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Abstract: The rapid growth of CO2 emissions in the atmosphere has attracted great attention due
to the influence of the greenhouse effect. Aerogels’ application for capturing CO2 is quite promis-
ing owing to their numerous advantages, such as high porosity (~95%); these are predominantly
mesoporous (20–50 nm) materials with very high surface area (>800 m2·g−1). To increase the CO2

level of aerogels’ uptake capacity and selectivity, active materials have been investigated, such as
potassium carbonate, K2CO3, amines, and ionic-liquid amino-acid moieties loaded onto the surface
of aerogels. The flexibility of the composition and surface chemistry of aerogels can be modified
intentionally—indeed, manipulated—for CO2 capture. Up to now, most research has focused mainly
on the synthesis of amine-modified silica aerogels and the evaluation of their CO2-sorption properties.
However, there is no comprehensive study focusing on the effect of different types of aerogels and
modification groups on the adsorption of CO2. In this review, we present, in broad terms, the use
of different precursors, as well as modification of synthesis parameters. The present review aims
to consider which kind of precursors and modification groups can serve as potentially attractive
molecular-design characteristics in promising materials for capturing CO2.

Keywords: aerogel; CO2 capture

1. Introduction

An aerogel is generally referred to as a material featuring organic, inorganic, or
mixed precursors that is prepared by a sol-gel process, in conjunction with drying tech-
nology rapidly to extract the liquid in an alcogel, and to replace the liquid to make a
three-dimensional and highly porous network. The sol-gel process makes it possible for
tailoring the composition and network structure of aerogels. The drying step, as the last
stage of aerogels’ preparation, is the most critical step which determines the morphology,
porosity, and structural integrity of the final structure [1]. Between various drying methods,
such as supercritical drying, ambient-pressure drying, freeze-drying, vacuum drying, and
microwave drying, two methods of freeze-drying and supercritical carbon dioxide have
emerged as the more common, as they do not damage the underlying microstructure of
aerogels [2]. Supercritical drying is the costliest method, which leads to a very open porous
sorbent. Therefore, aerogels produced, ipso facto, via supercritical drying are to be directed
as most appropriate for use in relation to highly specialized purposes. Ambient-pressure
drying provides for a less energy-intensive alternative route, but commonly relies on replac-
ing the original solvent used for gel preparation which is also costly [3,4]. During recent
decades, noticeable advancements have occurred in aerogel synthesis, whilst different types
of aerogels have been produced [2]. Hence, aerogels can be broadly classified according to
their precursors as organic, inorganic and hybrid, as shown schematically in Figure 1. Due
to their biosafety, availability, and biodegradability, the focus recently increases on the de-
velopment of bio-aerogels derived from natural polysaccharides, such as cellulose, chitosan
and lignin [5]. Moreover, hybrid aerogels featuring multi-components that show enhanced
performance and multi-functional aspects have attracted more interest recently. These
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aerogels have often conferred additional functionality, such as hydrophobicity, mechanical
strength, and catalytic features to original materials.
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Figure 1. Classification of aerogels.

Owing to the numerous advantages of aerogels (e.g., low density, high porosity, and
high surface area), the application for capturing CO2 is quite promising. In addition, the
flexibility of the sol-gel process, the microstructural form, as well as the composition and
surface chemistry of aerogels, can be modified intentionally for CO2 capture. To enhance
the CO2 capacity of porous sorbents at low temperatures, active materials, such as amines,
potassium carbonate, and ionic liquids have been added to the surface of aerogels. Amine
is one of the most used modification groups which load the porous material to enhance
its CO2-adsorption capacity. Many researchers have studied the effect of loaded amine to
organic and inorganic aerogels on the uptake of CO2 by aerogels [6–8]. Amine-modified
solid adsorbents can be prepared by three techniques, which are classified as (a) physical
impregnation (wet impregnation) (b) post-synthesis grafting, and (c) direct condensation [9].
In the impregnation process, amines are incorporated into an adsorbent by van der Waals
forces, whereas in the chemical-grafting method an alkanolamine molecule is adsorbed onto
a porous surface via reaction with a silanol group [10]. In general, physical impregnation of
amines leads to what are called Class I sorbents. For the amine-based adsorbents reported
so far, most were prepared by wet impregnation with relatively large amine loading—which
constitutes a leading type of Class I sorbent [11]. Covalently bonding amino functional
groups to the surface of the support, for example condensing aminotrialkoxysilanes onto
a silica surface, lead to the basis of Class II sorbents. Class III sorbents are prepared
by polymerizing an amine-rich polymer from the support surface, such as in situ or
stepwise polymerisation.

Several factors influence the performance of aerogel in the adsorption of CO2, such as
temperature, partial pressure of CO2, sorbent textural properties, density of the aerogel
etc., which have been discussed and analyzed in detail in our previous comprehensive
review [2]. Owing to the versatility of the sol-gel process, the pore properties, composition
and surface chemistry of aerogels, can be engineered for CO2 capture. They can be tailored
by the selection of the appropriate precursor and via judicious parameter optimization,
such as drying methods. There are some important properties of precursors that require
significant consideration for the productivity of aerogels applied in CO2 adsorption, such
as hydrophobicity and mechanical strength. For example, despite aerogels’ intrinsically
light-weight nature, powdered aerogels can block fixed-bed reactors; in such situations, the
underlying flexibility and mechanical strength of aerogels are pivotal. Moreover, aerogels
featuring precursors of silicon alkoxides and solvents of alcohols are costly and raise
environmental issues. To the best of our knowledge, there is no review on the effect of
precursors and functionalizing groups on the performance of aerogels in CO2 capture.
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With this clear research gap, the objective of the present review is to discuss a broad range
of precursors as well as modification groups used in aerogels for CO2-capture applications,
and discuss updated aerogels available for commercialization in this field. Within this
scope, we attempt to review and critique all of the components (precursors and modification
groups) which have been applied for aerogel as adsorbents for CO2 capture.

2. Inorganic Aerogels

Amine species are modified onto porous supports, such as silica aerogels to boost CO2-
adsorption capacity. Silica aerogels are the most studied inorganic aerogels for CO2 capture,
boasting superior properties, such as large specific surface area (500–1200 m2·g−1), low
density (~0.003 g·cm−3), and high porosity (80–99.8%) [12]. In this context, the application
of silica aerogels for CO2-capture processes as solid supports has become a focus of great
interest [13]. Up to now, most research has mainly focused on the synthesis of amine-
modified silica aerogels and their performance as CO2 adsorbents [14].

In the sol-gel process, the precursor is dissolved in the solvent (water and/or alcohol)
and an acidic and/or basic catalyst and transformed into a colloidal gel structure by a
set of hydrolysis and polycondensation reactions which govern the final properties of
the gel [15]. Precursors for aerogel must be soluble during the reaction and must be as
reactive as possible to be able to participate in the gel-formation process. The flexibility
and superhydrophobicity of silica aerogels are significantly important for their long-term
applications [16]. Tetraethoxysilane (TEOS) is one of the most popular precursors deployed
extensively to produce silica aerogels. Tetramethoxysilanes (TMOS) have served as starting
materials for sol-gel precursors for silica aerogels, and undergo more rapid hydrolysis
than TEOS [17]. Wang et al. compared the two most common silica aerogel precursors
and found that TMOS yields narrow and uniform pores and higher surface area than
TEOS [18]. Due to the highly porous properties of aerogels, they tend to collapse due
to their mechanical properties. Therefore, there has been an attempt to prepare aerogels
with improved mechanical properties for unbroken silica aerogel products. For instance,
methyltriethoxysilane (MTES) was used by Colon et al. (1996) for improving the flexibility
and mechanical strength of the aerogel network produced from its and higher surface area
than TEOS [19]. Harreld et al. [20] found that adding methyltrimethoxysilane (MTMS)
to TMOS or MTES to TEOS improves the hydrophobicity of the aerogel and shifts the
pore-size distribution towards larger pore radii [19]. Nadargi et al. prepared flexible
superhydrophobic silica aerogels using a MTES followed by supercritical drying [21].
They modified the surface of aerogels by trimethylchlorosilane (TMCS) to achieve the
hydrophobic silica aerogel [21]. The most common hydrophilic and hydrophobic precursors
for silica aerogels applied for the purposes of CO2 capture are listed in Figure 2.
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The sol-gel processes for hydrophilic (TEOS) and hydrophobic (MTMS) silica aerogels
as a result of the hydrolysis and condensation mechanism are shown in Scheme 1a [22] and
Scheme 1b [23], respectively.
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aqueous phase.

Yun et al. produced silica aerogel microspheres with a low density (0.08 g cm−3)
and a high porosity (96%) via APD using MTMS as a silica precursor [23]. As shown in
Scheme 1b, the MTMS effectiveness—as a precursor—hinges on a non-hydrolyzable methyl
group (–CH3), which serves to eliminate the irreversible shrinkage and capillary pressure
without solvent exchange and further surface modification; tis renders this process highly
suitable for large-scale production. However, the silicon alkoxides used as a precursor
are neither environmentally friendly nor inexpensive at an industrial scale. As a cheap
precursor, sodium silicate constitutes a proper alternative for alkoxides as the starting
material for silica aerogels [24]. Lin et al. coated sodium silicate-derived silica aerogels on
Al2O3 membranes featuring further hydrophobic surface modification by fluoroalkylsilane
(FAS) [24]. Owing to their low-cost and high CO2-capture capacity, their sodium silicate-
derived hydrophobic silica aerogels have illustrated good feasibility for applyication in
large-scale CO2 absorption and in industrial power plants.

Sarawade et al. produced sodium silicate-based hydrophobic aerogels with Na2SiO3
as a precursor and surface modification using trimethylchlorosilane (TMCS) by an ambient-
pressure drying process [25]. The hydrolysis and condensation of silica aerogel from
sodium silicate occurred are shown in Scheme 2.

Pisal and Roa compared the properties of various precursors (TEOS, TMOS, and
Na2SiO3) of silica aerogels [26]. They found that the surface area of the Na2SiO3-based
aerogel was larger than the TMOS-based aerogel, and the TEOS-based aerogel features
the smallest surface area. Figure 3 shows that all of the three precursors have mesoporous
structures; however, the Na2SiO3-based aerogel sports a more consistent pore-size distri-
bution [26]. Figure 3b shows the adsorption-desorption isotherms of TEOS-, TMOS-, and
Na2SiO3-based aerogels belonging to mesoporous materials, together with the probable
presence of slit-like inter-particle pores [26].
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Materials prepared from the sol-gel method generally have internal and external sur-
faces covered by final hydrolyzed groups, which can be replaced by other functional groups
using hydrolyzable molecular precursors which contain the preferable functionality [27].
Modification of aerogels with amine compounds improves CO2-sorption capacity and
selectivity by combining the reaction properties of amine species (high CO2 selectivity) and
the porous structure of silica aerogels (high surface area) [2]. Therefore, amine-modified
aerogels have much higher CO2-capture capacity [28] compared with unmodified silicas-
based ones. Schematic illustrations of three classes of amine-modified sorbents are shown
in Figure 4.

CO2 capture by amines in solid adsorbents under humid or dry conditions follows sim-
ilar reaction mechanisms. Carbamates can form by a reaction between a primary/secondary
amine and CO2 [2,11]. As shown in Scheme 3, for each CO2 molecule, two amine functional
groups require under dry conditions, one as a proton receptor and the other as a carbamate
anion (a) and one amine functional group is required in the presence of water (b).

Yu et al. prepared an aerogel using Na2CO3, 3-aminopropyltriethoxysilane (APTES),
and TEOS with a sol-gel method to evaluate the CO2-sorption capacity in a fixed-bed
reactor [29]. The synthesis of the sodium-based aerogel is illustrated in Scheme 4. First,
TEOS and APTES were hydrolyzed by water in Na2CO3 solution. The sol was then aged
and turned into gel, along with the formation of -O-Si-O- structure. Meanwhile, the active
ingredients Na2CO3 and -NH2 were distributed uniformly onto the material framework.
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Theoretically, all the Na2CO3 and amine on sorbents could have been used for CO2
sorption through R1 and R2 in the presence of water according to the following reac-
tions [29]:

R1: Na2CO3 + H2O + CO2 → 2NaHCO3
R2: -NH2 + H2O + CO2 → -(NH3)+(HCO3)−

Due to the non-equal distribution of active ingredients on the surface of the sorbents,
the theoretical sorption capacities were not reachable. Loading optimum Na and N content
is significant for increasing CO2-capture capacity [29].

The common amines used in the modification of aerogels for CO2-capture applications
are shown in Figure 5.
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Owing to the high N-atom concentration of PEI and TEPA (33% N content for PEI and
37% for TEPA) and their high boiling point, these are the two most widely Class I amines
studied for CO2 capture [30]. PEI exists in several forms, linear and branched as shown
in Figure 5. Kishor and Ghoshal reported that despite the specific surface area of silica
aerogel significantly decreased by 93.3% after loading PEI into their aerogel, their prepared
PEI-impregnated silica aerogel showed a high CO2-adsorption capacity. The advantage
of physically-absorbed amines to the aerogel surface is that they achieve a greater total
CO2-absorption capacity compared to the surface modified with chemical linkage; however,
they have lower cyclic stability due to the evaporation of the amine during the thermal
regeneration process [30]. Polyethylenimine (PEI) is the most used amine that physically
impregnates porous silica, owing to its high amount of primary and secondary amine
groups in PEI contributes a lot to the adsorption capacity. However, if the PEI concentration
is too high, the pores may be blocked by PEI and reduces the CO2-capture capacity, as
mentioned previously. Fang et al. examined the effect of additive on performance of
PEI modified silica aerogels and found among their tested aerogels, a doped SA-PEI-
N-Y loaded with 45% PEI and 15% N-Y (N-[3-(Trimethoxysilyl)propyl]ethylenediamine,
denoted as N-Y) displayed the highest CO2 (1.8 mmol g−1). Amine-modified SiO2 aerogels
using PEI, and TEPA [31,32], have been developed with a high CO2-adsorption capacity of
6.97 mmol·g−1 (in 10% CO2 + N2). In another study, Wang et al. prepared PEI-modified
silsesquioxane aerogels which obtained an adsorption capacity of 3.3 mmol·g−1 from pure
CO2 [33].

Functionalizing aerogels with tetraethylenepentamine (TEPA) enhances the capacity of
CO2 take-up significantly due to its rich amino groups as well as its low molecular weight,
which makes it facile to reach all of its pores. Linneen et al. developed silica aerogels
functionalized with tetraethylenepentamine (TEPA) which have a CO2-adsorption capacity
of 3.5 mmol·g−1 at 75 ◦C [6,34]. Wang et al. developed sorbents by physical impregnation
of TEPA into silica aerogels, which obtained an adsorption capacity of 4.28 mmol·g−1 [35].
TEPA may be the best amine in terms of adsorption capacity, but it is thermally unstable
and evaporates during regeneration cycles of CO2 adsorption [36].

The most commonly used amino silane for modifying silica aerogels is 3-aminopropy-
ltriethoxysilane (APTES). Fan et al. in 2015 employed a MTMS, DMDMS and APTES
co-precursor via a (one-pot) co-condensation method to prepare AMSAs (Scheme 5). This
kind of silica aerogel, combined with extraordinarily flexibility, high CO2 adsorption ca-
pacity, boasts ease of regeneration and excellent stability (structure, composition and cyclic
application properties); moreover, its CO2-adsorption capacity can reach 6.45 mmol·g−1 in
simulated ambient air under 1 bar of dry CO2, as well as good stability over 50 adsorption–
desorption cycles.
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Cui et al. employed 3-aminopropyltriethoxysilane (APTES) to functionalize the surface
of silica aerogels to capture CO2 directly from air [38]. They compared CO2 sorption
with the unmodified silica and reported that the modified aerogel nearly tripled the
adsorption capacity of CO2 at 25 ◦C. Begag et al. produced sorbents using mono-, di-,
and tri-aminoalkylmethoxysilanes. The sorbent was prepared by using the precursors
of TEOS and MTES modified by APTES, demonstrating the high-performance of CO2
adsorption of 1.4 mmol·g−1 [39]. Wang et al. [33], Begag et al. [7], and Fan et al. [37]
combined three precursors (APTES, dimethyldimethoxysilane, and MTMS) for preparing
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a flexible, mechanically robust and hydrophobic amine-functionalized silica aerogel [40].
The equilibrium CO2-sorption capacities of these APTES-modified aerogels ranged from
3.5 to 6.5 mmol·g−1 at 25 ◦C. Garip scrutinized amine-treated APTES, achieving a capacity
of 5.53 mmol·g−1 [41].

3-Aminopropyltrimethoxysilane (APTMS) is also another commonly used amine
for CO2 capture. The adsorption capacity of APTMS is high, owing to its high amine
density [42]. Santos et al. was the first group to study the effect of modification of
silica aerogels with alkanolamines on CO2-capture capacity [43,44]. They modified their
aerogel by adding the 3-aminopropyltrimethoxysilane (APTMS) and wollastonite (CaSiO3).
Wörmeyer and Smirnova compared the CO2-capture capacity of mono-amine (APTMS)
and tri-amine (3-trimethoxysilylpropyl) diethylenetriamine (T-APTMS) for modification of
silica aerogels and showed that tri-amine achieved about double the sorption capacity than
mono-amine [45,46].

For aerogels modified by an amine, the adsorption capacity is usually proportional to
the amount of loaded amine. However, an increase in the concentration of amine beyond
certain limits leads to pore pluggage. Moreover, silane reagents with three alkoxy groups
are prone to hydrolysis and self-polymerisation on the aerogel surface, which leads to
blocking the inner pore and consequently decreasing the CO2 capture as the inner pore
structure is likely to be blocked. Therefore, aminosilanes with two alkoxy groups could be
the safer option to avoid the undesired blocking of functional amine sites [47].

The adsorption efficiency is highly dependent on some other properties, such as
surface morphology, pore size and available pore volume of the aerogel. Figure 6a indicates
the larger N content of PEI can lead to higher adsorption capacity [36]. As triamine can
graft more mmol of N per gram of sorbent, it has the greatest performance compared to
the di- and mono-amine versions in terms of adsorption capacity.
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Minju et al. used APTMS to modify silica aerogels derived from water glass [48] and
demonstrated the effect of amino loading is important for realising good selectivity and
enhanced sorption capacity. They studied the effect of amine loading and its efficiency
in the absorption of CO2 gas concerning amine functionality and pore structure of their
PEI-modified silica aerogels [48]. Figure 6b summarizes the changes in surface area, pore
volume, and CO2-adsorption capacity of silica aerogels, along with the change in amine
content [48]. This figure shows that increasing amine loading leads to an increase in CO2-
adsorption capacity. However, the pore volume and specific surface area for the aerogel
modified with 15% PEI is lower than the aerogels containing 2% APTMS and 5% PEI, so
that high sorption capacity was observed. Therefore, besides sorbents physical/textural
properties such as a high pore volume and surface area, the effect of amine loading is
significant in achieving higher CO2 sorption capacity.
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The modification of porous support material with ionic liquids (ILs) has become
the main topic of many studies due to the high CO2-sorption capacity of ILs. Garip and
Gizli [41] added ionic liquid (1-Ethyl-3-methylimidazolium bis (trifluoromethylsulfonyl)
imide) to their amine-based silica aerogels to improve CO2-capture performances of the pre-
pared aerogels and achieved an adsorption capacity of 5.53 mmol·g−1. Besides supported
amines, supported potassium carbonate (K2CO3) has been considered as a potential sorbent
for CO2 capture due to its low cost and high CO2-capture capacity. Zhao et al. prepared
K2CO3-modified silica aerogels using commercialized silica aerogels [49,50]. However,
they found that the sorbent showed low CO2-adsorption capacity (0.15 mmol·g−1), due to
a large amount of hydrophilic group existing in commercialized silica aerogels. Therefore,
in another study, they synthesized modified silica aerogels with a sol-gel method using
tetraethoxysilane (TEOS) as a precursor and carried out impregnation with K2CO3, and
improved the CO2-capture capacity to 0.53 mmol·g−1 [51].

The precursors, as well as modification groups of silica aerogels, in addition to their
CO2 capacity as the output of aerogels mentioned in this section, are summarized in
Table 1.

Table 1. CO2 capture by amine–silica aerogels.

Precursor Amine Type, Amine
Conc. [wt.%] Modification Method

Adsorption Capacity
[mmol·g−1] & Adsorption

Conditions
References

TEOS TEPA, 80wt.% Impregnation 6.1 at 25 ◦C and 1 bar [6]

TEOS mono, di, and tri-amine
trialkoxysilanes Grafting 0.67–1.64 at 25 ◦C, 100% CO2,

1 bar) [52]

TEOS TEPA, 80wt.% Impregnation 5.1 at 75 ◦C under a dry 10%
CO2/Ar stream [34]

TEOS (APTES and TEOS
ratio:1:2) APTES Grafting 1.95 at 25 ◦C and 1 bar [38]

TMOS APTMS 2 wt.%/
PEI 15 wt.%

Grafting/
Impregnation

0.67
1.16 at 50 ◦C [48]

TMOS APTMS, 1.44 wt.% co- condensation &
post treatment 0.523 at 250 Pa [45]

TEOS Mono-APTMS
Tri-APTMS Grafting 0.52–1.07 at 250 Pa moist air [46]

MTMS (MTMS and
APTES:1:1),

DMDMS 4 nmol
APTES: 1 mol ratio One-pot 6.45 at 1 bar of dry CO2 [37]

TEOS APTES, 24 wt.% + IL,
28 wt.% One-pot 5.53 at 25 ◦C and 1 bar [41]

TEOS PEI, 45wt.% Grafting 1.8 at 25 ◦C and 1 bar [11]

TEOS, Na2CO3 (mole
ratio:1:1) APTES: 1 mol ratio Direct 2.51 at 50 ◦C (H2O/CO2 = 1:1) [29]

Na2SiO3 coated on
Al2O3 membrane Fluoroalkylsilane (FAS) Grafting 1.5 at 25 ◦C and 1 bar [24]

Based on the results from Table 1, both sorbent Classes I and II show promising results
for CO2 capture. Although physical modification of amine is easier and usually shows
better CO2 adsorption, after cycling and regeneration steps, there is the possibility of
removing Class I amines after regeneration and illustrating poor cycling performance [2].
From Table 1, it can be observed the silicon alkoxides as a precursor for preparing silica
aerogel can perform better for CO2 capture; however, using Na2SiO3 as silica aerogel
precursor can decrease the cost of aerogel production. Between the studies listed in Table 1,
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the hydrophobic silica aerogel prepared by Fan et al. with high CO2 adsorption capacity
could indeed be a promising candidate for scale up, as their aerogel was flexible featuring
high mechanical strength and hydrophobic character. Moreover, their aerogel was prepared
by the one-pot method, which is not only a low-cost method, but also adding APTES in
the sol-gel process can largely remove the underlying process’s need for a catalyst, as the
APTES itself acts as an internal catalyst.

3. Organic Aerogels

The term “organic aerogel” refers to many different kinds of aerogels with prop-
erties arising from the polymer, which makes an organic aerogel generally less fragile
than inorganic aerogels. This type of aerogel is divided generally into two categories of
synthetic and bio-based. The development of bio-based sorbent which demonstrates high
CO2-adsorption capacity is a promising alternative vis-à-vis inorganic aerogels.

Organic aerogels can be made from Resorcinol/Formaldehyde (RF) [53–56], 2,4-
dihydroxybenzoic acid (DHBA)/F [57], Phenol/Formaldehyde (P/F), Melamine/F (MF) [58],
Polyurethane-Dichloromethane [59], Cresol/Formaldehyde (CF) [60], RF/CTAB [55],
Pararosaniline base (PAB) and 1,3,5-triformylbenzene (TFB), Phloroglucinol-formaldehyde
(FPOL) [61], Phloroglucinol-terephthalaldehyde (TPOL) [61], Poly(vinyl alcohol) PVA aero-
gels [62], Carbon nanotubes (CNT) [63], and Graphene [64–70]. Different catalysts are
usually used to prepare RF aerogel [71].

Masika and Mokaya developed a simple method to prepare high-surface-area carbon
aerogels (CAs) from Melamine-Formaldehyde (M/F) resins, via metal-salt (CaCl2) tem-
plating without any activation [58]. The metal salt acts as a porogen to generate carbon
aerogels with a high surface area of up to 1100 m2·g−1, which exhibit high CO2 uptake
of up to 2.2 mmol·g−1 at atmospheric conditions. Marques et al. obtained 2.15 mmol·g−1

capacity of CAs using DHBAF and RF as precursors [57].
Carbon aerogels are organic aerogels that undergo a step of calcination and activation

for sorption purposes [72]. To generate highly porous carbon materials, CAs are subjected
typically to a physical or chemical activation process. Physical activation is applied by
exposing the carbon precursor to high temperatures in the presence of steam or an oxidising
gas (e.g., carbon dioxide). In this step, aerogel is exposed to high temperature—even higher
so than pyrolysis temperatures to form the gel (usually above 600 ◦C)—and atmospheric
pressure with/without an inert atmosphere of N2 or Ar to decompose some volatile mate-
rials and enhances the network with pure metal oxides [54,73]. The pyrolysis temperature
can significantly alter the final properties of aerogels as the product. For instance, a lower
pyrolysis temperature (e.g., 600 ◦C) usually increases surface area, whereas higher temper-
atures can decrease the surface area, and, consequently, the double-layer capacitance [74].
Liu et al. investigated the effect of calcination temperatures (600 ◦C to 900 ◦C) on the pore
and surface properties of CAs prepared for CO2 adsorption [75]. It was found that the
surface area, and, consequently, CO2-adsorption capacity, firstly increased by increasing
temperature, and 800 ◦C is the optimum calcination temperature; beyond that, the surface
area and CO2-capacity decrease with further temperature increases.

For chemical activation, an activating reagent impregnates onto a carbon precursor
and is then subjected to high temperatures in an oxygen-free environment. For chemical
activation, agents such as KOH, NaOH, are mixed with the precursors, and then heat treat-
ment is applied in an inert atmosphere at different temperatures [76]. Comparing physical
and chemical activation, the activation of gaseous activator CO2 is easier because no effort
is required at post-treatment stage to remove residual solid activators, such as NaOH or
KOH [77]. Robertson and Mokaya prepared high surface-area-activation carbon aerogels
with activation at 600, 700, and 800 ◦C, as well as chemical activation with KOH [76]. They
showed that the activation temperature and KOH/carbon ratio affect the textual properties
of CAs and CO2 uptake. The activated CAs showed CO2-adsorption capacity between
2.7 and 3.0 mmol·g−1 under flowing pure CO2 and atmospheric conditions. Scheme 6
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illustrates the synthesis and activation of carbon aerogel from RF as the most common
precursor used in CAs.
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Scheme 6. Synthesis and activation of carbon aerogel.

Although the abovementioned activation methods only affect the textual properties of
carbon aerogel, modifying CAs by amines has also proven to be promising for achieving
effective CO2 adsorption [28]. Oxidation, and other side reactions, may occur that affect
the performance of these aerogels due to amine volatilisation and urea formation. The
maximum amine loading in the impregnation of carbon aerogels can be higher than 85%
wt, without blocking the pores for CO2 diffusion into the bulk of the adsorbent [63].

In the sol-gel reaction of RF aerogel, APTES can play the role of internal catalyst not
only to drive the sol-gel reaction but also for the reactant to form a gel framework/network.
Reactions between APTES and RF are shown in Scheme 7. Under basic conditions, building
Si–O–C linkage, the hydrolysed species of APTES (Si-OH) reacts with hydroxymethylated
R (Scheme 7a). To build Si–O–Si linkage, Si-OH of APTES could react with each other
(Scheme 7b) [78].
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Marques used ten different amines (2-Amino-2-methyl-1,3-propanediol (AMPD),
Ethanolamine, Pentaethylenehexamine, Tetraethylenepentamine TEPA, N,N′-bis(3-aminop-
ropyl)-1,3-propanediamine TPTA, Triethylenetetramine TETA, Diethylenetriamine DETA,
Polyethylenimine, ethylenediamine branched PEI, Hexamethylenetetramine,1,4-Diazabi-
cyclo(2,2,2)octane) modified onto two types of carbon aerogel to analyse the capacity of
each sample for CO2 desorption [8]. Gromov et al. prepared a series of ultra-light aerogels
with mechanical, chemical, and thermal stabilities of oxidized carbon nanotubes and cross-
linked polyvinyl alcohol, and examined them as amine impregnated solid supports for CO2
capture [63]. Their PEI-impregnated aerogels demonstrated CO2 capacity of 3.3 mmol·g−1
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in a dilute gas stream. In another study done by Chen et al., TEPA was used for modifying
CAs, which demonstrated high CO2 adsorption of up to 4.1 mmol·g−1 at 75 ◦C under
10 v% CO2/N2 flow [79]. Moreover, amine modification of CNF aerogels could improve
CO2-adsorption capacity, owing to the abundance of hydroxyl groups on CNF. For exam-
ple, the aminated nanocellulose aerogel prepared by Zhang et al. achieved an adsorption
capacity of the modified nanocellulose aerogel for CO2 (1.59 mmol·g−1), increasing by
7.4 times compared with that of the pristine one (0.19 mmol·g−1). Yang et al. prepared
CA–K2CO3 nanocomposites by impregnation of K2CO3 nanocrystals into CAs [80]. Their
CA–K2CO3 aerogel prepared from a CA with 7 nm pores exhibited CO2 capture capacity
of 2.45 mmol·g−1. Xie et al. synthesized CAs, activated with KOH and amine modification
(PEI and TEPA). The highest adsorption capacity of 2.06 mmol·g−1 observed for 55 wt.%
(PEI)-loaded on activated CA was at the activation mass ratio KOH to CA of 1.

There is a good deal of research on the incorporation of nitrogen atoms into the sur-
face of pores to enhance the adsorption capacity of CA. Ello et al. prepared CAs from
a nitrogen-containing polymer precursor using urea as a nitrogen source into the poly-
mer [53]. They showed that the N-doped carbon aerogel has a different structure from
the non-N-doped carbon aerogel, and, consequently, adsorbs more CO2. Their developed
N-doped CA achieved CO2-adsorption capacity up to 3.6 mmol·g−1 at atmospheric con-
ditions. Jeon et al. prepared N-doped CAs with CO2 capture capacity of 2.68 mmol·g−1

(at resorcinol/melamine = 1:0.3) [81]. They found the amount of melamine plays a crucial
role in determining the CO2-capture capacity as further increasing nitrogen content (with
introducing the melamine), decreasing the surface area and the pore volume of CAs due to
occupation of pore spaces by nitrogen.

Although these previous studies demonstrate promising results for adsorption of
CO2, there are still some limitations for application on large scales. Their precursors are
commonly not from renewable sources and their production is costly [82]. Therefore,
sustainable and biomass-derived products, such as lignin, alginate, protein, chitosan [65],
cellulose [83], as bio-based organic precursors for CO2 sorbents have recently attracted
great attention due to their renewable and environmentally friendly nature.

Zhuo et al. produced a porous cellulose aerogel with a high specific surface area
and excellent super capacitance [77]. Their cellulose-derived hierarchical porous carbon
aerogel showed a good CO2-adsorption capacity of 3.42 mmol·g−1 at ambient pressure and
temperature. Miao et al. have used the old corrugated containers (OCCs) as raw materials
to synthesize a series of aerogels with varying cellulose concentrations in NaOH/urea
solution via a freeze-drying process. To produce purified cellulose, they treated OCCs in
KOH, lignin and hemicellulose. The resulting aerogels had a rich porous structure with a
CO2 capture capacity of 1.96–11.78 mmol·g−1 at ambient temperature and pressure.

For aerogels derived from cellulose, there is low carbon content and the absence of
aromatic structures in the precursor, which limits scope achieving a high capacity of CO2.
Therefore, developing new precursors for carbonaceous aerogels from environmentally
sustainable and renewable and sustainable sources featuring tunable structure is required
as a CO2 sorbent. Geng et al. developed a new type of carbon aerogel (LTCAs) with a
hierarchical anisotropic porous structure derived from kraft lignin/TOCNF precursors
(extracted from softwood powder) which demonstrated CO2-adsorption capacity up to
5.23 mmol·g−1 at atmospheric conditions [82]. They controlled the structure of their CAs
by adjusting carefully the weight ratio of lignin to cellulose nano-fibres in the precursors,
which affect their final porosity and surface area.

Table 2 synopsizes the various studies mentioned in this section, including their
precursors, activation methods and, of course, CO2-adsorption capacity.
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Table 2. CO2 capture by organic aerogels.

Precursor Carbonization/Activation Adsorption Capacity (mmol·g−1) References

RF Carbonized at 1050 ◦C 6.43 at 0 ◦C, 1 bar [56]

RF/CTAB Carbonized at 800 ◦C 4.19 at 0 ◦C and atmospheric pressure [75]

DHBA/F AMPD 1.59 at 35 ◦C and atmospheric pressure [8]

PAB/TFB N-doped
Pyrolysis at 1000 ◦C

6.1 at 0 ◦C, 1 bar,
33.1 at 50 ◦C, 30 bar [84]

RF Activation at 800 ◦C (KOH carbon ratio
of 5) 2.7–3.0 at 25 ◦C, 1 bar [76]

MMT-CTS- PBZ Pyrolysis at at 800 ◦C 5.72 at 25 ◦C, 1 bar [85]

RF N-doped, Melamine 2.68 at 25 ◦C, 1 bar [81]

carbon nanotubes/PVA 75–83% PEI 3.3 ± 0.3 at 25 ◦C, 1 bar [63]

PF, RF, FPOL and TPOL Pyrolytic at 800 ◦C Etching at 1000 ◦C 14.8 ± 3.9 at 25 ◦C, 1 bar [61]

DHBA/F
RF Carbonisation at 800 ◦C 1.2–2.14 at 25 ◦C, 1 bar [57]

RF N-doped, Urea
Carbonisation at 800 ◦C 3.6 at 25 ◦C and 4.5 at 25 ◦C, 1 bar [53]

Melamine/F Activation at 800 ◦C
KOH/carbon ratio = 2 2.2 at 25 ◦C, 1 bar [58]

Cellulose N-doped, Urea
Activation at 800 ◦C 3.42 at 25 ◦C, 1 bar [77]

RF Impregnation of K2CO3
Carbonisation at 900 ◦C 2.45 at 25 ◦C, 1 bar [80]

RF/CTAB
Activation at 900 ◦C

KOH (ratio to CA: 1), 55 wt.% PEI
60 wt.% TEPA

2.06–2.84 at 75 ◦C, 1 bar [55]

Amongst all organic aerogels listed in Table 2, the etched CAs prepared by Majedi
far et al. show the highest CO2-sorption capacity up to 14.8 ± 3.9 mmol·g−1 due to
their extremely high surface area created by etching [61]. However, between the organic
aerogels, bio-based aerogels such as celluloses have recently attracted much attention with
excellent properties, such as being environmentally friendly, renewable, biocompatible,
biodegradable, as well as being inexpensive.

4. Hybrid Aerogels

Hybrid aerogels are materials, the structures of which are formed by two solid phases
of different chemical compositions that interact with each other at the molecular level via
strong covalent links—for example, mixtures of inorganic and organic moieties. Hybrid
aerogels represent an attractive and novel class of aerogels that inherit from the individual
components and can allow for applications that would hardly be possible with only a
single component. Hybrid aerogel organic-inorganic bridged alkoxysilanes can improve the
mechanical performance of aerogels [22]. At first, hybrid aerogels were advanced based on
isocyanate-crosslinked vanadia aerogels [86], CuO resorcinol–formaldehyde aerogels [87],
and epoxy/polystyrene-linked SiO2 aerogels with upgraded mechanical properties [88].
For hybrid aerogels, successful mixtures can be obtained with organic polymers capable of
forming covalent or hydrogen bonding [89]. Indeed, one important direction in predictive
materials design, which may be set to allow for the systematic appraisal of different types of
chemical bonding, lies in preliminary computer-aided materials design leverages Density
Functional Theory, which allows for careful and systematic comparison of families of
promising molecular scaffolds and appraisal of all types of chemical/physical bonding in
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materials at different levels of DFT treatment and judicious comparison and optimisation
with experiment [90,91].

Kong et al. proposed a series of hybrid aerogels modified by amine with a one-
step preparation method which is simple, cost-effective and demonstrated promising
CO2 capture. They developed an amine hybrid resorcinol-formaldehyde/silica compos-
ite aerogel (AH-RFSA) with a facile method which showed a CO2-adsorption capacity
of 1.80–4.43 mmol·g−1 [92]. By using the resorcinol, formaldehyde, anhydrous sodium
carbonate, they developed a new type of hybrid aerogel (AFMSiCA) [93]. Their amine-
functionalized monolithic silicon-carbide aerogels were tested as sorbent and showed CO2
uptake of 1.81 mmol·g−1. In another study, they synthesized amine hybrid silsesquioxane
aerogel hybrid aerogels via a one-pot method using TEOS as a precursor and APTES as a
modification group (AHSA) [94]. In reaction, TEOS is much slower than APTES, and thus
affects negatively the surface amine content of amine hybrid silica aerogel. To compensate
for that, in another study, they used tetra-n-butyl titanate (TBT), a more reactive transition
metal-based precursor along with APTES to synthesize amine hybrid titania/silsesquioxane
composite aerogel (AHTSA) as a CO2 adsorbent [95]. In their one-pot method to prepare
AHTSA hybrid aerogel, TBOT/APTES/EtOH/W was used without requiring any catalyst,
because APTES acted as an “internal catalyst” in the sol-gel process [95]. According to
Scheme 8, APTES controls the hydrolysis and condensation steps due to the nucleophilic
activation of Si and Ti atoms by the N lone pair [95]. In the hydrolysis step, first, TBOT
and APTES make an unstable transition state TS1 and TS2 and at the end, M–OH was
formed by leaving alcohol. In the condensation step, by assisting -NH2 as the catalyst, the
anion intermediate (≡M-O−) attacks Si or Ti atom of another hydrolyzed species to builds
M–O–M linkages [95] (Scheme 8).
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In another investigation, they prepared a new amine hybrid zirconia/silsesquioxane
composite aerogel (AHZSA) from mixing the Zirconium(IV) n-propoxide as a precursor
with APTES, which showed a CO2-capture capacity of 2.7 mmol·g−1 [96].

Wang et al. prepared an inorganic-organic hybrid aerogel from sol-gel polymerisation
of bridged silane precursors [33]. As shown in Scheme 9, silsesquioxane precursor from
(3-mercaptopropyl)trimethoxysilane (MPTMS) and vinyltrimethoxysilane (VTMS) were
formed. Improved mechanical properties and the facile, low-cost preparation procedure
(vacuum-drying) provide the possibility of applications of this aerogel for CO2 capture.
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Nanocellulose−silica aerogel can be prepared by the two-step gelation−impregnation
process or one-step homogeneous dispersion and simultaneous gelation of nanocellulose
and silica precursor such as TEOS and methyltrimethoxysilane. Jiang et al. 2018 use
CNFs/Na2SiO3 composition as precursors and freeze-dried produced hybrid aerogel with
ultralow density, high specific surface and pore volume with the capability of capturing
CO2 with an adsorption capacity of 1.49 mmol·g−1 [97]. Alhwaige et al. [98] synthesized
chitosan aerogels with graphene-oxide nanosheets. A CO2-capture capability of up to
4.14 mmol·g−1 was observed by using their hybrid aerogels. The same group reported
CO2-adsorption capacity of up to 5.72 mmol·g−1 at atmospheric conditions achieved
by their CAs prepared from biobased chitosan-polybenzoxazine (CTS-PBZ) and sodium
montmorillonite (Na-MMT) as a precursor [85].

Table 3 shows that similar to silica aerogels and carbon aerogels, amines could be used
for modification of hybrid aerogels, and, although less studied at present, this represents a
promising future avenue of research.

Table 3. CO2 capture by hybrid aerogels.

Precursor Activating Group Adsorption Capacity (mmol·g−1) References

CTS–GO (hybrid monolith aerogels of
chitosan-Graphene oxide) aerogel - 1.92–4.15 [98]

AHSA (Monolithic + SiC) APTES 2.69 at 30 ◦C [94,99,100]

AHTSA titania + silsesquioxane APTES 4.19 at 30 ◦C [95]

AHZSA Zirconia + Silica APTES 2.7 at 30 ◦C [96]

AH-RFSA APTES 3.57 at 30 ◦C [78,92]

AFMSiCA APTES 1.81 at 25 ◦C [93]

CNT + PVA APTES 3.3 at 25 ◦C [63]

MMPTMS, VTMS PEI 0.35 mol·L−1,
Impregnation

3.3 at 25 ◦C [33]

5. Conclusions

The application of aerogels to capture CO2 is quite promising, owing to their desirable
properties, such as high porosity, high surface area, and low density. Amongst all types
of aerogels, silica, carbon, polymer, and natural-based (i.e., cellulose) aerogels are mostly
applied for environmental cleaning and capturing CO2, owing to their distinctive physico-
chemical properties. Considering the versatility of sol-gel processing, the microstructural
patterns, composition, and surface chemistry of aerogels can be tailored by sol-gel pa-
rameters and different types of precursors for applications of CO2 capture. Therefore,
the selection of the appropriate precursor and optimum parameters are very important
to ensure the quality of aerogels. For silica aerogel organosilane (co)precursors, such as
methyltri(m)ethoxysilane (MTES, MTMS), dimethyldi(m)ethoxysilane (DMDES, DMDMS),
and also trimethylethoxysilane (TMES) as hydrophobic precursors, these not only increase
the life of aerogels but also, importantly, enable ambient-pressure drying as a potentially
more cost-effective alternative to supercritical drying. Moreover, they minimize the ther-
mal energy required for the regeneration of aerogel as a CO2 adsorbent. As a low-cost
alternative precursor for silica aerogel, sodium metasilicate is a good candidate suitable
for large scale applications. Although traditional aerogels illustrated promising results
for CO2 capture, recently there has been more interest in renewable carbon resources with
adjustable structures that are environmentally sustainable with remarkable performance
in the relevant applications. Accordingly, recent investigations have focused on using
aerogels as new CO2-capture materials by controlling the chemo-physical properties of
different types of aerogels. New advanced materials stemming from recent and exciting
developments in materials science provide new opportunities for growth prospects through
the support of new existing industrial and commercial products and processes. Indeed,
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from the materials perspective, hybrid materials with the possibility of combinations of
different polymer matrices and synthesising hybrid aerogels with combinations of non-
aerogel materials (e.g., fibres, particles, textiles) offer a promising candidate for aerogel in
the application of CO2 capture.

Generally, amines are the most used modification group, enhancing the sorption ca-
pacity of CO2 sorbent, and the amine types and content of aerogels determine the sorption
performance of amine-modified aerogels. Functionalization of the surface can be achieved
by physically mixing; however, this method is limited because the involved molecules can
be washed off the surface. Employing a chemical reaction, more sophisticated and selec-
tive surfaces can be obtained. In a one-pot method—a simple and environment-friendly
method—the amine can perform the role of catalyst for the sol-gel process. For many
CO2-capture approaches, recent studies have indicated that ionic liquids have attracted at-
tention for absorbing CO2 by either physical or chemical absorption. This may be expected
to provide different and diverse advantages for future aerogel studies, and represents an
important new direction.

Aerogel research is still developing and enjoying significant activity now. It is to
be hoped that this will motivate more researchers to focus on the preparation of novel
single-component aerogels towards the ultimate goal of ambitious materials design of
composite aerogels and their applications in CO2 capture.

Author Contributions: Conceptualization, L.K., M.R.G. and N.J.E.; investigation, L.K., M.R.G.;
writing—original draft preparation, L.K.; writing—review and editing, L.K., M.R.G. and N.J.E.;
supervision, M.R.G. and N.J.E.; funding acquisition, N.J.E. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by Enterprise Ireland, grant number CF-2019 1198, and also
supported by Gas Networks Ireland and Science Foundation Ireland (I-Form Centre) under the
Targeted-Project framework (SFI reference: 16/RC/3872).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Acknowledgments: N.J.E. thanks Enterprise Ireland for funding (CF-2019 1198).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. García-González, C.A.; Camino-Rey, M.C.; Alnaief, M.; Zetzl, C.; Smirnova, I. Supercritical drying of aerogels using CO2: Effect

of extraction time on the end material textural properties. J. Supercrit. Fluids 2012, 66, 297–306. [CrossRef]
2. Keshavarz, L.; Ghaani, M.R.; MacElroy, J.M.D.; English, N.J. A comprehensive review on the application of aerogels in CO2-

adsorption: Materials and characterisation. Chem. Eng. J. 2021, 412, 128604. [CrossRef]
3. Cakmak, O.K.; Hassan, K.T.; Wang, J.; Han, X.; Šiller, L. Synthesis of sodium silicate-based silica aerogels with graphene oxide by

ambient pressure drying. J. Porous Mater. 2021, 1–8. [CrossRef]
4. Shen, J.; Zhang, Z.; Wu, G.; Zhou, B.; Ni, X.; Wang, J. Preparation and Characterization of Silica Aerogels Derived from Ambient

Pressure. J. Mater. Sci. Technol. 2006, 22, 798–802.
5. Muhammad, A.; Lee, D.; Shin, Y.; Park, J. Recent progress in polysaccharide aerogels: Their synthesis, application, and future

outlook. Polymers 2021, 13, 1347. [CrossRef] [PubMed]
6. Linneen, N.N.; Pfeffer, R.; Lin, Y.S. Amine distribution and carbon dioxide sorption performance of amine coated silica aerogel

sorbents: Effect of synthesis methods. Ind. Eng. Chem. Res. 2013, 52, 14671–14679. [CrossRef]
7. Begag, R.; Krutka, H.; Dong, W.; Mihalcik, D.; Rhine, W.; Gould, G.; Baldic, J.; Nahass, P. Superhydrophobic amine functionalized

aerogels as sorbents for CO2 capture. Greenh. Gases Sci. Technol. 2013, 3, 30–39. [CrossRef]
8. Marques, L.M.; Carrott, P.J.M.; Carrott, M.M.L.R. Amine-Modified Carbon Aerogels for CO2 Capture. Adsorpt. Sci. Technol. 2013,

31, 223–232. [CrossRef]
9. Chen, C.; Zhang, S.; Row, K.H.; Ahn, W.S. Amine—Silica composites for CO2 capture: A short review. J. Energy Chem. 2017, 26,

868–880. [CrossRef]
10. Kamran, U.; Park, S.J. Chemically modified carbonaceous adsorbents for enhanced CO2 capture: A review. J. Clean. Prod. 2021,

290, 125776. [CrossRef]
11. Fang, Q.; Huang, W.; Wang, H. Role of additives in silica-supported polyethylenimine adsorbents for CO2 adsorption.

Mater. Res. Express 2020, 7, 035026. [CrossRef]

http://doi.org/10.1016/j.supflu.2012.02.026
http://doi.org/10.1016/j.cej.2021.128604
http://doi.org/10.1007/s10934-021-01103-2
http://doi.org/10.3390/polym13081347
http://www.ncbi.nlm.nih.gov/pubmed/33924110
http://doi.org/10.1021/ie401559u
http://doi.org/10.1002/ghg.1321
http://doi.org/10.1260/0263-6174.31.2-3.223
http://doi.org/10.1016/j.jechem.2017.07.001
http://doi.org/10.1016/j.jclepro.2020.125776
http://doi.org/10.1088/2053-1591/ab80eb


Molecules 2021, 26, 5023 18 of 21

12. Sun, T.; Fan, H.; Wang, Z. Hydrophobic monolithic silica with abundant pore as efficient adsorbent for organic contaminants
removal. J. Mater. Sci. 2013, 48, 6713–6718. [CrossRef]

13. Lin, Y.F.; Lin, Y.J.; Lee, C.C.; Lin, K.A.; Chung, T. Synthesis of mechanically robust epoxy cross-linked silica aerogel membranes
for CO2 capture. J. Taiwan Inst. Chem. Eng. 2018, 87, 117–122. [CrossRef]

14. Chen, Y.; Shao, G.; Kong, Y.; Shen, X.; Cui, S. Facile preparation of cross-linked polyimide aerogels with carboxylic functionaliza-
tion for CO2 capture. Chem. Eng. J. 2017, 322, 1–9. [CrossRef]

15. Kanamori, K. Handbook of Sol-Gel Science and Technology; Springer: Berlin/Heidelberg, Germany, 2017; pp. 1–22.
16. Schwertfeger, F.; Frank, D.; Schmidt, M. Hydrophobic waterglass based aerogels without solvent exchange or supercritical drying.

J. Non. Cryst. Solids 1998, 225, 24–29. [CrossRef]
17. Nakanishi, K.; Minakuchi, H.; Soga, N.; Tanaka, N. Structure Design of Double-Pore Silica and Its Application to HPLC.

J. Sol-Gel Sci. Technol. 1998, 13, 163–169. [CrossRef]
18. Wagh, P.B.; Begag, R.; Pajonk, G.M.; Rao, A.V.; Haranath, D. Comparison of some physical properties of silica aerogel monoliths

synthesized by different precursors. Mater. Chem. Phys. 1999, 57, 214–218. [CrossRef]
19. Solimani, A.; Dorcheh, A.S.; Abbasi, M.H. Silica Aerogel; Synthesis, Properties and Characterization. J. Mater. Process. Technol.

2008, 199, 10–26. [CrossRef]
20. Harreld, J.H.; Ebina, T.; Tsubo, N.; Stucky, G. Manipulation of pore size distributions in silica and ormosil gels dried under

ambient pressure conditions. J. Non. Cryst. Solids 2002, 298, 241–251. [CrossRef]
21. Nadargi, D.Y.; Latthe, S.S.; Hirashima, H.; Rao, A.V. Studies on rheological properties of methyltriethoxysilane (MTES) based

flexible superhydrophobic silica aerogels. Microporous Mesoporous Mater. 2009, 117, 617–626. [CrossRef]
22. Maleki, H.; Durães, L.; Portugal, A. An overview on silica aerogels synthesis and different mechanical reinforcing strategies.

J. Non. Cryst. Solids 2014, 385, 55–74. [CrossRef]
23. Yun, S.; Luo, H.; Gao, Y. Superhydrophobic silica aerogel microspheres from methyltrimethoxysilane: Rapid synthesis via ambient

pressure drying and excellent absorption properties. RSC Adv. 2014, 4, 4535–4542. [CrossRef]
24. Lin, Y.; Syu, C.; Huang, K.; Lin, K.A. Synthesis of silica aerogel membranes using low-cost silicate precursors for carbon dioxide

capture. Chem. Phys. Lett. 2019, 726, 13–17. [CrossRef]
25. Sarawade, P.B.; Kim, J.K.; Hilonga, A.; Kim, H.T. Production of low-density sodium silicate-based hydrophobic silica aerogel

beads by a novel fast gelation process and ambient pressure drying process. Solid State Sci. 2010, 12, 911–918. [CrossRef]
26. Pisal, A.A.; Rao, A.V. Comparative studies on the physical properties of TEOS, TMOS and Na2SiO3 based silica aerogels by

ambient pressure drying method. J. Porous Mater. 2016, 23, 1547–1556. [CrossRef]
27. Pignataro, B.; Licciardello, A.; Cataldo, S.; Marletta, G. SPM and TOF-SIMS investigation of the physical and chemical modification

induced by tip writing of self-assembled monolayers. Mater. Sci. Eng. 2003, 23, 7–12. [CrossRef]
28. English, N.J.; El-Hendawy, M.M.; Mooney, D.A.; MacElroy, J.M.D. Perspectives on atomospheric CO2 fixation in inorganic and

biomimetic structures. Coord. Chem. Rev. 2014, 269, 85–95. [CrossRef]
29. Yu, F.; Wu, Y.; Zhang, W.; Cai, T.; Xu, Y.; Chen, X. A novel aerogel sodium-based sorbent for low temperature CO2 capture.

Greenh. Gases Sci. Technol. 2016, 6, 561–573. [CrossRef]
30. Wang, W. Novel Freeze-dried Amine Functionalised 2D/3D Assemblies of Graphene and Mesoporous Silica for CO2 Capture.

Ph.D. Thesis, The University of Queensland, Saint Lucia, Australia, 2019.
31. Qi, G.; Fu, L.; Duan, X.; Choi, B.H.; Abraham, M.; Giannelis, E.P. Mesoporous amine-bridged polysilsesquioxane for CO2 capture.

Greenh. Gases Sci. Technol. 2011, 1, 278–284. [CrossRef]
32. Qi, G.; Wang, Y.; Estevez, L.; Duan, X.; Anako, N.; Park, A.A.; Li, W.; Jones, W.; Giannelis, E.P. High efficiency nanocomposite

sorbents for CO2 capture based on amine-functionalized mesoporous capsules. R. Soc. Chem. 2011, 4, 444–452. [CrossRef]
33. Wang, Z.; Dai, Z.; Wu, J.; Zhao, N.; Xu, J. Vacuum-dried robust bridged silsesquioxane aerogels. Adv. Mater. 2013, 25, 4494–4497.

[CrossRef] [PubMed]
34. Linneen, N.; Pfeffer, R.; Lin, Y.S. CO2 capture using particulate silica aerogel immobilized with tetraethylenepentamine.

Microporous Mesoporous Mater. 2013, 176, 123–131. [CrossRef]
35. Wang, L.; Yao, M.; Hu, X.; Hu, G.; Lu, J.; Luo, M.; Fan, M. Amine-modified ordered mesoporous silica: The effect of pore size on

CO2 capture performance. Appl. Surf. Sci. 2015, 324, 286–292. [CrossRef]
36. Linneen, N. Synthesis and Carbon Dioxide Adsorption Properties of Amine Modified Particulate Silica Aerogel Sorbents; Arizona State

University: Tempe, AZ, USA, 2014.
37. Fan, H.; Wu, Z.; Xu, Q.; Sun, T. Flexible, amine-modified silica aerogel with enhanced carbon dioxide capture performance.

J. Porous Mater. 2016, 23, 131–137. [CrossRef]
38. Cui, S.; Cheng, W.; Shen, X.; Fan, M.; Russell, A.T.; Wu, Z.; Yi, X. Mesoporous amine-modified SiO2 aerogel: A potential CO2

sorbent. Energy Environ. Sci. 2011, 4, 2070–2074. [CrossRef]
39. Begag, R. Bench Scale Development and Testing of Aerogel Sorbents for CO2 Capture Final Technical Report; Pittsburgh, P.A., Morgantown,

W.V., Eds.; Aspen Aerogels: Northborough, MA, USA, 2017.
40. Amonette, J.E.; Matyáš, J. Functionalized silica aerogels for gas-phase purification, sensing, and catalysis: A review. Microporous

Mesoporous Mater. 2017, 1–49. [CrossRef]
41. Garip, M.; Gizli, N. Ionic liquid containing amine-based silica aerogels for CO2 capture by fixed bed adsorption. J. Mol. Liq. 2020,

310, 113227. [CrossRef]

http://doi.org/10.1007/s10853-013-7472-9
http://doi.org/10.1016/j.jtice.2018.03.019
http://doi.org/10.1016/j.cej.2017.04.003
http://doi.org/10.1016/S0022-3093(98)00102-1
http://doi.org/10.1023/A:1008644514849
http://doi.org/10.1016/S0254-0584(98)00217-X
http://doi.org/10.1016/j.jmatprotec.2007.10.060
http://doi.org/10.1016/S0022-3093(01)01051-1
http://doi.org/10.1016/j.micromeso.2008.08.025
http://doi.org/10.1016/j.jnoncrysol.2013.10.017
http://doi.org/10.1039/C3RA46911E
http://doi.org/10.1016/j.cplett.2019.04.017
http://doi.org/10.1016/j.solidstatesciences.2010.01.032
http://doi.org/10.1007/s10934-016-0215-y
http://doi.org/10.1016/S0928-4931(02)00227-8
http://doi.org/10.1016/j.ccr.2014.02.015
http://doi.org/10.1002/ghg.1578
http://doi.org/10.1002/ghg.26
http://doi.org/10.1039/C0EE00213E
http://doi.org/10.1002/adma.201301617
http://www.ncbi.nlm.nih.gov/pubmed/23784876
http://doi.org/10.1016/j.micromeso.2013.02.052
http://doi.org/10.1016/j.apsusc.2014.10.135
http://doi.org/10.1007/s10934-015-0062-2
http://doi.org/10.1039/c0ee00442a
http://doi.org/10.1016/j.micromeso.2017.04.055
http://doi.org/10.1016/j.molliq.2020.113227


Molecules 2021, 26, 5023 19 of 21

42. Minju, N.; Nair, B.N.; Mohamed, A.P.; Ananthakumar, S. Surface engineered silica mesospheres—A promising adsorbent for CO2
capture. Sep. Purif. Technol. 2017, 181, 192–200. [CrossRef]

43. Santos, A.; Ajbary, M.; Kherbeche, A.; Piñero, M.; De La Rosa-Fox, N.; Esquivias, L. Fast CO2 sequestration by aerogel composites.
J. Sol-Gel Sci. Technol. 2008, 45, 291–297. [CrossRef]

44. Santos, A.; Ajbary, M.; Morales-Flórez, V.; Kherbeche, A.; Piñero, M.; Esquivias, L. Larnite powders and larnite/silica aerogel
composites as effective agents for CO2 sequestration by carbonation. J. Hazard. Mater. 2009, 168, 1397–1403. [CrossRef]

45. Wörmeyer, K.; Alnaief, M.; Smirnova, I. Amino functionalised Silica-Aerogels for CO2-adsorption at low partial pressure.
Adsorption 2012, 18, 163–171. [CrossRef]

46. Wörmeyer, K.; Smirnova, I. Adsorption of CO2, moisture and ethanol at low partial pressure using aminofunctionalised silica
aerogels. Chem. Eng. J. 2013, 225, 350–357. [CrossRef]

47. Wu, Y.; Zhang, Y.; Chen, N.; Dai, S.; Jiang, H.; Wang, S. Effects of amine loading on the properties of cellulose nanofibrils aerogel
and its CO2 capturing performance. Carbohydr. Polym. 2018, 194, 252–259. [CrossRef] [PubMed]

48. Minju, N.; Abhilash, P.; Nair, B.N.; Mohamed, A.P.; Ananthakumar, S. Amine impregnated porous silica gel sorbents synthesized
from water-glass precursors for CO2 capturing. Chem. Eng. J. 2015, 269, 335–342. [CrossRef]

49. Zhao, C.; Guo, Y.; Li, C.; Lu, S. Removal of low concentration CO2 at ambient temperature using several potassium-based
sorbents. Appl. Energy 2014, 124, 241–247. [CrossRef]

50. Guo, Y.; Zhao, C.; Li, C. Thermogravimetric analysis of carbonation behaviors of several potassium-based sorbents in low
concentration CO2. J. Therm. Anal. Calorim. 2015, 119, 441–451. [CrossRef]

51. Zhao, C.; Guo, Y.; Li, W.; Bu, C.; Wang, X.; Lu, P. Experimental and modeling investigation on CO2 sorption kinetics over
K2CO3-modified silica aerogels. Chem. Eng. J. 2017, 312, 50–58. [CrossRef]

52. Linneen, N.N.; Pfeffer, R.; Lin, Y.S. CO2 adsorption performance for amine grafted particulate silica aerogels. Chem. Eng. J. 2014,
254, 190–197. [CrossRef]

53. Ello, A.S.; Yapo, J.A.; Trokourey, A. N-doped carbon aerogels for carbon dioxide (CO2) capture. Afr. J. Pure Appl. Chem. 2013, 7,
61–66.

54. Al-Muhtaseb, B.S.A.; Ritter, J.A. Preparation and Properties of Resorcinol—Formaldehyde Organic and Carbon Gels. Adv. Mater.
2003, 15, 101–114. [CrossRef]

55. Xie, W.; Yu, M.; Wang, R. CO2 capture behaviors of amine-modified resorcinol-based carbon aerogels adsorbents.
Aerosol Air Qual. Res. 2017, 17, 2715–2725. [CrossRef]

56. Guarín Romero, J.; Moreno-Piraján, J.; Giraldo Gutierrez, L. Kinetic and Equilibrium Study of the Adsorption of CO2 in
Ultramicropores of Resorcinol-Formaldehyde Aerogels Obtained in Acidic and Basic Medium. C 2018, 4, 52. [CrossRef]

57. Marques, L.; Carrott, P.; Ribeiro Carrott, M. Carbon aerogels used in carbon dioxide capture. Boletín Grup. Español Carbón 2016, 40,
9–12.

58. Masika, E.; Mokaya, R. High surface area metal salt templated carbon aerogels via a simple subcritical drying route: Preparation
and CO2 uptake properties. RSC Adv. 2013, 3, 17677–17681. [CrossRef]

59. Biesmans, G.; Mertens, A.; Duffours, L.; Woignier, T.; Phalippou, J. Polyurethane based organic aerogels and their transformation
into carbon aerogels. J. Non. Cryst. Solids 1998, 225, 64–68. [CrossRef]

60. Li, W.; Guo, S. Preparation of low-density carbon aerogels from a cresol/formaldehyde mixture. Mater. Sci. Carbon 2000, 38,
1520–1523. [CrossRef]

61. Majedi Far, H.; Rewatkar, P.M.; Donthula, S.; Taghvaee, T.; Saeed, A.M.; Sotiriou-Leventis, C.; Leventis, N. Exceptionally High
CO2 Adsorption at 273 K by Microporous Carbons from Phenolic Aerogels: The Role of Heteroatoms in Comparison with
Carbons from Polybenzoxazine and Other Organic Aerogels. Macromol. Chem. Phys. 2019, 220, 1–16. [CrossRef]

62. Li, R.; Chen, C.; Li, J.; Xu, L.; Xiao, G.; Yan, D. A facile approach to superhydrophobic and superoleophilic graphene/polymer
aerogels. J. Mater. Chem. A 2014, 2, 3057–3064. [CrossRef]

63. Gromov, A.V.; Kulur, A.; Gibson, J.A.A.; Mangano, E.; Brandani, S.; Campbell, E.E.B. Carbon nanotube/PVA aerogels impregnated
with PEI: Solid adsorbents for CO2 capture. Sustain. Energy Fuels 2018, 2, 1630–1640. [CrossRef]

64. Guo, K.; Song, H.; Chen, X.; Du, X.; Zhong, L. Graphene oxide as an anti-shrinkage additive for resorcinol-formaldehyde
composite aerogels. Phys. Chem. Chem. Phys. 2014, 16, 11603–11608. [CrossRef] [PubMed]

65. Hsan, N.; Dutta, P.K.; Kumar, S.; Bera, R.; Das, N. Chitosan grafted graphene oxide aerogel: Synthesis, characterization and
carbon dioxide capture study. Int. J. Biol. Macromol. 2019, 125, 300–306. [CrossRef]

66. Liu, Y.; Xiang, M.; Hong, L. Three-dimensional nitrogen and boron codoped graphene for carbon dioxide and oils adsorption.
RSC Adv. 2017, 7, 6467–6473. [CrossRef]

67. Khandaker, T.; Hossain, M.S.; Dhar, P.K.; Rahman, M.S.; Hossain, M.A.; Ahmed, M.B. Efficacies of Carbon-Based Adsorbents for
Carbon Dioxide Capture. Processes 2020, 8, 654. [CrossRef]

68. Pruna, A.; Cárcel, A.C.; Benedito, A.; Giménez, E. Effect of synthesis conditions on CO2 capture of ethylenediamine-modified
graphene aerogels. Appl. Surf. Sci. 2019, 487, 228–235. [CrossRef]

69. Bhanja, P.; Das, S.K.; Patra, A.K.; Bhaumik, A. Functionalized graphene oxide as an efficient adsorbent for CO2 capture and
support for heterogeneous catalysis. RSC Adv. 2016, 6, 72055–72068. [CrossRef]

70. Wang, W.; Motuzas, J.; Zhao, X.S.; Diniz Da Costa, J.C. 2D/3D amine functionalised sorbents containing graphene silica aerogel
and mesoporous silica with improved CO2 sorption. Sep. Purif. Technol. 2019, 222, 381–389. [CrossRef]

http://doi.org/10.1016/j.seppur.2017.03.038
http://doi.org/10.1007/s10971-007-1672-1
http://doi.org/10.1016/j.jhazmat.2009.03.026
http://doi.org/10.1007/s10450-012-9390-6
http://doi.org/10.1016/j.cej.2013.02.022
http://doi.org/10.1016/j.carbpol.2018.04.017
http://www.ncbi.nlm.nih.gov/pubmed/29801837
http://doi.org/10.1016/j.cej.2015.01.069
http://doi.org/10.1016/j.apenergy.2014.02.054
http://doi.org/10.1007/s10973-014-4207-3
http://doi.org/10.1016/j.cej.2016.11.121
http://doi.org/10.1016/j.cej.2014.05.087
http://doi.org/10.1002/adma.200390020
http://doi.org/10.4209/aaqr.2016.12.0597
http://doi.org/10.3390/c4040052
http://doi.org/10.1039/c3ra43420f
http://doi.org/10.1016/S0022-3093(98)00010-6
http://doi.org/10.1016/S0008-6223(00)00114-7
http://doi.org/10.1002/macp.201800333
http://doi.org/10.1039/c3ta14262k
http://doi.org/10.1039/C8SE00089A
http://doi.org/10.1039/C4CP00592A
http://www.ncbi.nlm.nih.gov/pubmed/24806077
http://doi.org/10.1016/j.ijbiomac.2018.12.071
http://doi.org/10.1039/C6RA22297H
http://doi.org/10.3390/pr8060654
http://doi.org/10.1016/j.apsusc.2019.05.098
http://doi.org/10.1039/C6RA13590K
http://doi.org/10.1016/j.seppur.2019.04.050


Molecules 2021, 26, 5023 20 of 21

71. Reuß, M.; Ratke, L. RF-aerogels catalysed by ammonium carbonate. J. Sol-Gel Sci. Technol. 2010, 53, 85–92. [CrossRef]
72. Zubair, N.A.; Abouzari-Lotf, E.; Mahmoud Nasef, M.; Abdullah, E.C. Aerogel-based materials for adsorbent applications in

material domains. E3S Web Conf. 2019, 90, 1–12. [CrossRef]
73. Yamamoto, T.; Nishimura, T.; Suzuki, T.; Tamon, H. Control of mesoporosity of carbon gels prepared by sol± gel polycondensation

and freeze drying. J. Non. Cryst. Solids 2001, 288, 46–55. [CrossRef]
74. Montes, S.; Maleki, H. Aerogels and Their Applications; Elsevier: Amsterdam, The Netherlands, 2020; ISBN 9780128133576.
75. Liu, Q.; Han, Y.; Qian, X.; He, P.; Fei, Z.; Chen, X.; Zhang, Z.; Tang, J.; Cui, M.; Qiao, X. CO2 Adsorption over Carbon Aerogels:

The Effect of Pore and Surface Properties. ChemistrySelect 2019, 4, 3161–3168. [CrossRef]
76. Robertson, C.; Mokaya, R. Microporous activated carbon aerogels via a simple subcritical drying route for CO2 capture and

hydrogen storage. Microporous Mesoporous Mater. 2013, 179, 151–156. [CrossRef]
77. Zhuo, H.; Hu, Y.; Tong, X.; Zhong, L.; Peng, X.; Sun, R. Sustainable hierarchical porous carbon aerogel from cellulose for

high-performance supercapacitor and CO2 capture. Ind. Crops Prod. 2016, 87, 229–235. [CrossRef]
78. Kong, Y.; Shen, X.; Cui, S.; Fan, M. Development of monolithic adsorbent via polymeric sol-gel process for low-concentration CO2

capture. Appl. Energy 2015, 147, 308–317. [CrossRef]
79. Chen, L.; Gong, M.; Cheng, Y.; Liu, Y.; Yin, S.; Luo, D. Effect of pore structure of supports on CO2 adsorption of tetraethylene-

pentamine/carbon aerogels prepared by incipient wetness impregnation method. Pol. J. Environ. Stud. 2019, 28, 4127–4137.
[CrossRef]

80. Yang, G.; Luo, H.; Ohba, T.; Kanoh, H. CO2 Capture by Carbon Aerogel-Potassium Carbonate Nanocomposites. Int. J. Chem. Eng.
2016, 2016, 1–9.

81. Jeon, D.-H.; Min, B.-G.; Oh, J.G.; Nah, C.; Park, S.-J. Influence of Nitrogen moieties on CO2 capture of Carbon Aerogel. Carbon Lett.
2015, 16, 57–61. [CrossRef]

82. Geng, S.; Wei, J.; Jonasson, S.; Hedlund, J.; Oksman, K. Multifunctional Carbon Aerogels with Hierarchical Anisotropic Structure
Derived from Lignin and Cellulose Nanofibers for CO2 Capture and Energy Storage. ACS Appl. Mater. Interfaces 2020, 12,
7432–7441. [CrossRef] [PubMed]

83. Deng, M.; Zhou, Q.; Du, A.; Van Kasteren, J.; Wang, Y. Preparation of nanoporous cellulose foams from cellulose-ionic liquid
solutions. Mater. Lett. 2009, 63, 1851–1854. [CrossRef]

84. Li, H.; Li, J.; Thomas, A.; Liao, Y. Ultra-High Surface Area Nitrogen-Doped Carbon Aerogels Derived from a Schiff-Base Porous
Organic Polymer Aerogel for CO2 Storage and Supercapacitors. Adv. Funct. Mater. 2019, 29, 1904785. [CrossRef]

85. Alhwaige, A.A.; Ishida, H.; Qutubuddin, S. Carbon Aerogels with Excellent CO2 Adsorption Capacity Synthesized from
Clay-Reinforced Biobased Chitosan-Polybenzoxazine Nanocomposites. ACS Sustain. Chem. Eng. 2016, 4, 1286–1295. [CrossRef]

86. Shi, F.; Wang, L.; Liu, J. Synthesis and characterization of silica aerogels by a novel fast ambient pressure drying process.
Mater. Lett. 2006, 60, 3718–3722. [CrossRef]

87. Hüsing, N.; Schubert, U.; Mezei, R.; Fratzl, P.; Riegel, B.; Kiefer, W.; Kohler, D.; Mader, W. Formation and Structure of Gel
Networks from Si(OEt)4/(MeO)3Si(CH2)3NR’2 mixtures (NR’2 = NH2 or NHCH2CH2NH2). Chem. Mater. 1999, 11, 451–457.
[CrossRef]

88. Nguyen, B.N.; Meador, M.A.B.; Tousley, M.E.; Shonkwiler, B.; McCorkle, L.; Scheiman, D.A.; Palczer, A. Tailoring elastic properties
of silica aerogels cross-linked with polystyrene. ACS Appl. Mater. Interfaces 2009, 1, 621–630. [CrossRef]

89. Maleki, H. Recent advances in aerogels for environmental remediation applications: A review. Chem. Eng. J. 2016, 300, 98–118.
[CrossRef]

90. Agrawal, S.; Dev, P.; English, N.J.; Thampi, K.R.; MacElroy, J.M.D. A TD-DFT study of the effects of structural variations on the
photochemistry of polyene dyes. Chem. Sci. 2012, 3, 416–424. [CrossRef]

91. McDonnell, K.A.; Wadnerkar, N.; English, N.J.; Rahman, M.; Dowling, D.P. Photo-active and Optical Properties of Bismuth Ferrite
(BiFeO3): An Experimental and Theoretical Study. Chem. Phys. Lett. 2013, 572, 78–84. [CrossRef]

92. Kong, Y.; Shen, X.; Cui, S.; Fan, M. Facile synthesis of an amine hybrid aerogel with high adsorption efficiency and regenerability
for air capture via a solvothermal-assisted sol-gel process and supercritical drying. Green Chem. 2012, 17, 3436–3445. [CrossRef]

93. Kong, Y.; Shen, X.; Cui, S.; Fan, M. Use of monolithic silicon carbide aerogel as a reusable support for development of regenerable
CO2 adsorbent. RSC Adv. 2014, 4, 64193–64199. [CrossRef]

94. Kong, Y.; Shen, X.; Fan, M.; Yang, M.; Cui, S. Dynamic capture of low-concentration CO2 on amine hybrid silsesquioxane aerogel.
Chem. Eng. J. 2016, 283, 1059–1068. [CrossRef]

95. Kong, Y.; Zhang, J.; Shen, X. One-pot sol–gel synthesis of amine hybrid titania/silsesquioxane composite aerogel for CO2 capture.
J. Sol-Gel Sci. Technol. 2017, 84, 422–431. [CrossRef]

96. Kong, Y.; Shen, X.; Cui, S. Amine hybrid zirconia/silica composite aerogel for low-concentration CO2 capture. Microporous Mesoporous Mater.
2016, 236, 269–276. [CrossRef]

97. Jiang, F.; Hu, S.; Hsieh, Y. Lo Aqueous Synthesis of Compressible and Thermally Stable Cellulose Nanofibril-Silica Aerogel for
CO2 Adsorption. ACS Appl. Nano Mater. 2018, 1, 6701–6710. [CrossRef]

98. Alhwaige, A.A.; Agag, T.; Ishida, H.; Qutubuddin, S. Biobased chitosan hybrid aerogels with superior adsorption: Role of
graphene oxide in CO2 capture. RSC Adv. 2013, 3, 16011–16020. [CrossRef]

http://doi.org/10.1007/s10971-009-2060-9
http://doi.org/10.1051/e3sconf/20199001003
http://doi.org/10.1016/S0022-3093(01)00619-6
http://doi.org/10.1002/slct.201900137
http://doi.org/10.1016/j.micromeso.2013.05.025
http://doi.org/10.1016/j.indcrop.2016.04.041
http://doi.org/10.1016/j.apenergy.2015.03.011
http://doi.org/10.15244/pjoes/98997
http://doi.org/10.5714/CL.2015.16.1.057
http://doi.org/10.1021/acsami.9b19955
http://www.ncbi.nlm.nih.gov/pubmed/31961641
http://doi.org/10.1016/j.matlet.2009.05.064
http://doi.org/10.1002/adfm.201904785
http://doi.org/10.1021/acssuschemeng.5b01323
http://doi.org/10.1016/j.matlet.2006.03.095
http://doi.org/10.1021/cm980756l
http://doi.org/10.1021/am8001617
http://doi.org/10.1016/j.cej.2016.04.098
http://doi.org/10.1039/C1SC00676B
http://doi.org/10.1016/j.cplett.2013.04.024
http://doi.org/10.1039/C5GC00354G
http://doi.org/10.1039/C4RA11261J
http://doi.org/10.1016/j.cej.2015.08.034
http://doi.org/10.1007/s10971-017-4516-7
http://doi.org/10.1016/j.micromeso.2016.08.036
http://doi.org/10.1021/acsanm.8b01515
http://doi.org/10.1039/c3ra42022a


Molecules 2021, 26, 5023 21 of 21

99. Kong, Y.; Jiang, G.; Fan, M.; Shen, X.; Cui, S. Use of one-pot wet gel or precursor preparation and supercritical drying procedure
for development of a high-performance CO2 sorbent. RSC Adv. 2014, 4, 43448–43453. [CrossRef]

100. Kong, Y.; Jiang, G.; Fan, M.; Shen, X.; Cui, S.; Russell, A.G. A new aerogel based CO2 adsorbent developed using a simple sol-gel
method along with supercritical drying. Chem. Commun. 2014, 50, 12158–12161. [CrossRef] [PubMed]

http://doi.org/10.1039/C4RA07120D
http://doi.org/10.1039/C4CC06424K
http://www.ncbi.nlm.nih.gov/pubmed/25175036

	Introduction 
	Inorganic Aerogels 
	Organic Aerogels 
	Hybrid Aerogels 
	Conclusions 
	References

