORR because oxygen is supposed 
to react with both electrons and 
protons to form H2O (4 electrons 
absorbed). If the catalyst is not ef-
ficient enough H2O2 is produced, 
limiting the efficiency of device 

and compromising its stability 
over time. This reaction not only 
occurs at the at the cathode of the 
fuel cells but also characterizes 
metal-air batteries. Platinum and 
related materials are recognized 
as the best catalyst for ORR but 
costs and scarcity are pushing the 
scientific community to identify 
adequate substitutes (Li, 2019). In 
the perspective to design new, ef-
fective electrodes able to properly 
catalyze the ORR, carbon based ae-
rogels offer great opportunities to 
couple electrical conductivity, high 
surface area and easily controllable 
surface chemistry (Shaari and Ka-
marudin, 2019).

5. Conclusions

Aerogels are extraordinary ma-
terials, with a unique set of pro-
perties that make them interesting 
for several application fields. High 
surface area, high porosity and 
ease of surface chemistry modi-
fication have especially attracted 
attention from the energy and en-
vironmental science. In this review 
we especially showed that impres-
sive results have been obtained 
during the last decades thanks to 
advances in aerogel technology 
and those improvements are di-
rectly reflected in the large num-
ber of materials that that are now 
available in aerogel form. Energy 
and Environmental Science signi-
ficantly contributed to the impro-
vement of aerogels, especially hel-
ping to appreciate to which extent 
aerogels properties can be tuned 
towards the need of different ap-
plications, especially in terms of 
their adsorption, catalytic beha-
vior and electrical conductivity.

The possibility to tune their phy-
sical and chemical properties, com-
bined with the flexibility of their 
synthesis process, make aerogels 
key candidates for environmental 
protection and remediation. In the 

present review impressive exam-
ples have been analyzed, that show 
how versatile aerogels are to desi-
gn efficient absorbents for VOCs, 
CO2, as well as useful instruments 
for water remediation, especially 
for oil and heavy metal ions segre-
gation.

At the same time their proper-
ties can be tuned to synthetize 
successful and enabling materials 
for energy applications. In this 
field aerogels are contributing to 
the design and optimization of the 
new generation of electrodes for 
energy storage devices, especially 
in supercapacitors and batteries 
and for energy conversion, such 
as in fuel cells.

Due to their exceptional poten-
tial, aerogels are now establishing 
as essential contributors for future 
progress of these scientific areas.

References

Adebajo, M.O., Frost, R.L., Kloprogge, 
J.T., Carmody, O. and Kokot, S., 2003. 
Porous materials for oil spill cleanup: a 
review of synthesis and absorbing pro-
perties. Journal of Porous Materials, 
vol. 10, pp. 159-170.

Aegerter, M.A., Leventis, N. and Koe-
bel, M.M., 2011. Aerogels handbook. 
Springer, New York.

Amoyaw, M.W.P.A. and Bu, X.R., 2009. 
The fast removal of low concentration 
of cadmium (II) from aqueous media 
by chelating polymers with salicylal-
dehyde units. Journal of Hazardous 
Materials, vol. 170, pp. 22-26.

Anirudhan, T.S. and Sreekumari, S.S., 
2011. Adsorptive removal of heavy 
metal ions from industrial effluents 
using activated carbon derived from 
waste coconut buttons. Journal of 
Environmental Science, vol. 23, pp. 
1989-1998.

Ayotamuno, M.J., Kogbara, R.B., Ogaji, 
S.O.T. and Probert, S.D., 2006. Petro-
leum contaminated ground-water: re-
mediation using activated carbon, Ap-
plied Energy, vol. 83, pp. 1258-1264.



22 Aprile 202022 Aprile 2020

environment

Baetens, R., Jelle, B.P. and Gustavsen, A., 
2011. Aerogel insulation for building 
applications: A state-of-the-art review. 
Energy and Buildings, vol. 43, pp. 
761-769, 2011.

Baker, W.S., Long, J.W., Stroud, R.M. and 
Rolison, D.R., 2004. Sulfur-functionali-
zed carbon aerogels: A new approach 
for loading high-surface-area electro-
de nanoarchitectures with precious 
metal catalysts. Journal of Non Cry-
stalline Solids, vol. 350, pp. 80-87, 
2004.

Baumann, T.F., Gash, A.E., Chinn, S.C., M. 
Sawvel, A., Maxwell, R.S. and Satcher, 
J.H., 2005. Synthesis of high-surface-a-
rea alumina aerogels without the use 
of alkoxide precursors, Chemistry of 
Materials, vol. 17, pp. 395-401.

Bedilo, A.F. and Klabunde, K.J., 1998. 
Synthesis of Catalytically Active Sulfa-
ted Zirconia Aerogels. Journal of Ca-
talysis, vol. 176, pp. 448-458.

Benad, A., Jürries, F., Vetter, B., Klem-
med, B., Hübner, R., Leyens, C. and 
Eychmüller, A., 2018. Mechanical 
Properties of Metal Oxide Aerogels, 
Chemistry of Materials. vol. 30, pp. 
145-152.

Betz, M., García-González, C.A., Su-
brahmanyam, R.P., Smirnova, I. and 
Kulozik, V., 2012. Preparation of novel 
whey protein-based aerogels as drug 
carriers for life science applications. 
Journal of Supercritical Fluids, vol. 
72, pp. 111-119.

Bianco, S., Chiodoni, A., Nair, J.R., Ger-
baldi, C., Quaglio, M., 2016. Nano-
structures for Energy. In: Bhushan, B., 
Encyclopedia of Nanotechnology, 
Springer, New York, pp. 2813-2827.

Biener, J., Stadermann, M., Suss, M., 
Worsley, M.A., Biener, M.M., Rose, 
K.A. and Baumann, T.F., 2011. Advan-
ced carbon aerogels for energy appli-
cations. Energy and Environmental 
Science, vol. 4, pp. 656-667.

Biesmans, G., Randall, D., Francais, E. and 
Perrut, M., 1998. Polyurethane-based 
organic aerogels’ thermal performan-
ce. Journal of Non Crystalline Solids, 
vol. 225, pp. 36-40.

Biesmans, G., 1999. Polyisocyanate Ba-
sed Aerogel. US Patent 5,990,184.

Biesmans, G., Mertens, A. and Kinnaes, 

E., 2000. Polyisocyanate Based Xero-
gels. US Patent 6,063,826.

Bordjiba, T., Mohamedi, M. and Dao, 
L.H., 2007. Synthesis and electro-
chemical capacitance of binderless 
nanocomposite electrodes formed by 
dispersion of carbon nanotubes and 
carbon aerogels, Journal of Power 
Sources, vol. 172, pp. 991-998.

Brigham, C., 2018. Biopolymers: Biode-
gradable Alternatives to Traditional 
Plastics. in: Török, B., Dransfield, T., 
Green Chemistry An Inclusive Ap-
proach, Elsevier Inc., Amsterdam, pp. 
753-770.

Cai, J., Kimura, S., Wada, M., Kuga, S. and 
Zhang, L., 2008. Cellulose aerogels 
from aqueous alkali hydroxide-urea 
solution. ChemSusChem, vol. 1, pp. 
149-154.

Chen, D.R., Changy, X.H. and Jiao, X.L., 
2014. Aerogels in the environment 
protection. in: Fanun, M., The Role of 
Colloidal Systems in Environmental 
Protection, Elsevier, Amsterdam, pp. 
573-591.

Choi, S., Drese, J.H. and Jones, C.W., 
2009. Adsorbent materials for carbon 
dioxide capture from large anthropo-
genic point sources, ChemSusChem, 
vol. 2, pp. 796-854.

Conway, B.E., 1991. Transition from “su-
percapacitors” to “battery” behavior 
in electrochemical energy storage. 
Journal of the Electrochemical So-
ciety, vol. 138, pp. 1539-1548.

Cotana, F., Pisello, A.L., Moretti, E. and 
Buratti, C., 2014. Multipurpose cha-
racterization of glazing systems with 
silica aerogel: In-field experimental 
analysis of thermal-energy, lighting 
and acoustic performance. Building 
and Environment, vol. 81, pp. 92-
102.

Cui, S., Cheng, W., Shen, X., Fan, M., Rus-
sell, A., Wu, Z. and Yi, X., 2011. Meso-
porous amine modified SiO2 aerogel: 
a potential CO2 sorbent. Energy and 
Environmental Science vol. 4, pp. 
2070-2074.

Deng, Z., Wang, J., Wu, A., Shen, J. and 
Zhou, B., 1998. High strength SiO2 
aerogel insulation, Journal of Non 
Crystalline Solids, vol. 225, pp. 101-
104.

Diascorn, N., Calas, S., Sallée, H., Achard, 
P. and Rigacci, A., 2015. Polyurethane 
aerogels synthesis for thermal insula-
tion-textural, thermal and mechanical 
properties. Journal of Supercritical 
Fluids, vol. 106, pp. 76-84.

Dingcai, W., Zhuoqi, S. and Ruowen, F., 
2006. Structure and adsorption pro-
perties of activated carbon aerogels. 
Journal of Applied Polymer Science, 
vol. 99, pp. 2263-2267.

Fairen-Jimenez, D., Carrasco-Marın, F. 
and Moreno-Castilla, C., 2007. Ad-
sorption of benzene, toluene and xy-
lenes on monolithic carbon aerogels 
from dry air flows. Langmuir, vol. 23, 
pp. 10095-10101.

Ferino, I., Casula, M.F., Corrias, A., Cu-
trufello, M.G., Monaci, R. and Paschi-
na, G., 2000. 4-Methylpentan-2-ol 
dehydration over zirconia catalysts 
prepared by sol-gel. Physical Che-
mistry Chemical Physics, vol. 2, pp. 
1847-1854.

Gamby, J., Taberna, P.L., Simon, P., Fau-
varque, J.F. and Chesneau, M., 2001. 
Studies and characterisations of va-
rious activated carbons used for car-
bon/carbon supercapacitors. J. Power 
Sources, vol. 101, pp. 109-116.

Gil, M.V., Álvarez-Gutiérrez, N., Martín-
ez, F.R.M. and Pevida, A.M.C., 2015. 
Carbon adsorbents for CO2 capture 
from bio-hydrogen and biogas stre-
ams: breakthrough adsorption study. 
Chemical Engineering Journal, vol. 
269, pp. 148-158.

Hoepfner, S., Ratke, L. and Milow, B., 
2008. Synthesis and characterisation 
of nanofibrillar cellulose aerogels. Cel-
lulose, vol. 15, pp. 121-129.

Horikawa, T., Hayashi, J. and Muroyama, 
K., 2004. Size control and characte-
rization of spherical carbon aerogel 
particles from resorcinol-formaldehy-
de resin. Carbon, vol. 42, pp. 169-
175.

Hu, G., Xu, C., Sun, Z., Wang, S., Cheng, 
H.M., Li, F. and Ren, W., 2016. 3D 
Graphene‐Foam-Reduced‐Graphe-
ne‐Oxide Hybrid Nested Hierarchical 
Networks for High‐Performance Li-S 
Batteries. Advanced Materials, vol. 
28, pp. 1603-1609.

Hwang, S.W. and Hyun, S.H., 2004. Ca-



Aprile 2020 23Aprile 2020 23

ambiente

pacitance control of carbon aerogel 
electrodes, Journal of Non Crystalline 
Solids, vol. 347, no. 1-3, pp. 238-245, 
2004.

Hüsing, N. and Schubert, U., 1998. Ae-
rogels – Airy Materials: Chemistry, 
Structure and Properties. Angewante 
Chemie International Edition, vol. 
37, pp. 22-45.

Ismail, A.A., Ibrahim, I.A., Ahmed, M.S., 
Mohamed, R.M. and El-Shall, H., 
2004. Sol-gel synthesis of titania-silica 
photocatalyst for cyanide photodegra-
dation. Journal of Photochemistry 
and Photobiology A, vol. 163, pp. 
445-451.

Jun, S., Xingyuan, N., Yang, L., Bo, W., 
Guangming, W., Bin, Z., Guoqing, W., 
Peiqing, W. Qingfeng, W., Xixian, N., 
2008. Benzene adsorption properties 
of silica aerogel-fiber composites. In: 
2nd IEEE International Nanoelectro-
nics Conference (NEC), 2008 Mar-
ch 24-27, Shanghai – China, IEEE – 
Institute of Electrical and Electronic 
Engineers.

Kistler, S.S., 1931. Coherent Expanded 
Aerogels and Jellies. Nature, vol. 127, 
p. 741.

Kistler, S.S., 1932. Coherent Expanded 
Aerogels, Rubber Chemistry and Te-
chnology, vol. 5, pp. 600-603.

Kistler, S.S., 1932. Coherent Expan-
ded-Aerogels, Journal of Physical 
Chemistry, vol. 36, pp. 52-64.

Kong, Y., Shen, X., Cui, S. and Fan, M., 
2014. Preparation of monolith SiC ae-
rogel with high surface area and large 
pore volume and the structural evolu-
tion during the preparation. Ceramics 
International, vol. 40, pp. 8265-8271.

Kong, Y., Zhong, Y., Shen, X., Cui, S., Yang, 
M., Teng, K., Zhang, J., 2012. Facile syn-
thesis of resorcinol-formaldehyde/sili-
ca composite aerogels and their tran-
sformation to monolithic carbon/silica 
and carbon/silicon carbide composite 
aerogels. Journal of Non Crystalline 
Solids, vol. 358, pp. 3150-3155.

Kong, Y., Zhong, Y., Shen, X., Gu, L., Cui, 
S. and Yang, M., 2013. Synthesis of 
monolithic mesoporous silicon carbide 
from resorcinol-formaldehyde/silica 
composites0 Materials Letters, vol. 
99, pp. 108-110.

Korhonen, J.T., Kettunen, M., Ras, R.H. 
and Ikkala, O., 2011. Hydrophobic 
nanocellulose aerogels as floating, su-
stainable, reusable and recyclable oil 
absorbents. ACS Applied Materials 
and Interfaces, vol. 3, pp. 1813-1816.

Kudryavtsev, G.V., Miltchenko, D.V., Ya-
gov, V.V. and Lopatkin, A.A., 1990. Ion 
sorption on modified silica surface. 
Journal od Colloid Interface Scien-
ce, vol. 140, pp. 114-122.

Kumar Meena, A., Mishra, G.K., Rai, 
P.K., Rajagopal, C. and Nagar, P.N., 
2005. Removal of heavy metal ions 
from aqueous solutions using carbon 
aerogel as an adsorbent. Journal of 
Hazardous Materials B, vol. 122, pp. 
161-170.

Leventis, N., Sadekar, A., Chandraseka-
ran, N. and Sotiriou-Leventis, C., 
2010. Click Synthesis of Monolithic 
Silicon Carbide Aerogels from Polya-
crylonitrile-Coated 3D Silica Networ-
ks. Chemistry of Materials, vol. 22, 
pp. 2790-2803.

Li, X., Zhang, L., Yang, Z., Wang, P., Yan, 
Y. and Ran, J., 2020. Adsorption ma-
terials for volatile organic compounds 
(VOCs) and the key factors for VOCs 
adsorption process: A review. Separa-
tion and Purification Technology, vol. 
235, p. 116213.

Li, Y., 2019. Recent Progresses in Oxygen 
Reduction Reaction Electrocatalysts 
for Electrochemical Energy Applica-
tions. Electrochemical Energy Re-
views, vol. 2, pp. 518-538.

Li, Y.-Q., Abdul Samad, Y., Polychro-
nopoulou, K., Alhassan, S.M. and 
Liao, K., 2014. Carbon aerogel from 
winter melon for highly efficient and 
recyclable oils and organic solvents 
absorption. ACS Sustainable Chemi-
stry & Engineering, vol. 2, pp. 1492-
1497.

Linneen, N., Pfeffer, R. and Lin, Y.S., 2013. 
CO2 capture using particulate silica 
aerogel immobilized with tetraethy-
lenepentamine. Microporous and 
Mesoporous Matererials, vol. 176, 
pp. 123-131.

Maldonado-Hodar, F.J., Carlos, M.-C., 
Carrasco-Marin, F. and Perez-Ca-
denas, A.F., 2007. Reversible toluene 
adsorption on monolithic carbon ae-

rogels. Journal of Hazardous Mate-
rials, vol. 148, pp. 548-552.

Maleki, H., 2016. Recent advances in ae-
rogels for environmental remediation 
applications: A review. Chemical Engi-
neering Journal, vol. 300, pp. 98-118.

Maleki, H., Durães, L. and Portugal, A., 
2014. An overview on silica aerogels 
synthesis and different mechanical 
reinforcing strategies. Journal of Non 
Crystalline Solids, vol. 385, pp. 55-
74.

Maleki, H. and Hüsing, N., 2018. Current 
status, opportunities and challenges 
in catalytic and photocatalytic ap-
plications of aerogels: Environmental 
protection aspects. Applied Catalysis 
B: Environmental, vol. 221, pp. 530-
555.

Mao, J., Iocozzia, J., Huang, J., Meng, K., 
Lai, Y. and Lin, Z., 2018. Graphene ae-
rogels for efficient energy storage and 
conversion, Energy and Environmen-
tal Science, vol. 11, pp. 772-779

Matias, T., Marques, J., Quina, M.J., Gan-
do-Ferreira, L., Valente, A.J.M., Por-
tugal, A. and Durães, L., 2015. Sili-
ca-based aerogels as adsorbents for 
phenol-derivative compounds. Col-
loids and Surfaces A, vol. 480, pp. 
260-269.

McNaught, A.D. and Wilkinson, A., IU-
PAC, 1997, Compendium of chemi-
cal terminology. 2nd edn (the ‘Gold 
Book’). Blackwell, Oxford (on-line 
corrected version: http://goldbook. 
iupac. Org).

Mizushima Y. and Hori, M., 1994. Pro-
perties of alumina aerogels prepared 
under different conditions. Journal of 
Non Crystalline Solids, vol. 167, pp. 
1-8.

Mohanan, J.L., Arachchige, I.U. and 
Brock, S.L., 2005. Porous semiconduc-
tor chalcogenide aerogels. Science, 
vol. 307, pp. 397-400.

Moner-Girona, M., Roig, A., Molins, E. 
and Llibre, J., 2003. Sol-gel route to 
direct formation of silica aerogel mi-
croparticles using supercritical solven-
ts. Journal of Sol-Gel Science and 
Technology, vol. 26, pp. 645-649.

Moon, R.J., Martini, A., Nairn, J., Simon-
sen, J. and Youngblood, J., 2011. Cel-
lulose nanomaterials review: structure, 



24 Aprile 202024 Aprile 2020

environment

properties and nanocomposites. Che-
mical Society Review, vol. 40, pp. 
3941-3994.

Motahari, S., Nodeh, M. and Maghsoudi, 
K., 2015. Absorption of heavy metals 
using resorcinol formaldehyde aerogel 
modified with amine groups. Desali-
nation and Water Treatment, vol. 57, 
pp. 16886-16897

Najberg, M., Mansor, M.H., Taillé, T., 
Bouré, C., Molina-Peña, R., Boury, 
F., Cenis, J.L., Garcion, E. and Alva-
rez-Lorenzo, C., 2020. Aerogel spon-
ges of silk fibroin, hyaluronic acid and 
heparin for soft tissue engineering: 
Composition-properties relationship. 
vol. 237, pp. 116107

Nguyen, S.T., Feng, J., Le, N.T., Le, A.T.T., 
Hoang, N., Tan, V.B.C. and Duong, 
H.M., 2013. Cellulose aerogel from 
paper waste for crude oil spill clea-
ning. Industrial & Engineering Che-
mistry Research, vol. 52, pp. 18386-
18391.

Ochoa, M., Durães, L., Beja, A.M. and 
Portugal, A., 2012. Study of the suita-
bility of silica based xerogels synthesi-
zed using ethyltrimethoxysilane and/
or methyltrimethoxysilane precursors 
for aerospace applications. Journal of 
Sol-Gel Science and Technology, vol. 
61, pp. 151-160

Pajonk, G.M., 1991. Aerogel catalysts. 
Applied Catalysis, vol. 72, pp. 217-
266.

Pekala, R.W., 1989. Organic aerogels 
from the polycondensation of resor-
cinol with formaldehyde. Journal of 
Materials Science, vol. 24, pp. 3221-
3227.

Pekala, R.W., 1991. Low density, resor-
cinol-formaldehyde aerogels. US Pa-
tent, patent number: US 4997804A.

Pekala, R.W., Farmer, J.C., Alviso, C.T., 
Tran, T.D., Mayer, S.T., Miller, J.M. and 
Dunn, B., 1998. Carbon aerogels for 
electrochemical applications. Journal 
of Non Crystalline Solids, vol. 225, 
pp. 74-80.

Pekala, R.W. and Schaefer, D.W., 1993. 
Structure of Organic Aerogels. 1. Mor-
phology and Scaling, Macromolecu-
les, vol. 26, pp. 5487-5493, 1993.

Perdigoto, M.L.N., Martins, R.C., Rocha, 
N., Quina, M.J., Gando-Ferreira, L., 

Patrício, R., Durães, L., 2012. Applica-
tion of hydrophobic silica based aero-
gels and xerogels for removal of toxic 
organic compounds from aqueous so-
lutions. Journal of Colloid and Inter-
face Science, vol. 380, pp. 134-140.

Pierre, A.C. and Pajonk, G.M., 2002. 
Chemistry of Aerogels and Their Appli-
cations. Chemical Society Reviews, 
vol. 102, p. 4243-4266.

Pirard, R., Rigacci, A., Maréchal, J.C., 
Quenard, Chevalier, B., Achard, P., 
Pirard, J.P., 2003. Characterization of 
hyperporous polyurethane-based gels 
by non-intrusive mercury porosimetry. 
Polymer, vol. 44, pp. 4881-4887.

Plata, D.L., Briones, Y.J., Wolfe, R.L., Car-
roll, M.K., Bakrania, S.D., Mandel, S.G. 
and Anderson, A.M., 2004. Aero-
gel-platform optical sensors for oxy-
gen gas. Journal of Non Crystalline 
Solids, vol. 350, pp. 326-335.

Poco, J., Satcher, J. and Hrubesh, L., 
2001. Synthesis of high porosity, mo-
nolithic alumina aerogels. Journal of 
Non Crystalline Solids, vol. 285, pp. 
57-63.

Qi, G., Wang, Y., Estevez, L., Duan, X., 
Anako, N., Alissa Park, A.-H., Li, 
W., Jones, C.W. and Giannelis, E.P., 
2011. High efficiency nanocompo-
site sorbents for CO2 capture based 
on amine-functionalized mesoporous 
capsules. Energy and Environmental 
Science, vol. 4, pp. 444-452.

Radosz, M., Hu, X.D., Krutkramelis, K. 
and Shen, Y.Q., 2008. Flue-gas carbon 
capture on carbonaceous sorbents: 
toward a low-cost multifunctional car-
bon filter for ‘‘green” energy producers. 
Industrial & Engineering Chemistry 
Research, vol. 47, pp. 3783-3794.

Randall, J.P., Meador, M.A.B. and Jana, 
S.C., 2011. Tailoring mechanical pro-
perties of aerogels for aerospace 
applications. ACS Applied Materials 
and Interfaces, vol. 3, pp. 613-626.

Rechberger, F., Ilari, G. and Niederber-
ger, M., 2014. Assembly of antimony 
doped tin oxide nanocrystals into 
conducting macroscopic aerogel mo-
noliths. Chemical Communications, 
vol. 50., pp. 13138-13141.

Reynolds, J.G., Coronado, P.R. and Hru-
besh, L.W., 2001. Hydrophobic aero-

gels for oil-spill cleanup? Intrinsic ab-
sorbing properties. Energy Sources, 
vol. 23, pp. 831-843.

Rigacci, A., Marechal, J.C., Repoux, M., 
Moreno, M. and Achard, P., 2004. 
Preparation of polyurethane-based 
aerogels and xerogels for thermal 
superinsulation. Journal of Non Cry-
stalline Solids, vol. 350, pp. 372-378.

Robinson, D.B., 2010. Optimization of 
power and energy densities in super-
capacitors. Journal of Power Sour-
ces, vol. 195, pp. 3748-3756.

Schwan, M. and Ratke, L., 2013. Flexi-
bilisation of resorcinol-formaldehyde 
aerogels. Journal of Materials Che-
mistry A, vol. 1, pp. 13462-13468.

Selmer, I., Kleemann, C., Kulozik, U., 
Heinrich, S. and Smirnova, I., 2015. 
Development of egg white protein 
aerogels as new matrix material for 
microencapsulation in food. Journal 
of Supercritical Fluids, vol. 106, pp. 
42-49.

Shaari, N. and Kamarudin, S.K., 2019. 
Current status, opportunities and 
challenges in fuel cell catalytic appli-
cation of aerogels. International Jour-
nal of Energy Research, vol. 43, pp. 
2447-2467.

Soleimani Dorcheh, A. and Abbasi, 
M.H., 2008. Silica aerogel; synthesis, 
properties and characterization. Jour-
nal of Materials Processing and Te-
chnology, vol. 199, pp. 10-26.

Soliman, E.M., 1997. Synthesis and me-
tal collecting properties of mono, di, 
tri and tetramine based on silica gel 
matrix. Analytical Letters, vol. 30, pp. 
1739-1751.

Standeker, S., Novak, Z. Knez and Z., 
2007. Adsorption of toxic organic 
compounds from water with hy-
drophobic silica aerogels. Journal of 
Colloid Interface Science, vol. 310, 
pp. 362-368.

Standeker, S., Novak, Z., Knez, V., 2009. 
Removal of BTEX vapours from wa-
ste gas streams using silica aerogels 
of different hydrophobicity. Journal 
Hazardous Materials, vol. 165, pp. 
1114-1118.

Standeker, S., Novak, Z. and Knez, Z., 
2007. Adsorption of toxic organic 
compounds from water with hy-



Aprile 2020 25Aprile 2020 25

ambiente

drophobic silica aerogels. Journal of 
Colloid Interface Science, vol. 310, 
pp. 362-368.

Tabor, R.L., 1995. Microporous isocyana-
te-based polymer compositions and 
method of preparation. US Patent, 
patent number: US5478867A.

Tan, C., Fung, B.M., Newman, J.K. and Vu, 
C., 2001. Organic aerogels with very 
high impact strength. Advanced Ma-
terials, vol. 13, pp. 644-646.

Tao, Y., Endo, M. and Kaneko, K., 2010. 
A Review of Synthesis and Nanopore 
Structures of Organic Polymer Aero-
gels and Carbon Aerogels. Recent Pa-
tents on Chemical Engineering, vol. 
1, pp. 192-200.

Tao, Y., Noguchi, D., Yang, C.-M., Kanoh, 
H., Tanaka, H., Yudasaka, M., Iijima, 
S., Kaneko, K., 2007. Conductive and 
mesoporous single-wall carbon na-
nohorn/organic aerogel composites. 
Langmuir, vol. 23, pp. 9155-9157.

Ulker, Z., Sanli, D. and Erkey, C., 2014. 
Applications of aerogels and their 
composites in energy-related techno-
logies. In: Anikeev, V., Fan, M., Super-
critical Fluid Technology for Energy 
and Environmental Applications, El-
sevier, Amsterdam, pp. 157-180.

Vareda, J.P., Lamy-Mendes, A. and 
Durães, L., 2018. A reconsideration 
on the definition of the term aerogel 
based on current drying trends. Mi-
croporous Mesoporous Materials, 
vol. 258, pp. 211-216.

Wang, J., Kuhn, J. and Lu, X., 1995. Mo-
nolithic silica aerogel insulation doped 
with TiO2 powder and ceramic fibers. 
Journal of Non Crystalline Solids, 
vol. 186, pp. 296-300.

Wang, S., Ang, H.M. and Tade, M.O., 
2007. Volatile organic compounds 
in indoor environment and photoca-
talytic oxidation: state of the art. Envi-
ronmental International, vol. 33, pp. 
694-705, 2007.

Ward, D.A. and Ko, E.I., 1993. Synthesis 
and Structural Transformation of Zir-
conia Aerogels, Chemistry of Mate-
rials. vol. 5, pp. 956-969.

Worsley, M.A., Kuntz, J.D., Satcher, J.H. 
Jr. and Baumann, T.F., 2010, Synthesis 
and characterization of monolithic, 

high surface area SiO2/C and SiC/C 
composites. Journal of Materials 
Chemistry, vol. 20, pp. 4840-4844.

Worsley, M.A., Pauzauskie, P.J., Ol-
son, T.Y., Biener, J., Satcher, J.H. and 
Baumann, T.F., 2010. Synthesis of 
Graphene Aerogel with High Electri-
cal Conductivity. Journal of the Ame-
rican Chemical Society, vol. 132, pp. 
14067-14069.

Worsley, M.A., Satcher, J.H. Jr. and Bau-
mann, T.F., 2008. Synthesis and cha-
racterization of monolithic carbon 
aerogel nanocomposites containing 
double-walled carbon nanotubes. 
Langmuir, vol. 24, pp. 9763-9766.

Worsley, M.A., Stadermann, M., Wang, 
Y.M., Satcher, J.H. and Baumann, T.F., 
2010. High surface area carbon ae-
rogels as porous substrates for direct 
growth of carbon nanotubes. Che-
mical Communications, vol. 46, pp. 
9253-9255.

Wu, D., Xu, F., Sun, B., Fu, R., He, H. and 
Matyjaszewski, K., 2012. Design and 
preparation of porous polymers. Che-
mical Society Reviews, vol. 112, pp. 
3959-4015.

Wu, Z.S., Ren, W.C., Xu, L., Li, F. and 
Cheng, H.M., 2011. Doped Graphene 
Sheets As Anode Materials with Su-
perhigh Rate and Large Capacity for 
Lithium Ion Batteries. ACS Nano, vol. 
5, pp. 5463-5471.

Wu, Z.S., Sun, Y., Tan, Y.Z., Yang, S., Feng, 
X. and Mullen, K., 2012. Three-Di-
mensional Graphene-Based Macro- 
and Mesoporous Frameworks for 
High-Performance Electrochemical 
Capacitive Energy Storage. Journal of 
the American Chemical Society, vol. 
134, pp. 19532-19535.

Yang, C.P., Xin, S., Yin, Y.X., Ye, H., Zhang, 
J. and Guo, Y.G., 2013. An advanced 
selenium-carbon cathode for rechar-
geable lithium-selenium batteries. 
Angewante Chemie International 
Edition, vol. 52, pp. 8363-8367.

Yang, J., Li, S., Yan, L., Liu, J. and Wang, 
F., 2010. Compressive behaviors and 
morphological changes of resorci-
nol-formaldehyde aerogel at high 
strain rates. Microporous Mesopo-
rous Materials, vol. 133, pp. 134-140.

Yang, S.J., Kang, J.H., Jung, H., Kim, T. and 
Park, C.R., 2013. Preparation of a 
freestanding, macroporous reduced 
graphene oxide film as an efficient 
and recyclable sorbent for oils and 
organic solvents. Journal of Materials 
Chemistry A, vol. 1, pp. 9427-9432.

Yoldas, B.E., Annen, M.J. and Bostaph, J., 
2000. Chemical engineering of aero-
gel morphology formed under nonsu-
percritical conditions for thermal in-
sulation. Chemistry of Materials, vol. 
12, pp. 2475-2484, 2000.

Zhang, J., Xia, Z. and Dai, L., 2015. Car-
bon-based electrocatalysts for advan-
ced energy conversion and storage. 
Science Advances, vol. 1, pp. 1500-
1564.

Zhang, L., Wu, J., Wang, Y., Long, Y., Zhao, 
N. and Xu, J., 2012. Combination of 
bioinspiration: a general route to su-
perhydrophobic particles. Journal of 
the American Chemical Society, vol. 
134, pp. 9879-9881.

Zhang, X.Y., Li, Z., Liu, K.S., Jiang, L., 2013. 
Bioinspired multifunctional foam with 
selfcleaning and oil/water separation. 
Advanced Functional Materials, vol. 
23, pp. 2881-2886.

Zhang, Z., SeÌbe, G., Rentsch, D., Zim-
mermann, T. and Tingaut, V., 2014. 
Ultralightweight and flexible silylated 
nanocellulose sponges for the selecti-
ve removal of oil from water. Chemi-
stry of Materials, vol. 26, pp. 2659-
2668.

Zhu, L., Shen, D. and Luo, K.H., 2020. 
A critical review on VOCs adsorption 
by different porous materials: Spe-
cies, mechanisms and modification 
methods. Journal Hazardous Mate-
rials, vol. 389, p. 122102.

Zhu, X., Zhu, Y., Murali, S., Stollers, M.D. 
and Ruoff, R.S., 2011. Nanostructu-
red Reduced Graphene Oxide/Fe2O3 
Composite As a High-Performance 
Anode Material for Lithium Ion Batte-
ries. ACS Nano, vol. 5, pp. 3333-3338.

Zu, G., Shen, J., Wei, X., Ni, X., Zhang, 
Z., Wang, J., Liu, G., 2011. Preparation 
and characterization of monolithic 
alumina aerogels, Journal of Non 
Crystalline Solids, vol. 357, pp. 2903-
2906.


