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Abstract. Aerogels are considered to be promising materials in various 
applications due to their exclusive properties. Over the last decades, the 
potential of organic, inorganic, or hybrid aerogels has been practically 
exploited in different fields of use. Some aerogel compositions have been 
patented recently but their application in the area of adsorption remains 
limited. This review intends to discuss the potential of aerogels as 
adsorbents, which is summarised from the more recent progressive 
research and their capabilities. Furthermore, the potential of aerogels as 
viable absorbents for environmental remediation is also discussed. After a 
short introduction covering the aerogel properties, preparation procedures, 
and their possible classification options, the review is structured based on 
their possible use as adsorbents.  

1 Introduction 
Aerogels are highly porous light materials possessing a number of exceptional and 

unique physical properties, which attract the attention of researchers in various areas of 
science and technology. Most of their noticeable characteristics enable fine-tuning of 
aerogels, therefore lead to highly tailorable final products [1, 2]. Aerogels exhibit abundant 
of excellent properties including low thermal conductivity, transparency, flexibility, 
extremely high porosity, low weight and density, large surface area, high mechanical 
strength, and ultralow dielectric constant, which make them uniquely suitable for a high 
range of applications in very different fields [3-5]. Steven Kistler prepared the first 
nanoporous ultralight aerogels in 1931 [1]. Recently, the interest of aerogels is growing, as 
indicated by the number of publications each year [6-10]. Based on the numerous findings 
in relation to aerogel properties, the material has attracted a tremendous attention of many 
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researchers. Their advantages over other similar materials and the possibility of turning 
natural resources into aerogels have led to high interest for further investigation. 

 
Aerogels can be obtained in various sizes and shapes, ranging from beads to disks to 

monoliths, by the removal of the liquid from a corresponding gel [11, 12]. The liquid phase 
is replaced with air using either freeze-drying or supercritical carbon dioxide (CO2) drying 
techniques. The latter preserves the original structure of the gel, which leads to the creation 
of large surface areas. Aerogels are most commonly synthesised by using a sol-gel 
procedure-based initial preparation step, followed by drying using supercritical CO2 [13, 
14]. Some of the most studied aerogel-based applications include Cherenkov counters [15-
17], different aerospace-related applications [18, 19], thermal superinsulation [20], and 
others [21, 22]. Recently, an increasing interest in aerogels can be observed in 
pharmaceutical sciences [23], food-related technologies [24], biosensors, [25] and 
biotechnology [26]. 

 

2 Classification  
 Aerogels can be classified according to their appearance as monoliths, powders, or 
films in different types of structure such as microporous, mesoporous, and mixed porous. 
The most often used classification is based on their composition and in general, describes 
three aerogel categories: inorganic, organic, and inorganic-organic hybrid aerogels. The 
broadest range of various aerogels can be found in the category of inorganic aerogels. 
These aerogels are prepared from alkoxides and include aerogels from various metal 
oxides, e.g., silicon [27], alumina (Al2O3), titania (TiO2), zirconia (ZrO2), and other oxides. 
Silica aerogels are known as the most studied aerogel materials in inorganic chemistry. 
Silica aerogels can possess exceptional properties, which are the result of their nanoporous 
structure (porosities of 90%–99.8%), low density (~0.003 g cm-3), and high specific surface 
area (500–1200 m2 g-1) [4]. Typically, silica aerogels exhibit pores in the range of 5–100 nm 
and an average pore diameter between 20 and 40 nm. A very important related 
characteristic of silica aerogels is their mesoporosity that can be controlled through 
tailoring of the sol-gel process conditions. Silica aerogels are among the best-known 
thermal (thermal conductivity ~3 mW m-1K-1, measured at ambient temperature and 
pressure) and acoustic insulating materials (acoustic velocity ~100 m s-1) [28]. They can also 
be made optically transparent but are also often very brittle, thus limiting their applicability 
in some areas. All mentioned properties make silica aerogels suitable for numerous 
applications, especially in thermal insulation (acting as superinsulators) for maintaining 
temperatures in a wide temperature range (from -78 to ~650 °C). Different functional silica 
aerogels can also be found as part of clothes. Such textiles are successfully applied in 
clothing for people working at low temperatures (e.g., cold storage rooms in food industry), 
in clothing for diving, as part of aeronautical and aerospace gear, and also in firefighter 
suits, which have to be resistant to very high temperatures [29]. 
 
 The most extensively studied organic aerogels are the resorcinol-formaldehyde (RF) 
and melamine-formaldehyde aerogels. Organic aerogels have some common properties 
despite the structural differences originating from different precursors used during 
preparation. Specifically, they have pores with small diameters, high specific surface areas 
(400–1000 m2 g-1), and are present as solid matrices, which are formed from either 
connected colloidal particles or polymeric chains of about 10 nm in diameter. RF aerogels 
are stiffer and stronger than silica aerogels and also act as thermal superinsulators [30, 31]. 
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 Carbon aerogels are mostly obtained by pyrolysis, at temperatures above 500 °C, of 
organic aerogels. In this approach, the organic aerogels transform to an electrically-
conductive carbon network. During pyrolysis, the carbon aerogels obtained from RF 
aerogels retain high specific surface area (400–800 m2 g-1), large specific mesopore volume 
(> 0.55 cm3 g-1), and the isotherms with a hysteresis loop of their parent organic aerogel 
[16]. Until recently, carbon aerogels did not exhibit fractal structures. However, a new 
family of carbon aerogels has been produced, which shows mass fractality with a mass 
fractal exponent of 2.5 according to Barbieri et al. This result was obtained with RF 
gelation in acetone and catalysed by perchloric acid, instead of water and sodium carbonate. 
Moreover, this kind of carbon aerogel displays a bimodal distribution of pores, with micro- 
and macropores, contrary to all other types of carbon aerogels described in the literature, 
which are mesoporous [32]. 
 
 The synergistic effects where organic and inorganic aerogels are synergistically 
combined are derived as a hybrid aerogel material that could offer some excellent 
characteristics. One of the novel hybrid aerogels, syndiotactic polystyrene (sPS) aerogels, 
have also received considerable attention since it was first reported by Daniel et al. in 2005. 
In contrast to silica aerogels, the intermolecular physical bonding of the chains in the 
crystalline junctions holds together the three-dimensional networks in sPS aerogels. sPS 
aerogels offer a combination of macropores (diameter > 50 nm) formed between the 
adjoining strands of sPS and micropores (diameter < 2 nm) formed inside the individual 
crystalline strands. sPS aerogels show fast sorption kinetics and can absorb and imprison 
guest molecules, such as volatile organic compounds, into crystalline nanocavities with an 
apparent increase in guest molecule diffusivity of up to seven orders of magnitude with 
respect to sPS films. sPS aerogels do not shatter easily like inorganic silica aerogels but 
undergo irreversible network strand buckling under small stress. The study showed that the 
hybrid aerogels performed much better in terms of mechanical performance, surface area, 
and absorption capacity of a hydrocarbon liquid [33].  
 

3 Synthesis 

Silica aerogels are synthesised in the first step by traditional low-temperature sol-gel 
chemistry, but in contrast to xerogels where wet gels are often dried by evaporation, 
aerogels are essentially dried often by supercritical drying. As a result, the dried samples 
retain the porous texture of the wet stage. The synthesis of (silica) aerogels can be divided 
into three general steps: gel preparation by sol-gel processes, ageing of the gel in its mother 
solution to prevent the gel from shrinking during drying, and drying of the gel under special 
conditions to prevent the gel structure from collapsing. A simplified reaction for silica 
aerogels, i.e., the most common type of aerogels for insulation purposes, can be presented 
as follows:  

             Si(OCH3)4 + 2H2O ↔ SiO2 + 4CH3OH                                           (1)  

A detailed comprehensive review on the synthesis of silica aerogels has been written 
recently by Dorcheh and Abbasi [34] and this work is referred for a more extensive analysis 
of aerogel synthesis and recent developments. 
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3.1 Gel preparation  

Sol-gel process is a process in which solid nanoparticles dispersed in a liquid 
agglomerate together to form a continuous three-dimensional network extending throughout 
the liquid. The process is extensively described by Brinker and Scherer [35]. Aerogels are 
essentially the solid framework of such a gel isolated from its liquid medium. For silica 
aerogels, nanoparticles are grown directly in a liquid.  

The main precursors for silica aerogels are silicon alkoxides. Tetramethoxysilane 
(Si(OCH3)4 or TMOS), tetraethoxysilane (Si(OC2H5)4 or TEO), and polyethoxydisiloxane 
(SiOn(OC2H5)4−2n or PEDS-Px) are most often used, where PEDS-Px can be obtained by 
reacting TEOS with a substoichiometric quantity of water in an acidic alcoholic medium. 
From the point of view for the application in thermal insulation, the thermal conductivities 
of PEDS and TMOS aerogel monoliths will be found lower compared to TEOS aerogel 
monoliths, whereas high-quality transparent aerogels have been developed based on TEOS. 
Additional solvents such as ethanol are needed and too much water will yield low-porosity 
gels.  

Hydrolysis of silicon alkoxides is performed in the presence of a catalyst, i.e., mostly 
acid or base catalysis, or a two-step catalysis. The sol becomes a gel when the solid 
nanoparticles dispersed in it stick together to form a network of particles spanning the 
liquid [36]. This requires that the solid nanoparticles in the liquid collide with each other 
and stick together. This is easy for some nanoparticles since they contain reactive surface 
groups that make them stick together after colliding by bonding or electrostatic forces, 
whereas some nanoparticles may require the addition of an additive to make them stick 
together after colliding by bonding or electrostatic forces. In general, acid hydrolysis and 
condensation result in linear- or weakly-branched chains and microporous structures in 
silica sols and the resulting gelation times are generally long [4]. On the opposite, uniform 
particles are easily formed in base catalysis (i.e., NH4OH) and leads to a broader 
distribution of larger pores [37]. 

3.2 Ageing  

The moment a sol reaches the gel point, the polymerising silica species span the 
container containing the sol. However, the silica spine of the gel still contains a significant 
number of unreacted alkoxide groups. Hydrolysis and condensation may continue and 
sufficient time must be given for the strengthening of the silica network, which can be 
enhanced by controlling the pH, concentration, and water content of the covering solution 
[38, 39]. 

During ageing, two different mechanisms might affect the structure of the gel: 
transport of the material to the neck region and dissolution of small particles into larger 
ones. Common ageing procedures typically involve ethanol-siloxane mixtures [40], thus 
adding new monomers to the solid silica network and increasing the degree of cross-
linking. The result is higher stiffness and strength of the resulting gel. This ageing is 
diffusion controlled; transport of the material is unaffected by convection or mixing due to 
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the solid silica network, whereas diffusion itself is affected by the thickness of the gel. As a 
result, the time required for each processing step increases as the thickness of the gel 
increases, thus limits the practical production of aerogels. After ageing the gel, all water 
still within the pores must be removed before drying, which can be easily achieved by 
washing the gel with ethanol and heptane. Any water left in the gel will not be removed by 
supercritical drying and will lead to an opaque and very dense aerogel. 

3.3 Drying  

Drying of the gel is the final and most critical step in the production process of 
aerogels. Drying is ruled by capillary pressure (except for supercritical drying and freeze-
drying), causing consequent shrinking and possible fracture due to the small pore sizes and 
the resulting capillary tension. As a result, two different drying processes are most often 
used: ambient pressure drying (APD), where capillary tension cannot be avoided, and 
supercritical drying (SCD), where the pore liquid is removed above the critical temperature 
(Tcr) and pressure (Pcr) to avoid capillary tension.  

3.3.1 Supercritical drying  

SCD is the first and most commonly used method for silica aerogels. Two different SCD 
methods can be distinguished: high-temperature supercritical drying (HTSCD) [41] and 
low-temperature supercritical drying (LTSCD) from CO2 [42].  

HTSCD is carried out in three steps. Firstly, the aged gel is placed in an autoclave filled 
halfway with the same solvent held in the gel’s pores. The vessel is then sealed and heated 
slowly past the solvent’s critical temperature and pressure (i.e., most-used organic solvents 
have a relatively high Tcr of 300–600 K with Pcr of 30–80 atm. Secondly, the fluid is 
isothermally depressurised. Finally, at ambient pressure, the autoclave is cooled to room 
temperature. In the case of silica aerogels, methanol is most frequently used as a solvent for 
HTSCD. At its critical point (i.e., Tcr = 512.6 K, Pcr = 79.783 atm [45]), methanol can react 
with OH groups on the surface of the gel backbone to form CH3O groups, which make the 
silica aerogels partially hydrophobic and it is the reason why HTSCD silica aerogels are 
generally of higher quality. Furthermore, HTSCD has been found as the best way to 
minimise shrinkage of the gel. For each possible solvent, drying pressures are known for 
which shrinkage of the aerogels stays below 5% [43].  

The process of LTSCD is similar to that of HTSCD and is also carried out in three steps. 
Firstly, the aged gel is placed in an autoclave, but now filled with the safer, non-flammable 
liquid CO2 at 4–10 °C until 100 bar to replace the solvent in the pores of the gel. When all 
solvents are replaced, the autoclave is heated to 313 K while maintaining the pressure at 
100 bars. Secondly, the fluid is isothermally depressurised. Finally, at ambient pressure, the 
autoclave is cooled to room temperature. In addition, aerogels dried by LTSCD show 
shrinkage but compared to HTSCD, it is not caused by SCD process but by the replacement 
of the original solvent with liquid CO2 [43]. 

3.3.2 Ambient pressure drying  
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APD is of most interest to lower the costs compared to the expensive drying processes of 
HTSCD or LTSCD. APD is generally carried out in two steps. Firstly, silylation of all OH 
groups must take place to prevent adsorption of water resulting from the formation of 
hydrophobic aerogels. This is carried out by replacing the present solvent with a water-free 
solvent and a silylating agent (e.g., hexamethyldisilazane (HMDS)), resulting in the 
replacement of H from OH groups by an alkyl such as CH3. Secondly, drying is carried out 
by ambient pressure evaporation [42] and consists of three steps. After a warming period, 
the first drying period occurs where the volume loss of the gel balances those of the 
evaporated liquid as free water moves continuously to the external surface by capillary 
forces. In the second drying period or falling rate period, diffusive vapour transport will 
dominate and allow liquid to escape slowly to the exterior. 

4 Aerogel-based adsorbents 

4.1 Aerogels in carbon dioxide capture 

The application of aerogels as an amine-supported sorbent to capture CO2 gas is quite 
promising due to their numerous advantages such as low density, high porosity, and high 
surface area. In addition, due the versatility of the sol-gel process, the microstructural 
pattern, as well as composition and surface chemistry of aerogels could be deliberately 
tailored for CO2 capturing purposes [16, 44]. For this reason, recent investigations have 
focused on using aerogels as new CO2 capture materials by manipulating the chemophysical 
properties of different aerogels. In this regard, amine-modified SiO2 aerogels using 3-
aminopropyltriethoxysilane (APTES) [27], polyethyleneimine, and tetraethylenepentamine 
[45] have been explored with CO2

 adsorption capacity of 6.97 mmol g-1 (in 10% CO2 + N2) 
and 7.9 mmol g-1 under simulated flue gas conditions (in prehumidified 10% CO2), 
respectively [46]. Recently, 3-aminopropyltrimethoxysilane (APTMS) and 
polyethyleneimine [47] modified particulate silica aerogels derived from water glass have 
been developed by Ananthakumar and co-workers [48]. They studied the effect of amine 
loading and its efficiency in the absorption of CO2 gas and correlated the sorption capacity 
with respect to amine functionality/contents and pore structure of the adsorbent. Scientists 
at Aspen Aerogels [49] developed amino-functionalised aerogels out of superhydrophobic 
methyltrimethoxysilane (MTMS) precursor co-condensed with amino-alkyl trialkoxysilane 
co-precursors. They obtained a capacity of approximately 1.8 mmol g-1 under humid CO2 
(15%) at 40 °C with excellent cyclic stability over 2,000 cycles. 

4.2 Aerogels in removal of heavy metal ions  

Adsorption experiments with heavy metal ions are also conducted with aerogel-based 
materials as the relevant number of publications in the field is increasing. Heavy metals 
such as chromium (Cr), copper (Cu), lead (Pb), mercury (Hg), manganese (Mn), cadmium 
(Cd), nickel (Ni), zinc (Zn) ,and iron (Fe) are known to be highly toxic and non-
biodegradable for ecological environment and human being health, which can cause severe 
damages to liver, kidney, disorders in bone, and cancer. 

 
One of the efficient ways to capture these heavy metal ions is to chelate them with 

some functional groups containing N, O, S, and P as donor atoms, which are capable of 
forming a coordination complex with different metal ions [50]. The major advantage of sol-
gel reaction is the possibility of tailoring the surface chemistry with various chelating 
groups by using a series of organically-modified silica precursors [51]. In this regard, 
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amine-modified silica xerogels were prepared by Kłonkowski et al. [52] by anchoring (3-
aminopropyl)trimethoxysilane and (3-(2-aminoethyl)aminopropyl) trimethoxysilane to the 
xerogel surface and interior sections with high feasibility of chemisorption of Cu ions 
through complexation. Also, silica gels modified with several aliphatic mono-, di-, tri-, and 
tetramine-based functionalities possessed an interesting capturing efficiency towards 
several heavy metal ions [53]. Anchoring dithiocarbamate moieties using sialylation 
chemistry was also reported for capturing trace amounts of metal ions [50]. 

 
Motahari et al. (2016) developed amino-modified RF aerogels to capture P, Hg, and 

Cd ions from aqueous solution [54]. They studied the variation of several sorption 
parameters such as temperature, pH, contact time, sorbent concentration, and initial metal 
concentration on the sorption capacity variations. They found that the sorption process was 
totally a pH dependent procedure and the maximum sorption capacity of 156.25, 158.73, 
and 151.52 mg g-1 could be obtained following an endothermic process in 1 h and at pH 6, 6, 
and 5 for metal ions of Pb, Hg, and Cd, respectively. Also, the adsorption data could 
perfectly be fitted to both the Langmuir and Freundlich models. They ascribed the 
formation of a complex between heavy metal ions and surface amine groups as an 
adsorption mechanism of ions on the surface of aerogels. 

 
4.3 Aerogel in adsorption of water vapour 
 

The need to improve the performance of separation systems and heat transformation 
devices promotes the development of more effective adsorbents of water vapour. Two-
component SiO-CaCl2 or SiO-LiBr aerogels exhibited adsorption capacities of water 
vapour in the range of 0.9–1.1 kg H2O kg-1 adsorbent, which is markedly higher than that of 
any known solid inorganic adsorbent [35]. Upgrading of silica gels by incorporating CaCl2 
by means of impregnation recently improved adsorption capacities to 70 wt. %. The authors 
found that the materials similar in composition to SiO-hygroscopic substance (SH) prepared 
by the sol-gel route appeared to be superior both in adsorptive capacity and overall 
performance. Adsorption properties of the materials remained stable during at least 60 
adsorption-desorption cycles. 
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Figure. 1. Schematic representation for the preparation of two-component SiO-CaCl2 or 
SiO-LiBr aerogels [35]. 
 

The aerogels were prepared using the procedures outlined in Figure 1. Alcogel 
samples were synthesised to achieve the target of 30 wt. % content of CaCl2 or LiBr. In the 
first stage, TEOS was hydrolysed under reflux with the water content determined to match 
the total hydrolysis ratio and the water introduced into the system in the second stage with 
the solution of CaCl2 or LiBr was accounted. In the second stage, the solution was mixed 
with the remaining EtOH, NH4OH, and 35 wt. % aqueous solution of HS. Alcogels were 
aged for six days and then dried in supercritical CO2 (15 MPa) at 45 °C to obtain 
bicomponent SiO-HS aerogels in a covered vessel at ambient conditions until about 50 wt. 
% of EtOH was removed, and then in supercritical CO2 to obtain densified aerogels. 
Interestingly, the densified aerogels appeared to exhibit more compact morphology but the 
pores are still quite open, as can be inferred from the values of mesopore volume detected 
by the nitrogen adsorption test. 

4.4 Aerogels in removal of volatile organic compounds 

Adsorption is the most common way to remove vapour of volatile compounds from 
the atmosphere. Aerogels can easily meet the adsorption requirements and their application 
in the removal of the aforementioned toxic pollutants is very promising [36]. Activated 
carbon aerogel is reported as a good candidate to capture toluene vapour with an excellent 
feasibility of regeneration [36, 55]. The maximum toluene adsorption capacity of carbon 
aerogels with controlled pore size was 1,180 mg g-1 with the possibility of complete 
desorption at 400 °C [56]. Silica aerogel was also indicated as a promising sorbent to 
adsorb benzene vapour with saturation adsorption capacity of 3,000 mg g-1 whereas it was 
reported that the adsorption capacity of activated carbon powder was 500 mg g-1 [57]. Silica 
aerogels modified with methyltrimethoxysilane (MTMS) and trimethylethoxysilane 
(TMES) were also able to remove vapour from waste gas streams [58]. Surface 
hydrophobisation has been conducted to increase the moisture resistance of aerogels and 
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improve the reusability. The results demonstrated that although the surface-modified silica 
aerogels demonstrated good performance towards capturing vapour with over 14 repeated 
adsorption-desorption regeneration cycles, the adsorption was less significant compared to 
the hydrophilic pristine silica aerogels due to the reduction in the BET surface area and 
micropores upon surface modification. 
 

5 Conclusion  
 Aerogel-based materials have environmentally-friendly renewability, biocompatibility, 
and also excellent properties such as low density, high porosity, and high specific surface 
area. These remarkable properties combined with modifiable surface chemistry from the 
versatility of their wet synthesis approach have made these materials as a suitable candidate 
for environmental protection purposes. In most studies, aerogels have been found to be 
excellent sorbent materials with high sorption capacity towards the target components. The 
regeneration capability of aerogels during the process is also promising from economically 
and large-scale production point of view. Nevertheless, more works must be done to 
address several issues regarding the cost of production as the production of aerogels is quite 
lengthy and pristine aerogels are very fragile. The mechanical strength of aerogels should 
be improved, especially the compressive strength towards the preparation of highly flexible 
monoliths in which the aerogel is deliberately compressed. 
 

 
This work was financially supported by Universiti Teknologi Malaysia and Malaysia-Thailand Joint 
Association (MTJA) programme (Vot. No. 4C116). 
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