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Preface 

Aerogels are extremely porous, the lightest solid materials with huge surface areas and 
nanoscale pore sizes mainly in the micro- and mesoporous regimes. They are made of 
polymers with a solvent to form a gel, and then removing the liquid from the wet gels and 
replacing it with air without collapsing the 3D network structure. These unique characteristics 
make them promising materials that can be used in many applications including energy 

storage, thermal storage, catalysis, water splitting, environmental remediation, and among 
others. Therefore, to gather viewpoints and opportunities of aerogels are needed in the 
materials research community. This book exclusively focuses on the properties and 
applications of aerogels. Chapters examine the synthetic methodologies, characterization tools, 
various types of organic, inorganic and hybrid aerogels, composites, and its applications in 

energy and environmental science. The chapters are written by leading experts in this field. 
The book targets the need of scientists, faculty, and postgraduate students working with 

aerogels and their potential applications and should be of interest to readers working in the 
areas of chemistry, physics, polymer science, nanotechnology, and material science. This book 
includes the following eleven chapters. 

Chapter 1 demonstrates the importance of nanocellulose aerogels. Several production 
technologies are detailed, as well as the properties of the different types of aerogels. This 
chapter shows the use of these materials as absorbents, gas filters, packaging materials, energy 
storage, electrical devices, thermal insulations, and fire-retardants, as well as_ their 

pharmaceutical and biomedical applications. 

Chapter 2 overviews various types of porous aerogels including silicate and non-silicate 
aerogels, organic/natural, composite/hybrid aerogels, polymeric, carbon-based (mostly CNTs 

and graphene-based) and biogels. The unique properties displayed by these aerogels together 
with their use in environmental, biomedical, catalytic, and other advanced applications have 
been discussed. 

Chapter 3 describes the principles for creating hybrid silica-based aerogel and an overview of 
the strategies and recent reports on the literature. The objective is to discuss the advantages 
and limitations of the techniques that use polymers, biomolecules, and graphene, in addition to 
silica, to create hybrid aerogels. 

Chapter 4 presents a comprehensive study of the synthesis methodology, physico-chemical 
properties, and the application of the silica aerogel. It also gives an overview of the sol-gel 
synthesis for silica aerogels including an introduction to hydrophobic silica aerogels. The 

applications of silica aerogels are discussed in full detail. 

Chapter 5 describes carbon aerogel, their classification in detail, their different types of 
properties. The classification is made based on their flexibility, dimension, doping with the 
different metal atom. Furthermore, their application in a diversified field has been well 
described. Overall, this chapter is a general description of carbon aerogel. 

Chapter 6 discusses the different types of magnetic aerogels such as cellulose, magnetic 
graphene, carbon, magnetic silica, and magnetic pectin-based aerogels along with their 

applications, 

Chapter 7 discusses the various properties of aerogels. They are used as sound, heat, and 

electric insulators. Depending on the solid backbone, they can be used in space materials 



manufacturing or marine industry, even they can present biocompatibility and can be used for 

biomedical applications and as drug delivery systems. 

Chapter 8 focuses on customizing techniques like modulating the pore structure, modifying the 
surface, coating of the surface, and post-treatment. Additionally, the commercial uses of 

aerogels and their products, an unbroken view of industrial aerogel suppliers are discussed. 
The chapter also discusses plausible substitute sources for raw materials as well as precursors. 

Chapter 9 discusses future perspectives for aerogel applications. Several applications such as 
functional foods, thickeners, stabilizers, and scaffolding in tissue repair are reported. 
Additionally, polymeric aerogels as impact-absorbing materials, catalyst supports, and 
aerospace components are presented. Lastly, the perspectives for carbon aerogel and inorganic 

aerogels are discussed. 

Chapter 10 discusses the potential applications of aerogels, a list of patents in the different 
areas of aerogels such as medical, organic synthesis, and diverse applications of aerogels. This 
chapter also focuses on the recently granted patents on the aerogels. 

Chapter 11 discusses the synthesis of aerogel by the sol-gel process. The chapter focuses on 
current development, classification, and different properties and preparation methods of 
distinct types of aerogels. The application of aerogels in the future in the various fields is also 

reviewed. 

Key features: 
1. Gives a detailed account of aerogels properties and applications. 

Covering the basic concepts, methodologies, properties, and problems associated with 

aerogels. 

3. Fits the background of various science and engineering disciplines. 

4. Provides cutting-edge advances for aerogel technology. 

Inamuddin', Tauseef Ahmad Rangreez”?, Mohd Imran Ahamed? and 
Rajender Boddula* 

‘Department of Applied Chemistry, Faculty of Engineering and Technology, Aligarh Muslim 
University, Aligarh-202 002, India 

*Department of Chemistry, National Institute of Technology, Srinagar, Jammu and Kashmir 190006, 
India 

‘Department of Chemistry, Faculty of Science, Aligarh Muslim University, Aligarh-202 002, India 

“CAS Key Laboratory of Nanosystem and Hierarchical Fabrication, National Center for Nanoscience 
and Technology, Beijing 100190, PR China 
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Chapter 1 

Nanocellulose Aerogels 
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Rodrigo Coldebella*, Eraldo Antonio Bonfatti Junior? 
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(PPGCFA), Federal University of Mato Grosso (UFMT), Fernando Corréa da Costa St, 2367 - 
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Abstract 

Nanocellulose is a biodegradable material, which comes from natural sources and has 

properties such as good chemical compatibility, low density, high mechanical properties 

and low thermal conductivity, characteristics that make it a potential material for several 

applications. Among the potential forms and applications is the production of 

nanocellulose aerogel. This chapter summarizes the main ways of obtaining 

nanocellulose aerogel and its properties. The main applications, like materials absorbents, 

carbon porous materials, gas filters and membranes, packaging materials, biomedical and 

pharmaceutical, electrical devices, energy storage systems, thermal insulation and fire- 

retardant materials are also discussed. 

Keywords 

Cellulose, Nanotechnology, Biorefinery, Natural Composites, Advanced Materials 
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1. Introduction 

The use of materials from natural sources to replace synthetic polymers is the focus of 

researches [1]. As the largest component of plant biomass, cellulose is the most abundant 

organic polymer on the planet, its annual production is estimated at 7.5x10!° tons per 

year [2,3], as a result, cellulose gains increasing and considerable attention in the 

development of new materials. Each cellulose molecule is composed of microfibrils, 

which are 1-2 micrometers long and 3-4 nm in diameter [2]. Microfibril is composed of 

highly ordered regions (crystalline) and disordered regions, (amorphous) [4]. 

The processing of cellulose by different routes and methods results in a class of materials 

called nanocellulose. The acid and enzymatic hydrolysismethods preserve the crystalline 

region and obtain the crystalline nanocellulose (CNC) whereas the mechanical methods 

or the combination of chemical or enzymatic methods with the mechanical methods lead 

to the formation of the nanofibrillated nanocellulose (CNF) [5.6]. Due to its small size, 

nanocellulose has interesting characteristics, such as low density, high strength, and good 

reactivity to modify the surface chemistry and flexibility with chemical inertness [7,8]. 

Nanocellulose has been intensively researched in the last decades for several applications, 

such as food packaging [9,10], food industry [11-14], encapsulation and controlled drug 
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release [15,16], reinforcement additive [5] and currently research is growing on 

nanogellulose aerogels [7,17]. 

The nanocellulose aerogel is a highly porous solid of ultra-low density with nanometric 

pore sizes formed by replacement of liquid in a gel with gas [18]. Aerogels are produced 

by drying a suspension in gel, usually hydrogel, by replacing the water with an organic 

solvent, forming an organogel. This organogel is dried by critical drying conditions or 

freeze drying process, preserving the three-dimensional porous structure. The density of 

the aerogels is between 0.001-0.2 g cm®, pores of dimensions of 2-50 nm and a porosity 

above 90% [17]. 

Due to the great potential of this material for the development of new products, this 

chapter contemplates the main forms of production, characteristics and research already 

developed using the nanocellulose aerogel. 

2. Production processes of nanocellulose aerogels 

Three steps are mandatory to prepare both cellulose nanocrystal (CNC) and/or cellulose 

nanofiber (CNF) aerogels: sol-gel transition (gelation), aging and drying [19]. These 

CNC and CNF-based aerogels can be produced by combining organic and inorganic 

materials in their structure, such as alginate [20,21], collagen [22,23], polyvinyl alcohol 

[24,25], surfactants [26,27], nylon [28], chitosan [29], TiO2, chitosan, polyvinyl acetate 

(PVA), carbon nanotubes (CNT) and silver (Ag) nanoparticles [30]. In the production of 

nanocellulose aerogels, one of the main challenges is to preserve the porous structure 

after the solvent (organic solvents or water) removal, since this can result in significant 

damages of cracking, collapse and warping of the material [7]. 

The first step of nanocellulose aerogels production; sol-gel transition, refers to the 

formation of a gel with an interconnected polymer network. Here, a high-stable gel is 

formed due to the large number of hydroxyl (OH) groups present in the cellulose 

chemical structure and their physical crosslinking; attributed to the hydrogen bonds [19], 

considering water as media. However, this sol-gel synthesis can be performed with 

organic solvents, i.e., without water, for example: replacing hydroxy! groups of cellulose 

by acetyl groups, and increasing solubility in acetone [31]. The shape of the final aerogel 

depends on the operational conditions adopted during the gel formation [32]. The second 

step; aging, represents the time required for crosslinking and curing to form a high-stable 

gel. The drying step is very important and responsible to reduce the surface tension into 

the pores during the formation of the aerogel network [19]. The most common drying 

steps to prepare nanocellulose aerogels are freeze drying and critical point drying (or 

supercritical drying) [7]. Consequently, the aerogel properties will vary according to the 
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drying method. Supercritical drying will preserve the three-dimensional network and 

create very small pores, while freeze drying will result in an aerogel with macropores and 

low specific surface area [33-35]. These drying steps can contain additional steps of 

solvent exchange (diffusion controlled process) before and if required by drying, or post- 

processing chemical modifications like chemical vapor deposition (CVD), silanization, 

calcination, pyrolysis and organic/inorganic coatings [30,32]. 

Freeze casting and vacuum filtration are other drying techniques applied to prepare 

nanocellulose aerogels. Both techniques are relatively simple, but they present limitations 

related to the properties needed for an aerogel. For example: freeze casting is an 

interesting way to align the nanocellulose fibrils in the direction of ice crystal growth, but 

their aggregation decreases substantially the application of CNF aerogel [36]. This step is 

complicated because the particles are subject to elongational flow and the ice crystals 

grow at different speeds in length in relation to thickness [36]. Vacuum filtration 

followed by solvent exchange and drying at room temperature result in an aerogel with 

high density and undesirable surface area [37]. The two most common and applied drying 

techniques — freeze and supercritical drying are better described below. 

Freeze drying process: Freeze drying is a simple method to prepare aerogels based on 

the freezing step followed by the sublimation step of material suspension [35], where 

nanocellulose water suspensions have received a great deal of attention as raw material 

due to their unique properties. Usually, the operational conditions of freeze-drying 

process are based on the use of vacuum (pressure <100 mbar) and temperature between - 

70 and -20 °C [32], considering water as the fluid inside the network pores of the gel 

[38]. Lyophilization process is very delicate, since it can result in undesirable 

characteristics in the sample or causes CNF agglomeration due to changes in the water 

removal process. Drying hydrogels is a challenge, as it is almost impossible to avoid 

partial collapse of the structure during solvent removal [36,39-41]. Freezing step refers to 

a controlled decrease of temperature in a specific environment, such as refrigerators and 

liquid nitrogen. The rate of freezing influences the structure of the gel. Rapid freezing can 

preserve the original structure, but slow freezing can segregate the solvent and dispersed 

phase [7,42]. This step can result in growing ice crystals, damaging the morphology of 

the material obtained in the sol-gel transition (gelation) [43]. Growth of ice crystals can 

be avoided by using spray-freeze-drying [44] or using tert-butanol instead of water as 

solvent [45]. On the other hand, sublimation step principle avoids the liquid-vapor 

interface, making possible to create nanocellulose aerogels with desirable properties like 

high surface area, low density and high porosity. This step is crucial for adequate 

processing of aerogels because it allows the replacement of frozen liquid solvent for air 

into the pores [46]. However, many important characteristics of nanocellulose aerogels 
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may affect the efficiency of sublimation, such as quantity of cellulose, temperature of 

processing, dimension and physical aspect [47]. Thus, the open porous materials created 

by freeze-drying process usually have pore size around several micrometers, which are a 

replica of the crystals formed in the solvent extraction by sublimation during the 

lyophilization [48]. This can lead to referring these materials in the literature as cryogels 

instead aerogels [38]. As previously mentioned, freeze drying conditions drive the 

properties of nanocellulose aerogels, and they have been explored under different ways 

(Table 1) [33,35,44,47,49-69]. Also, the most critical limitations of freeze drying is the 

high energy consumption, long time required for aerogels’ preparation (tens of hours), 

batch processes and the possible formation of microcrystals [32,43]. 

Table 1 Summary of recent strategies adopted to prepare nanocellulose aerogels 

(Table 1) [33,35,44,47,49-69]. 

CNF aerogels 

Material Filler : : eee : Post-modification | Ref. 
Pre-modification Drying 

Nanofibrillat | - Mechanical Vacuum - [64] 
ed cellulose stirring / | nitrogen freeze dryer 
from Pinus Ultrasonication 
roxburghii / Centrifugation 

/ Precoolin | 

TEMPO- Osmotic Pouring + - [44] 

CNF from concentration Deep- dryer 
spruce wood using Dextran freezer 

pulp Spraying + 

Deep- 

ee freezer | 

MTMS-CNF | - - Liquid Vacuum - [47] | 
from nitrogen freeze dryer 

eucalypt pulp 

TEMPO- - Refrigerator | Freeze- 
CNF _ from dryer 

poplar wood 
and CNF 

from cotton 

fibers 
TEMPO- - Osmotic Deep- 

CNF 

BTCA-CNF | - 

concentration 

using Dextran 

freezer 

Freeze 

casting 

Impregnation 
with cellulose 

acetate or 

acetylated CNC 

Freeze- 

dryer ate 
vacuum 

oven 
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[ MTMS-CNF | - | Freezer Lyophilizer | Silinization by | [66] 
CVD 

HDTMS- - Liquid Freeze dryer | Chemical 
CNF nitrogen reaction with 

HDTMS 

TEMPO- | -_ Sonication/ _| Freezer Freeze dryer 

CNF from Magnetic 

softwood stirring 
pulp 

CNF from - Mechanical Freeze dryer | - [69] 

Eucalyptus stirring 
wood pulp 
TOCN/GO - Sonication / Refrigerato | Freeze dryer [49] 

softwood Magnetic r 

bleached stirring / solvent 

kraft pulp exchange 

TEMPO- - Mechanical - Freeze dryer | Condensation [50] 

CNF/CD-x stirring reaction 
between CNF- 

based skeleton 
and amino 
groups of CD. 

CNF-SB - Mechanical Freezer Freeze dryer | - [51] 
from stirring / 
hardwood Heating 
kraft pulp 

PEDOT/PSS/ | - Mechanical Freezer Freeze dryer | EG heated at | [52] 
CNF stirring ilsle under 

vacuum for 30 
min 

PMSQ-CNF | - Mechanical CO2 [53] 
from Radiata stirring / supercritical 
pine wood Heating / drying 
powder Solvent 

exchange 

Hydrophobic | - Mechanical Liquid Freeze dryer 
CNF stirring nitrogen 

Nematici- - Solvent Supercritica | PMMA coating 
CNF exchange l fluid 

extraction 
PVA/CNF - Mechanical Freezer Silylation [56] 
Moso stirring / Freeze dryer 
bamboo Solvent 

exchange _ 
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CNF-PANI | - Mechanical Liquid Freeze dryer | - [57] 
stirring / | nitrogen / 
Supramolecular | Freezer 
assembl 

CNC aerogels 
CNC 3 : Freezer | Lyophilizer a [58] 
CNC- 
POEGMA 

CNC _ from | - - Freezer Lyophilizer | Polyamide- [59] 
wood pulp epichlorohydrin 

CHO-CNC PPy-NF Freezer Freeze-dryer [127] 
NHNH2- PPy- 
CNC CNT 

MnO2- 
NP 

TEMPO- - Solvent Freezer Critical point [61] 
CNC exchange dryer 
CHO-CNC Pressurized 
NH2NH-— gas 

CNC expansion 
vessel 

CNF from Mechanical - Freeze dryer | - [69] 
Eucalyptus stirring 

wood pulp st hae 

MCC-PDA Mechanical | Liquid Freeze dryer | - [62] 
stirring nitrogen 

CNC - Pressure- Freezer Lyophilizer | - [63] 
POEGMA aided freeze 

casting _ 
CNF = cellulose nanofibrils; CNC = cellulose nanocrystals; TEMPO = 2,2,6,6-Tetramethylpiperidin-1-yl)oxyl; 
POEGMA = poly(oligo(ethylene glycol) methyl ether methacrylate; BTCA = 1,2,3,4-butanetetracarboxylic acid; 
MTMS = Trimethoxymethylsilane; HDTMS = hexadecyltrimethoxylan;CVD = chemical vapor deposition; CD = 
carbon dots; TOCN/GO = (TEMPO)-oxidized cellulose nanofibril/graphene oxide; SB = sodium bicarbonate; 

PEDOT/PSS = polysilane and poly(3,4-ethylene dioxythiophene)/poly(styrene sulfonate), EG =ethylene glycol; 
PMSQ = polymethylsilsesquioxane; SiO2 = silicon dioxide; PMMA = Poly(methyl methacrylate). Nematic i-CNF = 

TEMPO-Oxidized individualized cellulose nanofibrils; PANI = polyaniline; MCC = microcrystalline cellulose; pda 

= polydopamine; poegma = poly(oligoethylene glycol methacrylate), 

Supercritical drying process: This method uses supercritical fluids — usually 

supercritical carbon dioxide (scCO2) - as an alternative to traditional drying process, in 

order to maintain the extraordinary properties like high porosity and texture of wet gel in 

a dry form [70], as well as creating small pores in the aerogel structure [43] and no cracks 

and capillary stresses [38]. Supercritical drying using carbon dioxide (CO2) can be 

applied to prepare different types of aerogels, and it is a safe and environmentally 

friendly process [32]. The CO2 is widely used as supercritical fluid due to many positive 
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aspects, especially its lower critical point (temperature of 31.3 °C and pressure of 72.9 

atm), non-inflammability and non-toxicity [7,38]. This drying process is based on the 

extraction of the organic solvent in a single-phase mixing step using compressed CO2 

with no liquid—gas interfaces. This extraction allows the complete substitution of the 

organic solvent for COz into the gel structure, and subsequent release of CO2 by slow 

depressurization [71]. The rate of depressurization can affect the aerogel structure dried 

with CO», since a high rate induces deformation because of the rapid expansion of COd. 

This explains the preference for slow depressurization to prepare nanocellulose aerogels 

[7,72]. The efficiency of supercritical drying of wet gels containing cellulose-based 

materials can be improved by immersion in intermediate solvents miscible in CO2, such 

as ethanol and acetone, to avoid the liquid-vapor interface and, consequently, damages on 

the aerogel structure [43,73]. This solvent exchange is necessary because COz are 

immiscible in water [7], which is the main media used to prepare CNF and CNC 

suspensions. 

3. Properties of nanocellulose aerogels 

The current interest in nanocellulose aerogels is based on their great properties, especially 

biodegradability, renewability, high porosity, low density and good mechanical strength 

[74]. Microscopically, aerogels are composed of fine networks of grouped nanoparticles. 

These materials generally have unique properties, including high strength, low density 

and high surface area, when the volume of solids is related to the volume of foam [75]. 

However, most aerogels are mechanically brittle, and their physical properties are 

correlated with their density [34] which, in turn, is related to the shrinkage that the foam 

undergoes during the manufacturing process [76]. Trying to eliminate these undesirable 

characteristics, or even to promote some specific characteristic, such as mechanical 

reinforcement, foams have often been formed with the union of two or more polymers 

[20]. The fact that the foams have a well-structured morphology and porosity can be an 

advantage in several applications, for example, in modifying their surface to repel water 

[77] and in biodegradable damping foams [78], replacing expanded polystyrene. 

In general, aerogels have porous solids with up to 99.8% air and density lower than 4 

mg/cm? [79]. The use of nanocellulose as matrix or filler to prepare aerogels improves 

many characteristics of the final products, mainly thermal stability [34,80], surface area 

[53,81], density [53,81,82], porosity [35,81,83], surface reactivity [82,83] and mechanical 

properties [35,37,79]. Other important physical aspects desired for aerogels are related to 

thermal, electrical and acoustic properties. Nanocellulose aerogels usually have low 

thermal conductivity, considerable ability to absorb sound and low dielectric loss [7]. For 

example: Chen et al. [35] found low thermal conductivity (<0.016 Wm-'K-!) and high 
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sound absorption ability at high frequencies (57.1 and 54.1 % at 4000 Hz) for unmodified 

and modified CNF aerogels. This low thermal conductivity can be explained by low 

density (close to 0.005 gem*) and high porosity of the CNF aerogels. The authors also 

suggested this low thermal conductivity as a good indicator for thermal insulation 

applications of CNF aerogels [35]. Table 2 [44,64,66,67,73,81,84-89] summarizes some 

properties found in investigations with nanocellulose aerogels, focusing on physical 

aspects of density, porosity and surface area. 

Even both CNF and CNC are from renewable materials, like wood and natural fibers, the 

aerogels prepared with each type of nanocellulose have specific characteristics that drive 

their applications (Table 2[44,64,66,67,73,81,84—-89]). For example: CNF network has 

high chain entanglement which results in a highly stable aerogel. On the contrary, CNC 

aerogel has high porosity and surface area, but are more fragile than traditional aerogels, 

like silica-based aerogels [30]. 

Variation of stiffness, morphology, wettability, roughness, porosity, surface area and 

density can be adjusted by changing the loading levels of nanocellulose (CNF and CNC) 

before the drying step [45,77,81]. The difference in the cellular structure of foams 

influences their mechanical behavior [90]. Porosity, pore size and internal structure are 

the main factors that directly affect the performance of these materials[23]. For example: 

Rafieian et al. [67] found a significant decrease of porosity(99.5 — 99.1%) with increase 

the CNF loading (1.2 - 0.6%) for unmodified aerogels. On the contrary, drying method 

does not influence substantially the density and porosity of bio aerogels, since both most 

common drying techniques achieve low densities and high porosities [44]. 

Nanocellulose aerogels naturally have the capacity to absorb liquids in large quantities, 

especially because of their high surface area and porosity [91]. Density also influences 

the water absorption capacity of CNF aerogels, especially for values lower than 4 kgm*. 

The calculated absorbency increased with density of aerogels. The values are 25, 46, 83, 

91, 91 and 94% for aerogels with density of 1.7, 2.7, 4.0, 5.2, 6.3 and 8.1 kg m°, 

respectively [88]. The authors explained this behavior; as the aerogels with higher density 

have smaller pores, thicker pore walls and, consequently, more capacity to hold absorbed 

water into their structure. 
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Table 2 Summary of physical properties found in recent investigations with 
nanocellulose aerogels [44,64,66,67,73,81,84-89]. 

CNF aerogels 

Material Processing | Surface | Density 
area (kgm) | (%) 
m2g"! 

CNF Freeze 15.2 - 8.1 - 99.4 - [64] 
drying 92,3 209 98.6 en ss 

CNF Freeze 20 - 350 | - pares [73] 
drying OOF 
Supercritical 
drying 

TEMPO- | Freeze 80-100 | 12—33 | 98-99 [44] 
CNEF drying — 
Carboxy- | Freeze 11-42 |4-14 99.1 — Silanization [75] 

methylated | drying 99.8 by CVD 

CNF 
Vacuum - 20 98.6 Fluorination [87] 
drying by CVD 

CNF Freeze - 1.7-—8.3 | 99.5 — Silanization [88] 

drying 99.9 by CVD 
CNF Freeze 3.8 46 97.08 Silanization [66] 

drying by CVD 
CNF Freeze 261 - 98.8— | Chemical [67] 

drying 299 995 reaction with 
HDTMS 

CNC aerogels 

COOH- Supercritical | 43 - 429 | 5.7 - 220 | 86.1 — Atomic layer | [89] 

CNC drying 99.6 deposition of 

AlO3 

qd ing 605 

Sulfated Supercritical | 130 - : . [84] 
CNC drying 190 
Phosphate 
CNC 
CNC - 91.47 - - [85] 

93.89 

CNF = cellulose nanofibrils; CNC = cellulose nanocrystals; TEMPO = 2,2.6,6- 

Tetramethylpiperidin-1l-yl)oxyl; _cvd = chemical vapor deposition; MTMS = 
methytrimethoxysilane; HDTMS = hexadecyltrimethoxylan. 
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Regarding surface area of CNC aerogels, low values are attributed to CNC aggregation, 

while high surface area is influenced by non-smooth surface and monodispersion of CNC 

[81,92]. Heath et al. [81] affirmed that they found some of the highest surface area of 

CNC aerogels reported in the literature, reaching values close to 605 m? g"!, which is true 

if comparing values of nanocellulose aerogels obtained in some previous studies like 91- 

93 m*g! [85], 130-190 m? g™ [84], 3.8 m?g"![66] and 15-92 m?g"! [64]. Low surface areas 

is not desired for aerogels, and usually it can be related to the presence of macropores 

(large size pores) in their structure, probably because the use of lyophilization and slow 

freezing to prepare the aerogels [66]. The authors explained that slow freezing results in 

macropores due to the fiber movement, which does not occur in rapid freezing. The 

choice of drying method is significant and affects the surface area of nanocellulose 

aerogels, since the use of critical point method result in higher surface areas of aerogels 

compared to the freeze drying method [64]. 

Density of nanocellulose aerogels is typically low, but the range of density vary 

substantially as a function of raw materials and operational conditions. Previous studies 

found extraordinary low densities between 1 to 10 kg m? [44,75,88], which is equal or 

lower than aerogels manufactured with extraordinary materials, such as graphene (2 kg 

m7) [93] and carbon nanotubes (CNT) (4 kg m*) [94]. Heath et al. [81] found CNC- 

aerogels with density between 78 to 155 kg m®?, where the porosity decreased in line with 

increasing density. The authors affirmed that no shrinkage of hydrogel during the solvent 

exchange and drying steps allow to predict the theoretical density and porosity of the 

aerogel. Corroborating this statement, Shoseyov et al. [95] mentioned that the solvent 

removal forms a continuous and layered porous structure, resulting in a spongy structure, 

and its compactness depends on the initial concentration of solids in the solution. Also, 

Heath et al. [81] suggested the absence of shrinkage due to the high modulus of CNC, 

which avoids the collapse of sections between hydrogen bond. This behavior occurs for 

unmodified CNF aerogels, as found by Rafieian et al. [67], in which bulk densities (11- 

17.5 kg m*) increased with increase the CNF loadings (0.6 — 1.2%). 

Comparison of mechanical properties obtained for nanocellulose aerogels is difficult 

because of the variation of materials and test methods [30]. However, some aspects can 

be highlighted. Young’s modulus increases with increasing density of CNF aerogels; 

ultralow density and high porosity negatively affect maximum compressive stress and 

Young’s modulus [67]; chemical crosslinking of CNC results in great differences in 

cyclic mechanical tests (wet and dry conditions), as observed by Osorio et al. [84] for S- 

CNC (sulfated CNC) aerogels and P-CNC (phosphate CNC) aerogels applied as bone 

tissue scaffolds. S-CNC aerogels presented higher compressive strength at 90% than P- 

CNC aerogels. On contrary, S-CNC and P-CNC aerogels presented the same flexibility 
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and shape recovery. This flexibility can facilitate the bone regeneration. Besides higher 

number of crosslinking groups, higher mechanical properties of S-CNC aerogels 

positively influenced the lesser degradation rates and higher long-term stability of 

scaffold in vivo [84]. Likewise, this efficient shape recovery after compression higher 

than 99% and immersion in water also was observed by Chen et al. [35] for TEMPO- 

CNF aerogels. The authors explained this behavior because of the robust interconnected 

network and stable porous structure observed in the nanocellulose aerogels. 

Chemical modification of nanocellulose is an interesting way to facilitate some steps 

during the preparation of aerogels, and to produce aerogels with outstanding properties 

for added-value applications, and to avoid problems during applications due to their 

possible redispersion in water and tendency to disassemble [30]. 

Surface reactivity is an important aspect explored in the preparation of nanocellulose 

aerogels. The increase of surface hydrophobicity of nanocellulose aerogels is easily 

achieved by silanization, as described by Zanini et al. [47], Oliveira et al. [66], Nguyen et 

al. [96] and Zhang et al. [91]. A higher contact angle and its time-dependent stability, i.e., 

a more hydrophobic and stable surface, can be positive for applications related to 

oil/water separation processes [47]. According to the same authors, the silanized CNF 

aerogel-oil interaction occurs mainly due to van der Waals and intramolecular interaction 

forces, in which the chemically modified aerogel surface requires lesser energy to absorb 

the oil. 

The potential of CNF aerogels as an amphiphilic material was investigated by Jiang and 

Hsieh [88]. They observed a natural amphiphilic characteristic through the absorption of 

210 and 375 g g'of water and chloroform, respectively. But the post processing of CNF 

aerogels with CVD by silanization using triethoxyl(octyl) silane resulted in a more 

hydrophobic and oleophilic aerogel, with 139-356 times absorption of non-polar 

hydrocarbons, polar aprotic solvents and oils [88]. Likewise, fluorination of 

nanocellulose aerogels is another interesting technique to achieve super hydrophobicity 

and superoleophobicity with notable applications as gas permeable, buoyant and dirt- 

repellent coatings for sensors [87]. Superoleophobicity of CNF aerogels also was 

observed by Aulin et al. [77]. In this investigation, they related the superoleophobicity to 

the synergistic effect of low surface energy of PFOTS coating, surface roughness and re- 

entrant topography of CNF aerogels [77]. Furthermore, chemical modification can 

improve mechanical properties of nanocellulose aerogels, as previously described by 

Jiang et al. [88] for salinized-CNF aerogels and as suggested by the findings of Huang et 
al. in 2013 [97]. 
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4. Applications of nanocellulose aerogels 

As a new 3D material with high porosity and ultralow density [98], nanocellulose 

aerogels provides many applications like material absorbents, gas filters and membranes, 

packaging materials, energy storage systems and electrical devices, thermal insulation 

and materials with fire-retardant properties, pharmaceutical and biomedical applications. 

This section presents the applications of this material in several industrial fields. 

4.1. Materials absorbents 

Aerogels are materials made of the liquid part replacement of a gel with a gas [99,100]. 

In general aerogels are known for three specific characteristics: high porosity, low 

density and high specific surface area, these properties are desirable in materials for 

absorbent uses [101]. When made of nanocellulose, in addition to the aforementioned 

properties, the material will have high strength, liquid-crystalline properties, 

biodegradability, environmental friendly, general biocompatibility and ease to surface 

modification [3,4,100,102—104]. 

Absorbent materials are routinely used for separating oil/water emulsification and in oil 

spills [105]. Oil/water emulsification is a very common effluent in the food and oil 

industry and oil spills are very harmful environmental disasters, not only for marine life 

but also in the economic production involved in this environment [106]. The use of 

porous and absorbent material is the most effective and inexpensive way to separate the 

oil/water mixture [100], through physical adsorption the separation of these solutions is 

facilitated, which increases the interest of researchers and companies in the development 

of absorbent materials [107,108], many of them having nanocellulose as chemical base. 

Mostly the nanocellulose aerogels research is based in CNF, the high length (many 

micrometers long) and the presence of crystalline and amorphous regions make the 

nanofibers very flexible and easy interlacing [5,45,87,99], and are indicated for oil 

absorbents, filters and antibacterial substrates [99]. 

Through lyophilization followed by functionalization with titanium dioxide from CNF 

hydrogels, Korhonen et al. [109] produced a hydrophobic and oleophilic material. With 

porosity greater than 98% and density between 20 to 30 mg m®, this CNF-aerogel, highly 

water-repellent, was able to absorb and retain oil. The chemical vapor deposition (CVD) 

is the most widely used hydrophobization technique to produce CNF-aerogels. With this 

method Cervin et al. [75] produced several CNF-aerogels, with a range of porosity from 

99.1 to 99.8% and a ultra-light density of 4-14 mg cm®. These highly hydrophobic 

aerogels showed a 150° water contact angle, selective to n-hexadecane were able to 

absorb up to 45 times their own weights in oil. 

13 



Aerogels |: Preparation, Properties and Applications Materials Research Forum LLC 

Materials Research Foundations 84 (2020) 1-33 https://doi.org/10.21741/9781644900994-1 

In addition to the use of CNF to produce absorbent aerogels, there are successful 

experiences with bacterial nanocellulose and cellulose nanocrystal, as in the case of the 

research developed by Zhang et al. [91] that produced BC-aerogels with low density 

(6.77 mg cm*), high specific surface area (169.1 m* g"') and high porosity (99.6%), 

capable of absorbing a wide range of oils and organic solvents. In the case of CNC- 

aerogel Yang and Cranston [99] prepared CNC-aerogels based on hydrazone crosslinking 

of hydrazide and aldehyde-functionalized CNCs and achieved ultralight density (5.6 mg 

cm™) and high porosity (99.6%). With high mechanical resistance, these CNC-aerogels 

were able to quickly absorb water, dimethy! sulfoxide (DMSO), ethanol and dodecane. 

4.2. Gas filters and membranes 

For the cleaning of surgical environments, medical and pharmaceutical industry, food 

industry and research laboratories, two types of filters have stood out for their high 

efficiency in air filtration: High-efficiency particulate air (HEPA) and ultralow 

penetration air (ULPA). Made up of a mesh of fibers arranged at random, HEPA filters 

are generally used in nanoparticle containment rooms [110], removing at least 99.97% of 

suspended particles of 0.3 microns in diameter, the minimum resistance of the filter to the 

air flow, or pressure drop, is normally specified at around 300 Pa at its nominal flow 

[111]. An ULPA filter can remove from the air at least 99.999% of any airborne particles 

with a size of 100 nanometres (0.1 um) or larger [111]. Cellulose-based aerogels find 

exceptional applications in air filters [43], such as the case of pioneering research 

developed by Nemoto et al. [112], who showed that the reinforcement of CNF in HEPA 

or ULPA filters improving the air filter quality. 

Due to the rapid increase in industrial carbon dioxide emissions in recent years [113], the 

development of effective and low-cost gas separation technologies has gained importance 

[114]. In view of this Gebald et al. [115] developed an absorbent material made of amine- 

based CNF, capable of absorbing up to 1.4 mmol g™! of COn, and, for the same purpose, 

Sehaqui et al. [116] combinated oxidized nanofibrillated cellulose (NFC) and a high 

molar mass polyethylenimine (PEI), and fabricated a direct air capture membrane with 

2.22 mmol g ' CO» capture capacity. 

4.3 Packaging materials 

The ability of a material to absorb energy and plastically deform without fracturing is 

called toughness [117], in the international system of units (SI) toughness is measured in 

units of joule per cubic meter (J m™) and it is calculated using area underneath the stress— 

strain curve [117,118]. Significant toughness is required for the development of 

packaging [119], as in the case of materials which has good capacity to absorb impact, 
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like expanded polystyrene (EPS) [120], polypropylene (PP) [121], cellulose fibers [122] 

and wood [123]. 

In the research carried out by Donius et al. [124] an anisotropic nanocellulose 

montmorillonite aerogels prepared by freeze casting able to absorb a lot of energy per 

unit volume (46.2 kJ m*), this is an indicator for potential application in packaging. 

Cellulose-derived materials have the advantages of being renewable and biodegradable 

[5], compared to other petroleum-based materials such as some difficult-to-recycle 

polymers used in packaging. 

In addition to good mechanical resistance, the application of cellulosic biomaterials in the 

production of food packaging is favored due to biodegradability, non-toxicity to humans 

and the possibility of adding preservative or bioactive substances to produce active food 

packaging like antimicrobial, antioxidant and aromatic food packaging [125]. 

4.4 Energy storage systems and electrical devices 

The flexibility, low density and high strength and the flexibility of nanocellulose-based 

aerogels are important their use in energy storage systems and electrical devices [7], but 

for these proposes good electrical conductivity is also required [126]. The challenge for 

this application is to increase the electrical conductivity or capacitance of nanocellulose 

aerogels, either by chemical modification or by adding materials with good electrical 

conductivity, without impairing the aforementioned properties and, mainly, maintaining 

the continuous network of connections within the aerogels. 

Capacitance or electrical capacity is the scalar quantity that measures the energy storage 

capacity in electrical equipment and devices, its unit is given in farad, represented by the 

letter "F"[126], the incorporation of polypyrrole nanofibers (PPyNF), polypyrrole-coated 

carbon nanotubes (PPy-CNT) and manganese dioxide nanoparticles (MnO2-NP) gave to 

CNC-aerogel an excellent capacitance retention at high charge—discharge rates for 

supercapacitor devices with low internal resistance[127]. In an experiment involving 

NFC-based aerogels and rapid layer-by-layer assembly method (LbL), Hamedi et al. 

[128] developed a very high charge-storage capacity material, with calculated 

capacitance of 419+ 17F g'. 

As examples of improvement in the electrical conductivity of nanocellulose aerogels we 

have the work of Padkk66 et al. [129] that by incorporating highly porous polyaniline 

(PANI) in CNF foams created a material with conductivity of 7x10° S cm'!. On the other 

hand, the synthesis of CNF/polypyrrole/silver nanoparticles hybrid foams resulted in low 

electrical conductivity (0.5x107? S cm’) [130], showing that even the incorporation of a 
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good electrical conductor alone may not improve the conductivity of nanocellulose-based 

aerogels, as the electrical conductor can harm the formation of internal networks. 

4.5 Thermal insulation and fire-retardant materials 

The thermal conductivity of an aerogel is due to the conduction of the solid network, 

conduction of the gas phase and radiation inside or through the pores [131], the 

contribution of the solid part decreases as the material is more porous. The gas phase, on 

the other hand, contributes to the elastic collision between the gas molecules, thus 

reducing the size of the pores, suppressing both gaseous thermal transport and radiation 

[131]. 

Among the potential applications of nanocellulose aerogels is thermal insulation [132]. In 

addition to naturally low thermal conductivity, the nanocellulose aerogel cellular 

structure significantly reduces air circulation, further reducing conductivity. Its 

transparency also inhibits the transmission of radioactivity from infrared radiation. Some 

works report that the thermal conductivity of nanocellulose aerogels is below 25 mW m 

'K-!| which is like air conductivity. The lowest conductivity in relation to precursor 

material-cellulose (40-50 mW m! K’') is justified by the small size of the particles and 

pores that are formed during processing [7,44,133]. 

Additives such as graphene oxide and sepiolite in the formation of nanocellulose aerogels 

decrease the thermal conductivity in 3 mWm! K"'in relation to films without additives 

[134]. Multiscale porous fibers made by cellulose acetate and Poly (acrylic acid) sheath 

and CNF aerogel in the core showed good thermal insulation capacity in the range of -20 

to 150 °C [132]. Another method of improving thermal properties is by reducing the pore 

size through drying methods such as spray freeze-dried instead of conventional freeze 

drying [44]. 

He et al. [135] developed a strategy to improve the absorption, mechanical properties and 

hinder flammability through the incorporation of aluminum hydroxide nanoparticles into 

cellulose aerogels via an in-situ sol-gel process followed by freeze-drying. The formation 

of composite aerogels with cellulose and silica significantly improves the flame retardant 

performance, achieving self-extinguishing of the post-ignition flame [136]. The use of 

magnesium hydroxide nanoparticles synthesized with nanocellulose gel followed by 

freeze-drying produces aerogels with improved flame properties [137]. Other inorganic 

additives such as clay and graphene have the ability to improve flammability [134]. 

Despite being considered an excellent thermal insulator, nanocellulose aerogels are easy 
to ignite, which ends up limiting their application to different uses. Because of this, many 
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researches focus on the use of flame retardants, especially for technological applications 

[138]. 

4.6 Pharmaceutical and biomedical applications 

A controlled drug delivery system allows the introduction of a drug into the human body, 

controlling rate, time and location of its release within the organism[139,140]. 

Nanocellulose has the potential for pharmaceutical field, mainly in the controlled drug 

release and in improving the solubility of poor water solubility drugs [141,142]. In case 

of nanocellulose aerogels and foams the drug delivery rate has relation with porosity, so 

it can be administered by changing the porous structure [143,144]. Also, there are 

modifications that can improve the drug load capacity, as example the polyethylenimine- 

grafted CNF (PEI-CNF) foams, that can contain 20 times more drug then CNF foams 

without modification [145]. 

A very prominent biomedical application is the regenerative medicine, in view of this 

several materials have been introduced as potential 3D cell culture scaffolds, these 

include protein extracts, peptide amphiphiles, synthetic and naturals polymers [146]. 3D 

cell culture scaffolds consist of an interconnected porous network that favors cellular 

infiltration [147], the relation between cells and the scaffold is determined by the scaffold 

material characteristics. In this case the materials used need intrinsic biocompatibility and 

proper chemistry to induce molecular biorecognition from cells [148]. Bacterial 

nanocellulose has biocompatibility and the durability, than makes it a promising material 

for 3D cell culture scaffolds [149], and also the CNF aerogel shows potential, in the 

research developed by Liu et al. [13] ina 3D TEMPO CNF aerogel scaffolds wherein the 

cell mortality was less than 5%. 

For pharmaceutical or biomedical applications, the use of nanocellulose aerogels needs to 

be evaluated by in vitro dissolution tests and by toxicological tests, because the aerogels 

is obtained by chemical and physical processes, and it is necessary to verify the non- 

attendance of substances that can harm the human organs [150]. 

5. Final considerations 

Nanocellulose provides interesting properties to produce aerogels with high resistance, 

low density, high surface area and high porosity, in addition to being biodegradable and 

renewable. 

Aerogels produced with nanocelluloses can present several variations in rigidity, 

morphology, wettability, roughness, porosity, surface area and density, being linked to 
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the levels of nanocellulose load (CNF and CNC) before the drying step, reaction time in 

the aging step, the use of additives and surface chemical modification. 

The most critical aspect in the production of nanocellulose aerogels is the aggregation of 

the nanocellulose, a fact that influences the density and surface area of the aerogels and 

their mechanical properties. Another factor of great relevance is the choice of the drying 

method, since the use of the critical point method results in larger surface areas of aerogel 

compared to the freeze-drying process. 

The studies carried out show that the aerogels physical properties and variable surface 

chemistry are useful to increase its absorbing capacity of bacteria and viruses, 

electrochemical energy storage, air filtration. 

In addition, the high porosity provides its use in the field of insulating and fire-retardant 

materials, electrical and energy storage devices, COz capture and antibacterial 

applications. 

Studies are still needed to improve the properties of aerogels and understand the changes 

that occur in the drying step for the various potential applications of this material. 
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Abstract 

The current chapter reviews porous aerogels that have been more utilized including 

silicate and non-silicate (ZrO2 and TiO) aerogels. In addition, the recently focused 

aerogels like composite/hybrid aerogels, polymeric, carbon-based (mostly CNTs and 

graphene-based) and biogels have been summarized. The metal chalcogenide aerogels 

display unique properties, unlike the conventional oxide-based aerogels. The diverse 

utility of these porous aerogels encompasses environmental, biomedical, catalytic and 

advanced applications especially graphene and CNTs based aerogels have applications in 

modern devices primarily due to surpassed surface area, porosity and _ structural 

adaptability. 
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1. Porous aerogel history 

Kistler et al. [1] for the first time coined the term of aerogel in 1932, where the gaseous 

phase takes the place of liquid in the wet gel without compromising on the 3D solid 
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porous network of gel. Kistler utilized the supercritical fluid drying technique (SCF) 

instead of evaporation to remove the trapped liquid out of gel. In this technique, the 

liquid found in the pores of gel transforms into the supercritical fluid without disturbing 

the porous structure. Because of the evacuation of supercritical fluid as a gas, a dry solid 

network of a wet gel is obtained, keeping the open porous texture intact. Therefore, the 

aerogels are the materials where the air has replaced the liquid in the wet gel without 

considerable shrinkage in the solid porous network. 

Aerogels have the characteristics of the high specific pore volume. Mostly, the silica- 

based aerogel has the relative pore volume of around 90% [2]. Different series of aerogel 

synthesized by Kistler show that the results are less promising than the silica aerogel [1]. 

Apart from silica-based aerogels, which are easy to handle due to their robust nature, he 

also synthesized alumina-based aerogels but these proved to be mechanically very fragile. 

Initially, the precursors utilized are the metallic salt containing the cations to synthesize 

the oxide gel. Kistler utilized the sodium metasilicate (Na2SiO3), as it was cost-effective 

[1]. Hence, BASF developed an industrially feasible process benefitting from this 

compound [3]. Metallic salts also remained important when other precursors are not 

available. 

2. Aerogel pore classification 

The aerogel can be categorized based upon their microstructure as given below; 

Microporous aerogel (less than 2 nm), Mesoporous aerogel (2-50 nm) and mixed porous 

aerogel with larger and varyingly pore size. 

3. Inorganic-silica based aerogels 

Silica-based aerogels are usually obtained by the sol-gel method where a porous network 

of gel is developed due to the polymerization mechanism, where the (-Si-O-Si-) linkage 

is created between initial precursors. In the first stage, colloidal silica particles are 

arranged to form linear oligomers with nanosized particles. Then afterwards, these 

elementary units are linked together to form a 3D network of a gel in the solvent [4,5]. 

Kistler synthesized the first silica aerogel from sodium metasilicate (termed as 
waterglass) reaction with HCI as shown in Eq (1). Product of the reaction is salt, so it can 

easily be removed by acidic ion-exchanger or by dialysis [6]. 

NazSiO3 + 2HCI + (x-1)H20 —> SiO2.xH20 + 2NaCl (1) 

37 



Aerogels |: Preparation, Properties and Applications Materials Research Forum LLC 

Materials Research Foundations 84 (2020) 34-82 https://doi.org/10.21741/9781644900994-2 

However, nowadays precursors of Si used are alkoxides of silicon such as Si(OR)as, in 

which -OR are usually methoxy or ethoxy moities [7]. 

Other varieties of alkoxide derived precursors include perfluoroalkylsilane (PFAS), 

methyltrimethoxysilane (MTMS), 3-(2-aminoethylamino) _ propyltrimethoxysilane 

(EDAS) [8]. All of these mentioned examples have the polar Si-O bond which permits 

the Si-O-Si wide-angle distribution values to assist the three-dimensional network like 

that found in glass [9]. 

3.1 Properties of silica-based aerogel 

3.1.1 Texture 

Silica-based aerogel has amorphous nature. They usually have a skeletal density of 2 

gem? which is near to non-crystalline silica (2.2 g cm) having above 90% pore volume 

[10]. Few ultra-light and -porous silica aerogel are reported with extraordinary low 

density (0.003 g cem*) [11]. 

The mesoporous structure is usually found in silica aerogels, with the pore diameter 

ranging from 20-40 nm. Microporous aerogel of less than 2 nm can be synthesized by 

particular conditions like acid catalysed treatment [12]. Silica aerogel has a surface area 

ranging from 250-800 mg"! but could be exceeding 1000 m?g"in controlled condition 

[13]. 

3.1.2 Thermal properties 

Silica aerogel has a very low thermal conductivity in the order of 0.015W m'! K”, These 

conductivities are less than that of air (0.025W m”! K"') at ambient pressure, temperature 

and relative humidity [14]. Considering these properties, the silica aerogel are the 

promising candidate for thermal insulation. 

3.1.3 Optical properties 

The transparent form of silica aerogel can be achieved although their optical quality is 

reduced due to the scattering of transmitted light to some extent. The heterogenous solid 

network nature of gel in the nanometer range causes Rayleigh scattering which is 

responsible for a bluish colouration in reflection and yellowish colouration in the 

transmission mode [15]. While the micrometre range heterogeneities in the solid network 

are the reason behind the blurred deformation of optical images [16]. 
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3.1.4 Entrapment, release, sorption, and storage properties 

High specific pore volume and somewhat resistant porous SiO2 network of aerogel can be 

utilized to trap the nanoparticles and a variety of other molecules [17-20]. Similarly, 

silica aerogel could be impregnated with nematic crystalline phase. As a result of 

impregnation, the long-range order of crystal can be destroyed by the randomness of a gel 

network and liquid crystal changes into the glassy state [21]. 

Bacteria and viruses can be easily trapped inside aerogels and still remain alive [22]. 

High specific pore volume and controllable pore size of silica-based aerogel could be 

utilized to release drugs and different chemicals in a controlled manner [23]. Likewise, 

aerogel can also adsorb harmful toxic chemicals from wastewater. Silica-based aerogels 

as suggested by Woignier et al. [24] can be employed for storage of actinides, as they are 

chemically stable in water. Silica-based aerogel impregnated with different salts like 

calcium chloride, lithium bromide is checked as low-temperature water sorbents for heat 

storage. They have the energy storage capacity as measured by differential scanning 

calorimetry (DSC) up to 4 kJg", that is far greater than unimpregnated silica gel and 

zeolites [25]. 

4.  Inorganic-nonsilicate aerogels 

4.1 ZrO aerogels 

For the synthesis of zirconia material, a number of experiments are performed to evaluate 

the textural features like pore size, porosity, surface area, etc. Different methodologies 

such as electrolysis, sol-gel, etc. are often used. It is an established fact that the 

supercritical drying (SCD) of zirconia-based gel is the best method to get enhanced 

textural and structural properties [26]. Recently it has been reported that the zirconia 

aerogel synthesized by SCD have an increased surface area with large pore volume [27]. 

Moreover, by the SCD procedure ZrO2 nanoparticles with better morphological features 

and high surface reactivity are obtained [28]. 

4.1.1 ZrO aerogels in catalysis 

ZrO> aerogels have the numerous properties suitable for catalytic support such as surface 

having both acidic and basic for redox properties. When textural and structural feature 

combines with previously mentioned properties, they make a catalytically active phase 

with increased thermal stability with better resistance to catalytic poisoning [29]. 
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4.1.2 ZrO, aerogels in ceramics 

With exceptional thermal, mechanical and electrical properties, ZrO2 aerogel shows a 

competing aspect in the ceramic industry for the usage in the fuel cell, thermal barrier 

coatings [30]. But mostly it is doped with other metal oxides to have the low-temperature 

stabilization of tetragonal and cubic phase. Low dopant concentration increased the 

mechanical toughness due to stabilizing tetragonal phase while the high dopant 

concentration favours the cubic phase with high ionic conductivity [31]. 

Similarly, if the ZrO2 is doped with Y**, Ce**, stabilization of nanoscale tetragonal 

particles enhanced their fracture toughness. It is seen that the tetragonal phase 

stabilization is being controlled by two important factors including preparation 

methodology and particle size [32-35]. 

4.1.3 ZrO, aerogels in solid oxide fuel cells 

Solid oxide fuel cells (SOFCs) utilizes the yttria-stabilized zirconia (YSZ) due to high- 

temperature oxide conductor. When 8-10% of yttrium oxide is incorporated in the ZrO2 

aerogel, it causes low-temperature stabilization of zirconia in the cubic crystalline phase. 

In addition to structure and composition, particle size and homogeneity of precursors are 

the factors to consider while preparing the YSZ. It is noted that SCD is a useful process 

that will produce the ZrO2 aerogel with enhanced surface area which is desirable for 

greater conductivity in YSZ [36]. 

4.2 TiO aerogels 

Due to the surface properties, titania has been utilized in numerous applications like 

photocatalysts [37,38], gas sensors [39], solar cell electrodes [40], etc. Structure and 

controlled porosity of TiO2 materials is important for these applications [41.42]. 

TiO aerogel could be either pure titania or mixed oxides. Mixed oxide aerogel is known 

to show better photocatalytic activity [43-45]. Porous titania could be made by various 

processes. Sol-gel [45,46] method is usually employed despite a few drawbacks such as 

costly raw materials, long process and large shrinkage during the process. But it is still an 

attractive method because the “tailored materials” can be formed with high surface area 

and controlled pore structure. 
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5. Organic-natural/biogels 

5.1 Polysaccharides aerogels 

Polysaccharides are the potential candidates for the production of biogels. A vast variety 

of polysaccharides can be used for aerogel production. Their use in a number of 

applications might be due to its abundance, biocompatibility, biodegradability and cost- 

effectiveness [47]. Cellulose, chitin, chitosan, alginate, starch, carrageenan, curdlan are 

usually considered abundant polysaccharides for the preparation of cost-effective 

aerogels. Polysaccharides based aerogel can replace the silica-based aerogel. It would be 

beneficial in pharmaceutical development [48-50]. Few polysaccharides based aerogels 

are discussed below. 

5.2 Chitosan aerogel 

Chitosan hydrogel was synthesized from different methods including ionically cross- 

linked hydrogel, entangled gel, polyelectrolyte complexes, electro-rheological fluids, etc. 

Usually, an aqueous solution of chitosan was prepared using sodium hydroxide solution 

for gelation [51]. The chitosan hydrogel formed is then followed by supercritical fluid 

drying by using COz [52]. The morphological structure of the formed chitosan aerogel 

was studied and it has been noted that the chitosan hydrogel drying in air tend to form 

film-like chitosan structure, without significant pores, thereby giving a low surface area. 

The reason for the less porous film structure is that the drying by air tends to collapse the 

chitosan network that leads to the enormous contraction of gel [53]. While, the 

supercritical drying using CO2, allows the chitosan aerogel with 3D porous networking 

structure with high porosity and surface area. Therefore, the supercritical drying using 

COz is the best drying method for chitosan aerogel synthesis. 

5.3 Pectin aerogel 

Pectin is the polysaccharide obtained directly from the cell wall of the plant. Firstly, the 

intra-hydrogen bonds are created by acidic or thermal means to form the wet gel structure 

[54]. The carboxylic groups present on the molecules of pectin are involved in the 

formation of these hydrogen bonds and the neighbouring molecules also form the 

hydrogen bonds between their hydroxyl moieties [55]. Then, the solvent from the pectin 

hydrogel is removed by supercritical drying using COz to form pectin aerogel with high 

surface area and high porosity [56]. 
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5.4 Alginate aerogel 

The alginate aerogel can be synthesized by various routes; (1) the wet gel of alginate is 

produced by adding the dissolved sodium alginate solution dropwise to the calcium 

chloride solution. Then the synthesized hydrogel is dried by freeze-drying technique. (2) 

Similarly, the hydrogel of alginate can be transformed into alcogel by substituting the 

water present in the pores with alcohol. Then, the alcogel is dried by supercritical drying 

(SCF) using CO2 [57]. ; 

Recently, the alginate/clay aerogel was synthesized by taking the equal mass of clay and 

alginate in water. The resultant solution is completely mixed. The pH of the resulting 

mixture is maintained at 6 or 8 by adding the toluene sulfonic acid monohydrate. The 

resulting mixture is frozen for 6 hr in a freezer at -80°C and then dried at low pressure 

using the freeze-drying technique. It was noted that the alginate colour changes to dark 

brown by adding the clay in alginate/clay aerogel. 
It is also noted that the specific density of alginate/clay-based aerogel is around 400 cm? 
g! at a pH of ~6, while the specific density of the alginate/clay aerogel is around 232 + 

20 (cm*g"!) at the pH of about ~ 8 [58]. 

5.5 «-—Carrageenan aerogel 

The x-carrageenan based aerogel was synthesized by the following steps. Briefly, the x- 

carrageenan was dissolved in water at 80°C by magnetic stirring for 12 hours. Then the x- 

carrageenan based hydrogel was prepared by the emulsion method using the potassium 

carbonate (K2CO3) [59]. Finally, the x-carrageenan based aerogel was prepared by 

freeze-drying the k-carrageenan hydrogel [60]. The resultant porous x-carrageenan 

aerogel has a high surface area in the order of 167 m*g"! and the pore volume of around 

0.54 cm3g"!. The pore diameter of the aerogel is around 13 nm [59]. 

5.6 Starch aerogel 

Amylose and amylopectin are the two components which comprise starch. The 

composition of starch varies in the relative amount of amylose and amylopectin 

depending upon the source material. The ratio of amylose to amylopectin affect the 

crystallinity and molecular order of starch [61,62]. Gelation process of starch is a 

thermally assisted three-step mechanism where the plasticization and hydration of the 

network take place at the same time. Firstly, the starch granules get swollen by adsorption 

of water due to hydrophilicity [63,64]. Secondly, the amylose molecules are discharged 

by elevating the temperature of the starch solution. The removal of amylose molecules 
destroys the granular structure of starch and this irreversible change leads to the 
gelatinization of starch. Finally, the ageing process is carried out with cooling to room 
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temperature that leads to the gelatinized starch. This retrogradation step leads to the 

formation of the starch hydrogel. Here, the re-crystallization and reorganization of starch 

structure can take place. It can be inferred that the gelation process in starch is mainly 

affected by gelation temperature and amylose composition. 

In the gelation process of starch, the retrogradation step involves the reorganization of the 

amylose molecules which are dissociated from starch granules. These reorganized 

amylose fractions then get deposited on the amylopectin portion. The starch gel is 

somewhat amorphous due to the linear amylose portion incorporation. This will create 

the mesoporosity in the starch gel structure. During the retrogradation step, the low 

cooling temperatures are maintained to get a high surface area aerogel. The hydrogel of 

starch is transformed to aerogel by drying through the water-ethanol solvent exchange, to 

avoid the shrinkage of 3D porous aerogel structure [65, 66]. This water-ethanol based 

system is also critical to prevent the particle coalescence during the gelation. 

5.7. Curdlan aerogel 

D-glucose monomers are linked in (13) manner to create the glycosidic linkage, which 

leads to a polymer called curdlan (CURD) as shown in Fig.1 [67]. Curdlan is employed 

for various applications such as medicinal purposes or as food because it is 

biodegradable, biocompatible and safe. In the medicine field, it is especially utilized as a 

drug loading, for tissue repairing, anti-tumour, etc. but it is insoluble in water which 

restricts its medical domain. The insolubility of CURD lies inherently in the structure 

where triple-helix is formed and a large number of hydrogen bonds are associated with it. 

The solubility of CURD can be improved by sodium hydroxide solution which helps in 

the straightening of coiled structure [68-74]. Therefore, the solubility of CURD in cold 

water in enhanced and the curdlan can be utilized to form the aerogel [75-77]. 

Unfortunately, the curdlan based cryogenic fragile and mechanically weak. Mostly, the 

polysaccharides possess a huge number of pores but with the fragile characteristics [73]. 

To improve the mechanical strength, polyetheneoxide (PEO) is usually added to the 

curdlan in a different ratio to support the aerogel formation [73, 67]. Similarly, the 

mechanical features of aerogel are improved by reinforcing with cellulose nanofibrils 

(CNF). 
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Fig. 1 Graphical representation for the synthesis of CURD aerogel. Reproduced with 

permission from [67] Copyright (2017) Elsevier 

The morphological features of CURD aerogel owe the porous aerogel network in the 

structure which contains a huge number of pores on the basis of CURD to PEO 

composition. Similarly, it was noticed the curd cryogel swelling phenomenon when the 

different concentration of PEO is mixed. 

5.8 Cellulose aerogels 

Cellulose is a naturally found macromolecule synthesized by the plants. It is a polymer of 

B-D-glucopyranose having the 1-4 linkage and can exist in four polymorphic forms in a 

crystalline state [46]. Plant cells synthesize cellulose from glucose monomers which are 

prepared by plants in the photosynthesis. Plants cell wall carries the hemicellulose and 

lignin along with cellulose, forming three-phase composite material for mechanical 

strength to plants especially the big trees. 

To make the cellulose fibre, hemicelluloses and lignin should be separated from the 

cellulose matrix. This process of separation is done chemically to make the viscous liquid 

that goes through the spinning process. Then the regeneration of pure cellulose fibrils and 

fringes is completed [78,79]. Cellulose usually has organized fibrils and fringes in a way 

that there is an area of crystalline ordered phase being mixed with amorphous disordered 
phase [46]. 
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Cellulose is hydrophilic in nature and swells considerably in an aqueous medium but it 

does not dissolve in water along with other organic solvents. Because cellulose is a very 

stable material, the suitable process should be adopted for the breakdown of cellulose into 

its fibrils and then reconstruct these elementary units into a porous gel with less density 

that could be supercritically dried to get the three-dimensional structure of aerogel. 

5.8.1 Cellulose aerogel monoliths 

Weatherwax et al. [80] for the first time successfully preserved the bulged structure of 

cellulose. They utilized pulp from different sources such as cotton, rayon, etc. These 

pulpy substances were swollen in water, aq. NaOH and ethylenediamine [78,80] dried 

through an exchange of solvent and left for slow evaporation. They were able to make 

porous material but considerable shrinkage was also observed. Weatherwax and Caulfield 

[80] later used supercritical drying along with solvent exchange and were able to make 

cellulose aerogel having a surface area of around 200 mg"! [81]. 

First cellulose aerogel that gains the attention and becomes well known were synthesized 

by Tan et al. [82]. They de-esterified the cellulose acetate and crosslinked with toluene- 

2,4-diisocyanate. They observed that cellulose gel could be formed with the cellulose 

concentration between 5-30% by weight. Their supercritically dried aerogel has a surface 

area of around 400 m7g". 

Jin et al. [83] developed a method to make a good quality cellulose aerogel in which they 

avoided the toxic isocyanates with a lesser amount of cellulose. They utilized the semi- 

crystalline cellulose in which highly ordered crystalline areas are interconnected with 

unordered ones. 

Ishida and co-workers [84] prepared carbon aerogel from cellulose precursors by 

dissolving it in H2SO4 or NaOH aqueous solution. The resultant suspension of cellulose 

was sprayed onto a Cu plate. After the supercritical or freeze-drying process, the powder 

form is achieved having the surface area in order of 32 to 178 m?g"!. Pyrolysis can 

suitably enhance the surface area up to 500 m*g"! consisting of carbon ribbons. 

5.8.2 Nanostructured cellulose filaments in textile 

Among the earliest material known to make the fibre for the fabrics includes the 

cellulose. Nowadays, fibre, yarn is produced both naturally and synthetically [85]. Fibre 

and filamenttoday have a large aspect ratio with compact microstructure. Schmenk et al. 

[86] and Hacker et al. [87] for the first time produced the cellulose aerogel by sol-gel 

method and spinning techniques, having the open porous structure with a nanostructured 
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filament of cellulose. The synthesized fibres are usually characterized based on their pore 

size distribution, specific surface area, microstructure, tensile strength, density, etc. 

6. Resorcinol-formaldehyde aerogels 

These aerogels are classified as open-celled foam having low density due to the large 

internal void space up to 98% by volume that’s why these materials have low thermal 

properties, enhanced acoustic impedance along with high surface area [88,89]. These 

low-density open-celled foams are produced from the wet gel by supercritical fluid 

drying (SCF) such as CO [2,90]. These aerogels can be utilized in thermal and acoustic 

insulation, gas storage material and gas filter, conducting and dielectric materials [91]. 

Pekala and co-workers [92] for the first time synthesized purely organic aerogel 

comprises of resorcinol-formaldehyde (RF) resin. These aerogels were made by 

resorcinol and formaldehyde using the condensation mechanism which utilized the 

NazCO; as a catalyst in an aqueous medium. The wet gel was supercritically dried using 

CO> [90]. In recent literature, RF synthesis in both acidic and alkaline catalytic conditions 

have been explored [92,93]. Studies reflect that the variation in the process conditions 

such as the resorcinol to catalyst ratios (R/C ratio) in RF aerogel make the variety of 

nanostructures. Aerogel proceeds with higher R/C ratio obtained in a mesoporous skeletal 

network, having the secondary particle in the 40-70nm range which in turn formed by 

primary particles of 10-12nm [94-98]. 

7. Composite aerogels 

7.1 Polymer-crosslinked aerogels 

It was noticed that the silica-based aerogel has some issues which hinder in their 

widespread commercial applications like fragility, hydrophilicity, drying by SCF route 

(leads to high expense and hazard issue as SCF drying is a high-pressure method). 

Hydrophilicity and drying issues are correlated and addressed by the surface tailoring of 

silica with alkyl moiety to make it water repellent in nature. This modification makes the 

surface of wet gel, void of -OH groups present on it. 

In the process of drying, siloxane linkages are developed by the reaction of -OH 

functional groups when they come close to one another and cause irreversible shrinkage. 

While, the wet gel with alkyl modified surface also shrink but after the solvent 

evaporation in the pores, alkyl moieties repel each other and consequently aerogel regain 

the original pore size of the wet gel. This type of spring-back effect was first introduced 
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by Prakash et al. [99]. Similarly, Rao et al. [100,101] has noted that silica-based gel 

modified with hexamethyldisilazane cause only 2% volume shrinkage. 

Despite the fact that the issue of drying and hydrophilicity (stability) was addressed, the 

commercialization of aerogel is slow and the issue of fragility need to be further 

investigated. 

7.2 Effect of polymer addition on aerogel fragility 

As silica-based aerogel has pearl-necklace like structure in which the interparticle necks 

are vulnerable to stress, reflecting their fragility [102-105]. It was observed that the 

dissolution and again solidification of silica can enhance the mechanical features of silica 

aerogel due to the appearance of negative curvature at the surface of the interparticle neck 

but the strength is achieved at the cost of skeletal nanoparticles [106, 107]. Another 

approach to strengthening the silica is by treating it with tetraethylorthosilicate (TEOS) 

after gelation [108]. 

Aerogel can be compounded with polymers to enhance their tensile strength. The 

polymers are being incorporated into silica-based aerogel to solve the problem of 

cracking and shrinkage during drying. These incorporations of polymer also create 

transparency in the aerogels which make them a suitable candidate for utilization in 

optics. 

8. Exotic aerogels 

8.1 Chalcogenide aerogels 

Recent effort to make the aerogel on the chalcogenide framework has been tried out. 

Chalcogenide (i.e., S2, Se2, or Tez), have the physicochemical properties distinct from 

traditional carbon/organic framework or oxides aerogel. These include bandgap 

semiconductivity, redox stability that controls catalytic and acid/base behaviour. Three 

different approaches are adopted to form these aerogels. (1) thiolytic cleavage of metal 

precursor (2) condensing the anionic chalcogenide cluster with cation (3) condensing the 

metal chalcogenide nano-assemblies [109-111]. 

8.1.1 Chalcogenide aerogels formation by thiolysis: GeS2 

Brock and co-workers [112] for the first time attempted to form chalcogenide aerogel 

using GeS, compositions. They have chosen the system that is already known for making 

xerogel with high surface area (500 mg"), showing high porosity. When H2S reacts with 

Ge(OEt)4 in an inert atmosphere, followed by supercritical drying using CO» creates a 
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porous, white-coloured chalcogenide aerogel having the composition GeS24 like GeS2 

glass. 

XRD of these chalcogenide aerogels confirms the amorphous nature and surface area 

analysis along with transmission electron microscopy (TEM) show porous aerogel 

network like silica aerogel. Brunauer-Emmett-Teller (BET) analysis gives the surface 

area of around 755 m’g"! which is greater than GeS, xerogels previously formed. This 

method has some drawbacks in synthetic handling like the wet GeS, on exposure to air 

during gelation will form crystalline GeO2 rendering poor sulphur aerogels. 

8.1.2 Chalcogenide aerogels formation by cluster-linking 

Bag et al. [113] adopted a different methodology for chalcogen formation in which the 

anionic clusters like [Ge4Sio]* reacted with Pt** in a metathesis reaction. Previous 

attempts have formed mesostructured chalcogenide aerogels along with surfactant as 

template [114-116]. But the effort for the removal of surfactant causes the destruction of 

the internal porosity. New sol-gel methods create the aerogel with intact pore volume but 

disordered structures. This approach has quite a flexibility to the nature of building 

blocks. Different geometries of chalcogenide cluster along with varied coordination 

number of transition metal effects the properties of chalcogenide aerogels like specific 

surface area, pore size, optical, catalytic, etc. 

8.1.3 Chalcogenide aerogels formation by nanoparticle assembly 

In this method, chalcogenide aerogel formation is achieved by starting with 

nanoassembly of metal chalcogenide followed by condensing them to create a gel. 

Gacoin and co-workers for the [117-120] first time used the nanoparticles of CdS tailored 

with 4-fluorophenylthiolate to create a gel network on prolong standing. They noticed 

that surface thiolate groups are air oxidized forming disulphide linkages which create 

aggregate leading to porous aerogel as shown in Fig. 2 [110]. The gel has optical 

properties that rely on the size of initial nanoparticles and similar band gaps to founding 

building blocks. 
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Fig. 2 Schematic representation for the preparation of Chalcogenide based aerogel 
using nanoparticle assembly via Sol-gel synthetic route. (Reproduced with permission 

from [110] Copyright (2007) The American Chemical Society 

9. Conducting polymer aerogel 

Conducting polymers are the polymer with highly conjugated chains. Because of their 

useful redox and electronic properties, they have been studied extensively. Commonly 

employed conducting polymers include polyaniline (PANi), polypyrrole (PPy), 

polyacetylene, polyfuran (PF), etc. There can be two types of aerogel based on their 

electric features; non-conducting and conducting aerogel. Conducting aerogel also exhibit 

good magnetic performance along with electric conductivity. Therefore, these aerogels 

have the huge potential to be utilized in catalysis, energy storage, gas sensing, etc. 

Conducting aerogel obtained from conducting polymers is named as conducting polymer 

aerogel (CPAs). Rigidity associated with most of the conducting polymer helps in 

maintaining the microporosity (<2 nm). Conducting polymer aerosols are formed by the 
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coupling of superior properties of conducting polymers with aerogel, providing high 

specific surface area, more target sites for faster functionalization for a host-guest 

relationship, enhanced energy storage capacity, etc. But few challenges are there to be 

addressed. Firstly, the inherent poor solubility of conducting polymer poses great 

difficulty in large scale manufacturing of CPAs. Secondly, the inherent rigidity beneficial 

in maintaining porosity, on the other hand cause elasticity problems and new strategies 

needs to be developed for making CPAs strong and elastic. Recently, Zhang and co- 

workers [121] have worked out the improvement in CPAs regarding their rigidity and 

brittle character. Their success could lead to the development of flexible electronics. It is 

important to discuss three CPAs including polypyrrole (PPy), polyaniline (PANi), 

poly(3,4-ethylenedioxythiophene) (PEDOT) related to their porosity and other 

physicochemical properties. 

9.1 Conducting polymer aerogels- A property prospective 

9.1.1 PEDOT aerogels 

The PEDOT along with poly(styrenesulfonate) ((abbreviated as PSS) form a complex 

PEDOT-PSS aerogel dried by SCD using CO2 show enhanced surface area (170-370 m? 

g!) accompanying the density in the range of (0.138-0.232 g cm™) keeping the porous 

structure intact [121]. PEDOT-PSS aerogels have the electrical conductivity of around 

10°! S cm™!. PEDOT aerogels prepared by emulsion polymerization and dried by SCF 

using COz has the conductivity level as high as up to 101 S m™! [122]. Compared to the 

conventional aerogel, PEDOT aerogels demonstrate excellent adsorption capability to 

different guest substances like heavy metal, dyes, etc. Embedding of PEDOT-PSS 

aerogel matrix with multiwalled carbon nanotubes [123] also improves different 

properties including surface area, thermal stability, conductivity, etc. The resulting 

composite aerogel have shown increased surface area (280-400 m? g™') and conductivity 

(1.2-6.9 x 10° S cm"') which are quite lightweight (0.044-0.062 g cm) keeping the 

porous structure intact. 

9.1.2 Polypyrrole (Ppy) aerogels 

Lu’s group [124] for the first time synthesize PPy aerogel through SCF method, having 

electrical conductivity (0.5 S m~!, low density (0.07 g cm’) still keeping the elasticity 

intact in aerogel initially present in hydrogel i.e. >70% compressibility regains its original 

shape in 30 as seconds shown in Fig. 3 [124]. Similarly, PPy-Ag NW aerogels exhibit 
excellent compressive elasticity which can bear up to 90% stress deformation and return 
to the original shape in few seconds. 
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Fig. 3 Digital Photographs of lightweight and conductive PPy based aerogel connected 
to a LED bulb (Reproduced with permission from [124] Copyright (2014) Springer 

Nature 

9.1.3 Polyaniline (PANi) aerogels 

PANi aerogels can be prepared from their particles hydrogel by SCF drying method [125] 

which exhibit densities in range 0.03-0.15 g cm™, micromorphology just similar to 

corals, large BET surface area (39.54 m* g') along with high mechanical endurance. 

Interesting coral-like morphology of PANi aerogels can be achieved by nanofiber having 

the diameter around 50-150 nm and length in few microns showing in Fig. 4 [125]. 

Due to this unique morphology, electrochemical performance is enhanced as the coral 

arrangement having the three-dimensional porous network help in an effective transport 

of charges. SEM analysis shows high porosity in PANi aerogels. Brunauer-Emmett- 

Teller (BET) analysis shows the high mesoporosity (2-50 nm). BET also indicates that 

the PANi aerogel has the pore size of 28 nm and an enhanced surface area of 39.54 m? 

g—'. The mesoporous structure along with large specific surface area enhances the 

electrolyte-electrode contact and consequently increases the electrolyte transfer. PANi 

aerogels have the integrated hydrogel network shown in their density which in turn 

enhanced their mechanical strength and help in charge transfer in electrochemical tests. 
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Fig. 4 SEM image of PANI hydrogels by showing different porosity (Reproduced with 
permission from [125] Copyright (2015) Elsevier 

10. Sonogels 

Tarasevich et al. [126] for the first time reported the use of ultrasound to the sol-gel 

method. In the acid catalysed process, inside the cavitation bubbles, the alkoxides 

undergo hydrolysis to produce alcohol as a by-product of reaction which acts as a 

solvent. So no use of an additional solvent is required. Afterwards, the condensation 

reaction takes place to form the metal oxide. Therefore, we get the product just like the 
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conventional method (in the absence of ultrasound). But the difference lies in the 

structural and textural properties of aerogel produced by sonification method. Zarzycki 

and Blanco et al. [127, 128] have also focused on the textural and kinetic properties of 

sonogel. They have investigated several systems including SiO2AlO;-MgO, SiO— 

TiOz, ZrOn, etc. 

11. Graphene aerogel 

Aerogel comprising of reduced graphene oxide (rGO) are currently much explored owing 

to the low density, high surface area, high porosity, good conductivity of rGO. These 

aerogel materials are a good prospect to be utilized as a gas sensor, batteries, 

supercapacitors, etc. Different efforts are being made to prepare aerogel based on reduced 

graphene oxide to enhance their surface area, conductivities, elasticity, and strength. So, 

they can be utilized especially in portable electronic devices [129]. 

11.1 Preparation of reduced graphene oxide aerogels 

Reduced graphene oxide aerogel has a unique structure and morphological properties 

which makes it a good candidate to be synthesized by different approaches in controlled 

structure. Main methods employed for the fabrication of such structures include the self- 

linkage of graphene oxide (GO) systems, cross-linking of such structures, hydrothermal 

assisted aerogel. All the mentioned methods require the prevention of stacking of 

GO/rGO layers during the drying process which can be achieved using the freeze-drying 

or supercritical drying technique. Fixation of the dispersion structure and less mobile 

layers of GO/rGO makes it feasible to get material with enhanced surface area and 

porosity. This generates the exfoliation of graphene-like layers in the finished product. 

If the freeze-drying method is opted it will lead to a large number of macropores in the 

structure because the ice crystals are formed during the freezing, which will dislocate 

some material part from the whole volume. It will eventually lead to structural flaws and 

the creation of macropores in the drying process as the speed of freezing controls the size 

of an ice crystal. While the supercritical drying leads towards the microporous structure. 

Both drying approaches form the ultralight and porous structure with different advantages 

due to their highly developed morphology. 

For example, the large number of molecules and ions can diffuse in various pathways if 

macropores are present in the structure. This is beneficial in numerous applications. 

Reducing species of different nature are employed. Zhang and co-workers [129] prepared 

the robust and electrically conductive aerogel using L-ascorbic acid. They showed that 

the different by-products which are formed with other reducing agents like NaBH4, 

53 



Aerogels |: Preparation, Properties and Applications Materials Research Forum LLC 

Materials Research Foundations 84 (2020) 34-82 https://doi.org/10.21741/9781644900994-2 

LiAIHy, hydrazine are absent in case of L-ascorbic acid [130,131]. So, the uniformity of 

structure in the aerogel is not disturbed. Aerogel based on reduced graphene oxide is also 

formed with vitamin C, NaHSO3, Na2S, hydroquinone, sodium ascorbate, etc. Recently, 

aerogel based on rGO is also synthesized with an environment-friendly and cheap 

reducing medium like the combination of sodium iodide with oxalic acid [132]. These 

materials have shown high porosity, lightweight and enhanced electrical conductivities. 

Yang et al. [133] have prepared the rGO based aerogel by incorporating the weak alkali 

(NaHCOs) into graphene oxide suspension using the thermal treatment. This method 

employed the in-situ reduction to prepare the rGO aerogel. Likewise, hypophosphorous 

acid and Ip reduction process also synthesized the rGO based aerogel. These aerogels 

have shown the enhanced surface area of around 830 m7g"! [134]. Mostly, the reduction 

process takes place in the liquid medium. Interestingly, the hydrazine vapours are utilized 

for the reduction of rGO based aerogel at room temperature conditions [135]. The author 

reported the highly vigorous nature of the reduction process. The obtained material is 

quite similar to the material produced by the thermal process. 

12. Carbon nanotubes (CNTs) aerogel 

Carbon nanotubes (CNTs) possess the extraordinary electrical and mechanical properties 

which impart promise in their usage in actuators, energy storage devices, interfaces, 

artificial membranes and composite materials [136,137]. However, the synthesis of CNTs 

aerogel with the inherent properties of CNTs is a challenging task. Mostly, the synthesis 

process of CNTs aerogel involves the dispersion of CNTs but the growth of CNTs within 

the aerogel matrix is also reported [138-141]. Dispersion of CNTs in aqueous medium 

require surfactant due to its hydrophobic nature. Then, gelation followed by drying for 

post-treatment. Bryning and co-workers [137] for the first time synthesized the CNTs 

aerogel using a surfactant to disperse the single-walled CNTs (SWCNTs) in aqueous 

medium. The resultant suspension would be changed to wet gel and then washed by 

polyvinylalcohol (PVA) solution to clear out the remaining surfactant. Both SCF drying 

using CO and freeze-drying can be utilized to get the final aerogel. 

CNTs aerogel properties are varied with the concentration of CNTs, the concentration of 

PVA and drying method employed. The increased concentration of CNTs gave the 

aerogel with enhanced electrical conductivity up tolS cm7!as compared to traditional 

carbon aerogels (CA) of the same density exhibit much lower conductivity. Few 

limitations need to be addressed including the fragility of CNTs aerogel. Mechanical 

features of CNTs aerogel can be improved by reinforcing with PVA. So, these reinforced 

aerogel has shown excellent mechanical properties as they can bear the weight 8000 

times to their own weight [142-144]. But these reinforced aerogel has lost the 
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conductivity due to the interference by the reinforced binder in the conduction of CNTs. 

This has led the researchers to reinforce the CNTs aerogel with a conductive binder like 

resorcinol-formaldehyde (RF) instead of traditional binders to get better mechanical 

properties along with improved conductivity. 

Worsley et al. [145] for the first time added the evenly distributed CNTs in surfactant to 

the RF solution to get the CNTs-carbon aerogel (CNTs-CA) composite. SEM analysis of 

CNTs-CA composite was shown to have the CNTs bundles being dispersed in the CA 

matrix. They have better electrical properties along with mechanical ones but still less 

improved because the content of carbon derived from RF is still high as compared to 

CNTs. So, there is a requirement to reduce the RF-derived carbon percentage in the 

CNTs aerogel to just coat and crosslink the CNTs network. Worsley et al. [146] 

decreased the RF amount by weight from 12 to 4% while keeping the number of CNTs 

the same as before. It has been observed that the reduced amount of RF sol-gel initiates 

polymerization process at the sidewalls of CNT and at the junction of CNTs, bundles to 

act as a binder. Scanning electron microscopy (SEM) analysis confirms the CNTs based 

foams are formed having the filament-like struts randomly connected to each other of 

diameter between 5-40 nm and length between 500-1000 nm. While the TEM reveals the 

layer of carbon on the CNTs, confirming the RF-derived carbon growth and nucleation 

on the surface of CNTs. The use of carbonaceous binder prepares the CNTs aerogel 

exhibiting the excellent electrical and mechanical properties. In Fig. 5 [146], the CNTs 

aerogel are showing comparable properties to conventional CA and other porous carbon 

material like the modulus of elasticity. Similarly, the density of aerogel showing that with 

over 16% by weight coating of CNTs make them twelve times stiffer than SiOzand three 

times more stiffer than CA aerogel [147-149]. Likewise, CNTs aerogel is three times 

stronger than alumina nanofoams in which morphology of struts are like curled nano- 

leaflets [150]. In Fig.5 [146] also shows that aerogel with 55% by weight CNTs loading 

has a of density 30 mg cm* and exhibit strain of 76%. This confirms that aerogel is super 

elastic due to fully strain recovery that is being noted for nanotube-based aerogel with a 

density < 50 mg cm”. This low-density CNTs aerogel has also shown 5 times higher 

electrical conductivity (>1 S cm"!) as compared to conventional CAs. 

Gutiérrez et al. [151] synthesized high-performance CNTs aerogel by utilizing the deep 

eutectic solvents (DESs) to disperse the CNTs. DES catalyses the polycondensation of 

furfuryl alcohol to make the porous network of colloidal particles. On the addition of 

multiwalled carbon nanotubes (MWCNTs), furfuryl alcohol act as conductive glue 

between the (MWCNTs) and coat them. These CNTs aerogel exhibit the high electrical 

conductivities in order of 4.8 S cm"! and elastic modulus of up to 24 MPa [152]. 
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Fig. 5 Comparison of Young's modulus of monolithic CNTs foam, carbon, silica and 

alumina aerogels. (Reproduced with permission from [146]Copyright (2009) AIP 

Publishing 

13. Hybrid aerogel 

It has been observed that the reinforcing the silica backbone with the polymer can be 

useful to increase the mechanical strength [153]. Different types of bonding of silica 

particles with the organic functionalities of the polymer are observed. Depending upon 

the chemical interactions, hybrid aerogel can be divided into the following classes: Class- 

I hybrid composite aerogels and class-I] hybrid composite aerogels [154-156]. 
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13.1 Class-I hybrid composites 

Class-I hybrid aerogel includes composite materials where the hydrogen bonding and van 

der Waals type interactions are observed in the organic and inorganic phases [157, 158]. 

In this type, the organic polymer is used to reinforce the inorganic matrix and both are 

independent of each other. Various routes are opted to prepare these materials. The most 

important examples of class-I are the insertion of the organic dyes into the sol-gel matrix 

[159,160]. The organic dyes are physically dissolved with the inorganic precursors (e.g., 

TEOS or TMOS) or introduced at the sol stage to get trapped in the gel during the 

gelation and drying of the mixture. Composite materials having the organic group with 

the polar end, usually form the hydrogen bonds between different components. The 

repeating unit of the polyethene glycol [161] or PVA [162, 163] carries the hydroxy] 

group. Silanol groups of the silica matrix create a strong bonding with them. These 

hybrid materials are usually employed to enhance the mechanical characteristics of an 

organic polymer like inorganic filler SiO2 incorporated into the polysiloxanes polymer 

(PDMS) [164,165]. Class-I hybrid aerogels are seldom studied because of the post- 

gelation washing of these aerogel cause percolation of the polymer out of the pores, as 

the weak bonding at the interphase between the two phases unable to hold them together. 

However, class-I hybrid composite aerogel can be straightforward to make xerogel 
composite by the monomer induction in the sol or by monomer polymerization in the 

post-gelation step. The hybrid composite produced by this method shows the less elastic 

modulus along with 3 times increase in the compressive strength [159, 160]. The ambient 

dried class-I hybrid composite aerogel has cost-effectivity and easy to produce. So, the 
removal of post-gelation step is important for the large scale manufacturing of these 
materials [166]. 

13.2 Class-[I hybrid composite 

Class-II hybrid composites aerogel comprises of strong covalent bonds network between 

the interfaces of the organic phase and silica matrix. Hu et al. [167] studied the various 

types of covalent bonding among the phases. This methodology requires the reactants 

that contain the stable chemical bond between the inorganic network and an organic 

phase. Class-II hybrid composite aerogel possesses unique properties compared to initial 

precursors. In this regard, the polymer cross-linkage, composition of aerogel, and desired 

properties with simple and scalable processing are the points of attention for many 

researchers [153, 168, 169]. 
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14. Application of porous aerogel 

14.1 Thermal insulation 

Aerogel consists of a trapped gas phase in the solid phase so the heat transfer in aerogel 

could be of two types, heat conduction in solid and gas phase. Heat conduction in gas 

phase involves various mechanism like a collision between gas molecules [170], by 

radiative conduction of gas contained in pores to a solid surface, by convection from the 

pores [171]. The average pore diameter in an aerogel is 20-40 nm and the mean free path 

of gas under STP is typically 70 nm. Microporous and mesoporous structure in aerogel 

due to small diameter hamper the free movement of air, it would lead to a reduction in 

heat conduction through gaseous medium [172]. A different mechanism of heat transfer 

in aerogel has a coupling effect with each other [173]. The solid heat conduction usually 

proceeds by the reticular vibration of molecular solid. Solid heat conduction has been 

significantly reduced in such aerogels because of the small particle size of the porous 

network [174,175]. 

In general, the aerogel based insulation product could be divided into the three following 

types [171]: 

i. Monolithic aerogels: Homogeneous blocks of aerogel having the dimensions 

in few cms. 

ii. Granules or powders: fine fragment of aerogel of diameter less than 1 cm and 

1 mm in case of powders. 

ili. Composites: Homo or heterogeneous aerogel in which one of the adding 

substance is inserted in a gel matrix or by surface modification inserted as the 

second phase. 

14.2 Removal of pollutants 

The separation process in the gas phase can be done in three different ways; particle 

separation by filtration, gas sorption and destroying the compound by chemical reaction. 

Silica-based aerogels are commonly employed when the pollutant particles in the gas are 

to be removed. These pollutant particles are captured in the small size pores of aerogel 

while the gas passes through them. The process of sorption is commonly employed where 

molecular separation in the gas phase is required and surface modification by the relevant 

functional group is a necessary condition for the sorption process. The separating 

molecules are trapped in pores and react with the appropriate functional group on the 
surface of the pores. 
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14.3. Elimination of solid particle from gases 

Silica-based aerogels are used in the elimination of solids from gases due to its porous 

structure. The silica aerogel shows the excellent separation efficiency for solid particles 

having the size <70 nm when employed in the form of powder or granules having the 

micro or mesoporous structure. Oil particles could be separated with greater efficiency of 

around 2.3 cm s! [176]. More selective filtration is attainable by controlling the pore size 

during synthesis. Hybrid aerogels can be employed where the flow rate of gases are high 

because they possess the reinforced structure with mechanical strength to bear the high 

pressure of gas [177]. The hybrid composition also gives the advantage of both 

mesoporous and microporous structures [178]. 

14.4 CO capture 

To purify and separate the CO2, aerogels are used with few amino-functionalities on the 

solid surface [179]. To introduce the amino functionality on the surface of aerogel 

different strategies are used such as co-condensation in gel preparation and post-synthesis 

functionalization. Another method to introduce amino group is the usage of 

macromolecules with a high content of the amino group. Similarly, amino-functionalized 

silane can be used to introduce chemically linked amino group in the porous network 

during the sol-gel process. The CO2 is captured due to the affinity of COz towards the 

amino group in a humid atmosphere at 100°C as given by the reaction below [180]: 

CO, + RNH2 + RNH2 =RNHCOO: + RNH3* (2) 

The physically adsorbed amines to aerogel surface are advantageous than chemically 

linked amines to aerogel surface because of the greater CO2 absorption capacity. But they 

have little cyclic stability in the thermal regeneration process. On the other hand, the 

chemically linked amines (e.g., mono-, di-, and trialkylaminotrimethoxysilane) have 

excellent cyclic stability. Among the chemically linked amines, the di-, and tri-amino 

groups provide the surpassed performance because ample space is available for the 

gaseous exchange. 

To capture the CO? in the industrial equipment at a large scale required to have the low 

water sorption capability along with good thermal regeneration capacity. Lin et al. [181] 

has developed the CO2 capture system based on the fluidized-bed bench reactors in which 

silica aerogel is incorporated with amino functionality with a hydrophobic feature. 
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14.5. Volatile organic compounds/catalysis 

Silica aerogel has (-OH) functionalities on the surface where the organic compound can 

be easily adsorbed, leads to the degradation of hydrocarbon due to surface chemistry. 

Titina doped silica aerogel is used for adsorption of chlorinated hydrocarbon. Shengli et 

al. [182] has employed the TiO2-SiO2 aerogel having the high TiO2 content for adsorption 

and photodegradation of trichloroethylene. 

14.6 Water treatment 

Oil and intoxicating organic contaminants in the water is an important factor regarding 

water pollution [183, 184]. Because the uncontrolled drainage of industrial and municipal 

waste in water bodies without treatment is the cause of environmental concern and hazard 

for water flora and fauna [185]. 

14.6.1 Oils in water 

Oils could be classified in different types such as light and heavy hydrocarbon, 

emulsified and non-emulsified oil, plant and animal fat, lubricant and cutting fluid, etc. 

[185]. Many techniques are used to separate these oil fractions from water. The main 

mechanisms are filtration and adsorption, which are used for capturing and then 

biological or chemical degradation. Industrial sorbents employed for the adsorption have 

the issues of low selectivity, slow kinetics and low elimination rate. Adsorption of a 

pollutant can be improved by using the hydrophobic aerogel with the oleophilic surface 

[186-189]. Hydrophobic silica aerogel is used for efficient elimination of non-water- 

soluble organic compounds and the hydrophilic silica aerogel is used for efficient 

elimination of water-soluble organic compounds [190]. The Cabot corporation has 

prepared the hydrophobic silica aerogel called nanogel. They have modified the surface 

of aerogel with trimethylsilyl (TMS) moiety to impart the hydrophobic characteristics. 

These nanogels are used for the removal of emulsions by reverse fluidization-bed 

configuration. They have noted the different factors affecting the absorption capacity of 

aerogel in reverse fluidization-bed systems; including bed height, size of the granule, 

water flow rate, oil/water ratio in the emulsion. This nanogel has particles with an 

absorption capability of 2.8 times of their mass [190]. 
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14.6.2 Wastewater and brackish water treatment 

Treatment of brackish water near coastline and cleaning of wastewater is the requirement 

for the progressive usage of natural resources for drinking purpose. So, the capacitive 

deionization (CDI) systems are used where the carbon aerogel as an electrode is utilized 

due to high capacitance and high conductivity. CDI based desalination is the electricity- 

based technique [191]. This technique has the capability to remove the divalent ions up to 

85% [192]. The CDI system has the cyclic process of the loading, purification involving 

the ion removal and regeneration (Fig. 6) [193] involving ion discharge to generate the 

two streams: one is desalinated water and another one is brine. 

a 

@ oS ~ Desalinated Salt water 
Salt water * 

ry (oh water 

sctrade 

Fig. 6 a) Deionization and b) Regeneration step in CDI system (Reproduced with 
permission from [193] Copyright (2014) Elsevier 

Many articles have been reported regarding the synthesis of high-performance electrode 

material of CDI; including mostly carbon-based materials like AlxO3 and SiO2 

nanocomposite [194], activated carbons [195], carbide-derived carbon (CDCs) [196], 

carbon nanotubes (CNTs) [197], carbon aerogel [198], mesoporous carbon [199], nano 

carbon fiber [200]. Farmer et al. [201], during 1990 made advancement in the CDI 

system by using carbon aerogel based electrode [201]. He has published three patents on 

CDI systems [202]. The carbon aerogel based electrode exhibit the high electrical 

conductivity, low resistivity of around 40 mQ cm, enhanced surface area between 400— 

1100 m? g"! and pore size of 50 nm [203]. 
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14.7 Biomedical applications 

14.7.1 Aerogels for the administration of medicines 

Aerogels are also capable to be utilized to release the drug in a controlled manner in a 

drug delivery system (DDS). The aerogel composition should be such that it could carry 

the drug without major changes during storage and then offer a safer release. For 

cytotoxic drugs, it is necessary to release the drug at the target point without changes to 

have a reduced dosage and fewer side effects. These drugs can be employed by aerogel in 

a better and controlled manner because of higher surface area, controlled pore size and 

the more surface functionalities in aerogel enhanced their utilization [203, 204]. The 

incorporation of drugs in aerogel is carried out in the sol-gel synthesis by the solvent 

exchange during gelation or supercritical drying usingCO2 The extent of loading depends 

upon the adsorption, drug stability in aqueous medium and other organic media [63, 66, 

205, 206]. 

14.7.2 Tissue engineering 

The tissue engineering is focused on implantable porous material development for bone 

tissue repairing regarding aerogel [207,208]. The porous aerogel structure resembles with 

natural porous structure found in the calcareous bone tissue. Aerogels can enhance cell- 

binding due to porosity in the structure in a way that the interconnected pores in aerogels 

provide the basis for essential nutrient and oxygen supply to the cell and the excretion of 

harmful wastes of cells. Mostly, aerogel lack macroporosity, which play a vital role in 

adhesion and proliferation of bone cells along with vascularization for tissue growth. The 

mechanical strength of aerogel is not enough to sustain the stress required for large bone 

structure implantation. So, many efforts are done to increase the aerogel strength by 

making their composite with an appropriate reinforcing agent. The reinforced aerogel is 

usually strengthened with inorganic fillers or biopolymers, which increase their density 

along with enhanced rigidity and ductility [209]. The reinforcement of aerogel is usually 

carried out employing the gel in the solution of a reinforcing material, which deposited 

on the gel and then dried [210]. 

14.7.3 Biosensing 

The interconnected porous structure of aerogels can host various compounds and act as a 
material for biological sensing [211, 212]. Power et al. [21] reported that the silica-based 
aerogel can be used for colonizing and growth of bacteria. The pores of silica-based 
aerogel are increased between 10-100 um on the treatment with a water-soluble polymer 
which results in successful cell growth and colonization. When bacteria are infected by 
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bacteriophage virus they emit the fluorescent light. This fluorescent light is detected 

without disturbing the other cell of the colony. The emitted light is due to the expression 

of green fluorescence protein (GFP) on the bacteriophage infection. 
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Abstract 

Silica aerogel is one of most promising material in many application segments, such as 

insulator, adsorbents, catalyst, batteries, sensing and drug delivery devices and many 

more. All due its impressive properties as low thermal conductivity, low density and high 

surface area. In spite of the potential, silica aerogel is associated with some drawbacks as 

cost, time-consuming process and especially the inherent brittleness that limits its full 

applicability. To overpass these disadvantages, one of the most common procedures is to 

incorporate an organic compound to the silica backbone — enhancing its mechanical 

strength and potentially decreasing processing time — and thus creating a hybrid silica 

aerogel. This chapter presents an overview of the recent strategies adopted in the 

literature that utilizes polymers, biomolecules and graphene when composing hybrid 

silica aerogel. 
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1. Introduction 

As defined by the International Union for Pure and Applied Chemistry (IUPAC), aerogel 

is a gel that comprises a microporous solid in which the dispersed phase is a gas [1]. 

Aerogel was first introduced in the study done by Kistler in 1931. He reported the 

possibility to replace the liquid contained in jelly by a gas without the collapse or 

shrinkage of the initial structure [2]. He successfully preserved the network of the initial 

wet jelly exchanging the pore filling solvent (water) to an adequate solvent (ethanol) that 

possessed a lower critical temperature and submitted to its critical point, creating a 

supercritical fluid and venting off the gas. This process is now referred as supercritical 

fluid (SCF) drying. Kistler did not only report the jelly study, but other successfully 

attempts with nickel, alumina, some oxides as stannic and tungstic, and the most 

recognized one: silica aerogel [2,3]. 

The strategy to take the liquid solvent to the critical point aims at minimizing the 

capillary forces that occurs when gels are drying at ambient pressure. The capillary force 

associated with high tensile strength present in liquids at ambient pressure drying act 

upon the silica framework. These forces crush the structure causing the shrinkage and 

increase density of the final material. These materials are referred to as xerogels [2,4]. 

Taking the solvent to its critical point, no liquid-solid interface is ever formed. and no 

tensile forces are exerted upon silica structure, thus preserving it in shape and size of the 

initial wet gel with minimal or no shrinkage. Since Kistler’s report in the 1930’s, silica 

aerogel properties have been thoroughly investigated. Many reviews about history, 

synthesis, properties and applications of silica aerogel are available [5—11], probably the 

most recognized characteristic of silica aerogel is its low thermal conductivity. Silica 

aerogel possesses lower thermal conductivity than air at the same conditions of 

temperature, pressure and humidity which make it an excellent insulating material being 

used in aerospace applications [12]. Furthermore, other known properties of silica aerogel 

comprise acoustic insulation, optically transparency, non-flammability, amorphous 

structure and high porosity (usually around 90%). These properties make silica aerogel a 

promising material in different applications, such as catalysis, adsorbents, thermal 

insulator, for instance [12,13]. 

On the other hand, silica aerogels exhibit low mechanical properties which make 

handling them difficult, as they are very brittle. It is worth mentioning that although SCF 
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drying is a well-known procedure, it has some drawbacks such as size restriction and 

time consumption, which in turn have undermined industrial scalability and practical 

application of silica aerogel. Others drying procedures have been investigated in attempt 

to overcome SCF drying issues, and namely there are three drying procedures options: (i) 

SCF drying, (ii) freeze-drying and (iii) subcritical drying (also known as ambient 

pressure drying) [12-14]. 

There are presently two types of SCF drying procedures: The hot SCF drying procedure 

consists in raising the solvent in an autoclave to its critical temperature and pressure 

point, followed by gas evacuation; and the cold SCF drying procedure involves solvent 

exchange to liquid COz as the solvent and followed to submission to its critical point 

temperature and pressure. The advantage of the cold procedure, comparing to the hot one, 

is that COz critical conditions are milder since critical temperature is around 31°C. 

Furthermore, liquid CO2 is non-flammable, non-toxic and can be recovered to be re-used. 

On the other hand, the cold process is time consuming, especially for large monoliths 

production, as the solvent exchange is dictated by diffusion and multiple solvent 

exchanges (and washes) may be necessary. Another imposed difficult is that size 

restriction is still present since the drying station determines the gel size [12]. 

In the freeze-drying procedure, it is mandatory to freeze the gel before the drying step, 

which, depending on solvent, can be easily done: Commercial refrigerator can be 

employed if the solvent is water, for example, or liquid nitrogen is necessary for solvents 

with lower freezing point (such as alcohols and others organic solvents). Evaporation of 

the frozen solvent is done in low pressure and although this process reduces the capillary 

forces, it usually results in cracked monoliths, besides being timing consuming depending 

on the size of the gel [12]. 

Finally, subcritical drying procedure presents as an alternative to the before mentioned 

ones. At ambient pressure (AP), drying is necessary to turn a conventional hydrophilic 

silica aerogel in a hydrophobic one. In the hydrophobic silica aerogel, the usual hydroxy] 

(-OH) groups are substituted by alkyl groups. In the case of hydrophilic silica gel, during 

AP drying process, the surface silanols are close enough to react in a condensation 

reaction, forming siloxane (Si-O-Si) bridges, which are responsible to the irreversible 

shrinkage at ambient pressure drying. Although shrinkage may be still present when 

hydrophobic silica wet gel is dried at AP conditions, as the solvent is complete 

evaporated from the monolith, the surface alkyl groups repel one to each other and the 

monolith recovers the shape and size closer to that present on the former wet gel [15]. 

This concept was introduced by Brinker in 1995 by preparing silica films (of 

tetraethoxysilane, TEOS) that were organosilyl derivatized with trimethyl chlorosilane 
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(TMCS) [16]. This was the first report on the silica functionalization (or hybridization) 

that allows obtaining silica aerogel under subcritical procedure. 

Stergar et al. [17] classify aerogel in terms of appearance, microstructure and 

composition. From the appearance point of view, aerogels may be presented as monolith, 

powders or films, bearing microstructure that can be microporous, mesoporous or mixed 

porous. From the compositional point of view, it can be organic, inorganic or mixed 

(hybrid) in nature. A hybrid material, as defined by IUPAC, is a material that is 

composed of an intimate mixture of inorganic components, organic components or both 

types of components [1]. In sol-gel composites, it is considered that a hybrid system is a 

mixture of organic and inorganic components, which may be classified in two classes, 

according with the nature of the interface between the components: Class I and II [18]. 

In Class I systems there are no bonds (covalent nor iono-covalent) involved connecting 

the organic and inorganic components. The interaction occurs via weak forces, such as 

electrostatic forces, van der Waals forces and hydrogen bonds. Class II systems present a 

strong bond between the components (covalent or iono-covalent) - Class II having more 

sub classifications, in models 1,2 and 3 as described by Mackenzie [19] corresponding 

the way the particles arrange themselves: if the particle of the same nature (organic or 

inorganic) are connected, separate by the other matrix or form clusters. 

From the practical point of view, materials classified as Class I are usually associated 

with xerogels characteristics (although it is not a rule), as the organic counterpart is either 

incorporated during the sol stage or added after gelation being completed. As for 

aerogels, as previously described, the procedure for obtaining silica aerogel is usually 

associated with multiple washes steps and solvent exchanges, which makes leaching of 

the organic counterpart concern for Class I materials. This issue can be avoided upon 

fixation of the two components by a covalent bond, which is capable to endure the 

aerogel multiple washes procedures. Naturally, this configuration is no longer categorized 

as a Class I, but a Class II material. It is worth mentioning that, although Class II are 

more common, hybrid aerogel in both classification do exist [15]. 

For the sake of clarity, we classify hybrid silica aerogel according to their composition 

(using Stergar’s classification) [17]. In addition, we are considering hybrid material to be 

a combination of an inorganic component, silica in this case, with an organic one. This 

chapter is organized according to the nature of the hybrid components, the strategies 

adopted for the cited aerogels development, as well as their properties or application are 

here described and discussed. 
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2. Hybrid silica aerogel 

As stated before, silica aerogels possess unique properties, in particular low-density 

(approximated 0.003-0.5 g. cm™), high degree of porosity (between 80 and 99.8%), high 

surface area (varies from 500 to 1000 m?. g°!), low index of refraction (n = 1.05), thermal 

conductivity (0.005-0.1 W/mK) and dielectric constant (k = 1.0 — 2.0) [20,21]; that 

qualifies aerogel applications in numerous areas such as an insulator component for 

windows [22], acrylic-based paints [23], catalyst support [24], absorbent materials [25], 

photocatalyst degradation support [26], gas-phase purifications and humidity sensing 

devices [27], enzyme and protein entrapment matrices [8,28], batteries [7], even on space 

missions [29,30] and many more [20,31—33]. In spite all the potential, silica aerogel has 

two main drawbacks that limit its practical application: Hydrophilicity and poor 

mechanical properties. 

Silica aerogel is obtained from sol-gel process, where a solution of silica precursor 

undergoes a polymerization reaction and creates a solid network. At this point, the 

solution is no longer a liquid but a gel, which gelation or sol-gel transition occurred. 

After a period of aging the gel is dried to obtain silica aerogel [35]. The first silica 

precursor, used by Kistler, was sodium metasilicate (Na2SiO3) [3]; but there are many 

type of silica precursors such as salt, oxides, complexes, alkoxides. Alkoxides, like TEOS 

and tetramethyl! orthosilicate (TMOS) are the most popular silica precursor, as they are 

relatively low cost and easily available [20]. Sol-gel chemistry is a well-known process 

and has been thoroughly described by Brinker et al. [35,36]. Without delving into the 

subject, it is possible to summarize the process in two reactions: Hydrolysis and 

condensation reactions. 

Using an alkoxide as example — Si(OR)4, where R = alky group, the reaction between 

water and alkoxide (hydrolysis reaction) forms silicic acid (Si(OH)4); concomitantly, 

condensation reaction occurs, which generates the after mentioned siloxane groups (Si-O- 

Si). As time passes and the two reactions continue to occur, siloxane bridges (or 

connections) numbers grows, and a 3D polymeric network is formed. This polymeric 

structure is responsible for the sol-gel transition and also is the aerogel backbone after 

solvent removal [12,20,34-36]. In this usual sol-gel procedure, not only siloxane is 

generated but also silanol groups (Si-OH) that are responsible for the hydrophilicity in 

silica aerogel. Silica polymeric network is a particulate backbone, which it consists of 

particles interconnected; although each particle are strong the interconnection between 

each of these particles (also referred as “neck”) are weaker, resulting in the fragility of 

silica-based aerogel [12,20,34]. 
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Some techniques have been reported to overcome these limitations, such as 

functionalization to remove hydroxyl from the silanol groups and turn the aerogel 

hydrophobic, as contemplated in the previous section when ambient pressure drying was 

discussed [16,34]. There are a few strategies reported in the literature to enhance aerogel 

mechanical strength, from simple approaches such as increasing period of aging, in order 

to maximize the number of siloxane bridges and thus fortifying the interconnections, to 

incorporating components of different nature (as biomolecules, graphene and polymers) 

to the silica backbone structure to be able to withstand tensile forces or even add 

flexibility and elastic recovery to the aerogels [14,15,19,34]. 

Although the prolonged aging period improves the mechanical strength of the silica 

aerogel, the increase is not desirable and associated with the fact that the procedure is 

time consuming and requires greater amounts of solvent. This procedure alone does not 

solve the problem as the system remains a particulate structure [34]. Thereby, most 

studies are based on the addition of a second organic component to the system, either 

incorporating through or between crosslinks in the silica structure (Class I and Class II, 

respectively). Table 1 [6,37-46] depicts some recent examples (2019-2020) of these 

strategies to produce hybrid silica aerogel using several types of organic components. 

As shown in table 1 [6, 37-46], there are different types of organic molecules that can be 

used in the production of hybrid silica aerogel, either as integral part of the aerogel 

structure (Class II) or as reinforced molecule that act as filler (Class I). The most used 

silica precursors are alkoxides, most have a modification with a react group or are used in 

association of organically-modified silica (or ORMOSIL) precursor. Table 1 also 

demonstrated that hybrid silica aerogel can be obtained by any of the drying procedures 

but SCF and ambient pressure are the most used ones, whether because it is a well-known 

procedure like SCF drying or it is a desirable protocol the reduces aerogel overall costs 

(AP drying). We can create a classification based on the type of precursors adopted: 

Polymer-silica aerogels, biomolecules-silica aerogel and graphene-silica aerogels. There 

are several studies reported and dedicated to some of the components mentioned, such as 

polymers [10,15,47-52], a diverse of biomolecules alternatives [9, 53-57] and many 

more [58-61], but there are few studies focused on the strategies to create different 

hybrid silica aerogels, from the processing of the materials and its applications. 
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Table 1: Recent publications onto the hybrid aerogel, research on Scopus 

(www.scopus.com) with “Hybrid Silica Aerogel” keywords. Accessed on March 2020. 
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The focus of this chapter is to in depth discuss some of the recent examples in the 

literature, that are contemplated in Table 1 and more, aiming to do an overview of the 

strategies adopted, from the precursor to synthesis procedure, the proprieties of the 

developed materials and their applications. 

2.1 Polymer-silica aerogel 

One of the earliest attempts to increase silica aerogels mechanical properties was to 

cross-link silica aerogel to a polymeric chain known as cross-aerogel (or crosslinked 

aerogels). Usually, the monomer reacts on the surface of the silica network or a modify 

silica network (as amine modified using APTES, for example), creating polymer chain 

between the particles and reinforcing the structure. Several crosslinkers have been 

reported: epoxides [62], isocyanates [63], acrylonitrile [47] and more [64]. Although 

reinforced, this approach maintains the particulate nature structure which does not 

respond for issues like solvent usage and processing time as it uses common alkoxides 

and ORMOSIL; this method also has its disadvantages as density and thermal conductive 

increases considerably [34]. This approach is known as monomeric silica precursor that 

renders particulate systems and can be further modify by ORMOSIL or polymerization 

reactions. 

A modern method is to reorder the aerogel creation procedure going on the contrary of 

the monomeric approach: Substituting monomer and ORMOSIL precursor to either high 

or low molecular weight polymers that possess silica functional groups which in turn can 

undergo sol-gel process in a second step. 

As Rezaei et al. [65] reported obtaining hybrid silica aerogel with a continuous structure 

in oppose to the naturally particulate structure of silica aerogel. The experimental 

procedure began with pre-polymerizing step of the vinyl trimethoxy silane (VTMS) 

precursor by radical polymerization which creates a polyethylene (PE) framework 

structure that possesses trimethoxy silane side groups for each monomeric unit. The PE 

backbones were then connected by hydrolytically sol-gel cross-link reactions of the side 

groups, creating a Class II material — as illustrated in Fig. 1 [65]. As water does not act as 

a solvent to the overall structure, during the gelation period, a spinodal decomposition 

process occurs (a mechanism of fast separation of mixture of liquids). The group suggests 

that this procedure causes effects on the final structure and in the final properties of the 

aerogel and controlling the phase-separation mechanism (amount of water) is responsible 

for the continuous backbone structure and the small pore size aerogels. Aging processing 

is essential to particulate silica network structure as it enhances the connection between 

the silica particles (in this case, silica is already connected by the polymeric backbone), 
The spinodal decomposition brings the advantages of having a fast gelation time and not 
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requiring an aging time period. The final aerogel monolith is obtained by CO2 SCF 

drying procedure, and the resulting aerogel exhibits low density (0.05 -0.22 g cm%), 

transparency, flexibility, high elastic modulus, and ultra-low thermal conductivity (10.34- 

17.21 mWm'K"), 

Solvent 

Polymer Nonsolvent 

Fig. 1 The effect of the phase decomposition on the final structure aerogel, 
representation of conventional silica network and the continuous structure backbone 

obtained by the polymeric precursors and spinodal decomposition. Reprinted from [66]. 
Copyright (2020), with permission from Elsevier. 

In a more recent report done by the same group, the concept was further expanded. 

Utilizing the pre-polymerization process, followed by hydrolytically cross-linked reaction 

by the sol-gel process approach, the researchers developed polyether-based silica, instead 

of that previously describe PE-based silica. They used (3-Glycidyloxypropyl) 

trimethoxysilane (GPTMS) as precursor that possesses an epoxide ring and reacts via ring 

opening polymerization. Following the same approach, after polymerization the sol-gel 

process was carried out employing ammonium hydroxide (NHsOH) as the catalyst in 

ethanol. After gelation and aging for 10 hours, the final aerogel is obtained by CO2 SCF 

drying method. As mentioned previously, water content during the sol-gel process also 

induces phase-separation mechanisms which will affect the final properties of the 

aerogel. The silica modified precursor have an ether function group, which is more 

flexible when compared to common carbon-carbon bond in alkyl groups — guaranteeing 

to the aerogel high porosity and good flexibility with an elastic deformation of 15% to its 

original size [37]. 

Choi and collaborators [39] reported the first triethoxy(1-phenylethenyl)silane (TPS) 

crosslinked silica aerogel. TPS was synthetized from the hydrosiliylation of 
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triethoxysilane with phenylacetylene using Karstedt’s catalyst (an organoplatinum 

coordination complex), the resulting TPS molecule possesses two functional groups: 

phenyl groups that can provide hydrophobic characteristics to the final aerogel; and a 

vinyl group that can be polymerized and enhance mechanical strength. Following the 

polymeric approach, the researchers submitted TPS to radical polymerization and after a 

purification step, PTPES was obtained. The PTPES was mixed with pre-hydrolysed 

TEOS (TEOS diluted in isopropanol and further catalysed with acid and base 

subsequently), the condensation of the two species (PTPES and TEOS) occur in the 

presence of NH4OH (10 M) creating a Class II network of polymer and silica; the gel was 

aged in methanol at 50 °C and then dried under SCF procedure. The author’s studied 

different molar ratios of TEOS/PTPES, the optimal hybrid aerogel that presented the 

most promising properties was at 5% mol of PTPES. The overall samples exhibit 

properties of regular silica aerogel such as low density (0.03—0.05 g/cm*), high pore 

volume (16.5-34.5 cm?/g) and surface area (520-900 m/?/g). But also, good 

hydrophobicity degree (120°) and good mechanical strength capable to withstand up to 10 

times higher the compressive strength than a regular silica aerogel. 

In an opposed direction to the polymer precursors approaches previously described, Jung 

et al. [52] prepared a Cblass I hybrid polymer-silica aerogel by firstly performing sol-gel 

process and then proceeding to the polymerization (or the monomer approach). The sol- 

gel process was carry out by mixing three silica precursors: Tetramethylortosilicate 

(TMOS), VTMS and Bis[3-(trimethoxysily)-propyl]Jamine (BTMSPA) were dissolved in 

methanol under alkaline conditions (using NHsOH as the catalyst). After an ageing 

period, the solvent was exchanged to toluene — that was also used as the solvent for the 

monomers. Styrene and methyl methacrylate (MMA) were used in the study. Three 

toluene solutions were prepared: Styrene, MMA and styrene-MMA solutions. The 

synthesized silica mixture and the monomers solutions were combined with a thermal 

radical initiator, and then submitted to heat treatment. The hybrids systems presented 

better thermal stabilities than neat polymers counterparts and increasing in the static 

dielectric constant when compared to bare silica aerogel. 

A different approach on the ORMOSIL variable was done by Wang et al. [40]. The 

authors utilized a polyhedral oligomericsilsesquioxane (POSS) as building block, which 

has a cage-like structure that can be further functionalized. The resulting POSS was 

(Octa[2-((3-(trimethoxysilyl)propyl)thio)ethyl]  silsesquioxane (OTS), which was 

synthesized through thiol-ene click reaction, using y-Mercaptopropyltrimethoxysilane 

(MPTMS) that possesses a thiol group and Octavinylsilsesquioxane (OVS) that have a 
vinyl moieties. The resulting OTS have a nano cage-like structure composed of SiO2 with 
trimethoxysilyl side groups attaches, which can further react via sol-gel process. The gel 
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was produced via two steps sol-gel procedure - where the process is catalysed first by an 

acid to promote the hydrolysis of the alkoxide component; after a period of time in a 

second step a second catalyst (base) is added to favour the condensation reaction of the 

hydrolysed alkoxide. After the gel formation, the aging period was two days at 40 °C in 

ethanol. Thereafter, the aged gel was further modified with trimethylchlorosilane 

(TMCS) ORMOSIL to create hydrophobic characteristics. The modified gel was washed 

in n-hexane and dried by AP during procedure to obtain the final aerogel. The hybrid 

aerogels present high surface area (542-834 m* g"') and high hydrophobicity degree (with 

contact angle higher than 150°). The cage-like structure improves the mechanical 

performance in compression tests, with compression strength of 4.96-6.48 MPa, high 

compression modulus (18.79-25.84 MPa) and even flexibility. 

Polyurethane foams (PUF) are commonly employed as insulating material in edifications, 

and, despite the thermal insulating capacity, these foams are highly flammable. In order 

to overcome these limitations, Li and collaborators fabricated PUF-Silica aerogel hybrid 

system, by immersing the foam in hydrolytic TEOS solution. TEOS solution was 

submitted to a two-step procedure, where hydrolysis was catalysed by both acidic and 

alkaline conditions. By dipping the PUF into the solution, TEOS was infused in the PUF 

and gelation occurs inside the cell walls of the polymeric structure. After aged for 24 

hours, the system was soaked in water and submitted to freeze-drying technique: Aerogel 

produced inside the polymeric cell structure formed a hierarchically porous structure. The 

final hybrid material probably configures as Class I. Interactions between the matrices 

seems to occur on the surface of the cell walls. The final composite demonstrated 

remarkable insulating properties: Reduced thermal conductivity, flammability and smoke 

release. PUF-Silica aerogel also exhibited an enhanced compressive strength (220%) if 

compared to neat PUF, and self-extinguishing capacity in vertical burning tests [66]. 

The examples described in this section, show both “monomeric” and “polymeric” 

precursors strategies. The monomeric is the most known strategy and has some flaws as 

mentioned before. The examples here cited of this approach [40,66], overcome this 

limitations by introducing a building block to the structure of the designed aerogel — 

through this way the final hybrids maintain the characteristic desirable in a aerogel as low 

density and thermal conductivity with increased mechanical properties. The polymeric 

strategy is a recent adaptation for hybrid polymer-silica aerogel and it generates a new 

opening to hybrid silica aerogel design considering the variability in polymeric structure, 

although most of the precursors have to be synthesized, they are relatively easy to prepare 

and more polymeric precursors shall become available as the study goes on. The 

combination of polymeric precursor with the spinodal decomposition have gained great 

attention of the community, as there are several advantages such as no aging period 
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requirement and fast gelation time. Although being a well-studied process in the polymer 

field, there are relatively few studies of spinodal decomposition in the aerogel one, but 

there is a consensus that aerogels made by this technique offers better mechanical 

properties without compromise density and thermal conductivity when compared to other 

methods [34]. 

2.2 Biomolecules-silica aerogel 

Aerogel based on biomolecules, also recognized as “bio-aerogels”, are a relatively new 

branch of materials, especially when compared to silica aerogel. As Kistler’s debut silica 

aerogel in 1931 [2]: The first report of a bio-aerogel by Ookuma [67] dated from 1989 

describes cellulose particles with an open porous structure. Recently, the construction of 

materials based on renewable and bio-resources components as an alternative to petrol- 

based materials have been a major pursuit in both commercial and research segments. 

Proteins and polysaccharides are mainly used in bio-aerogel production such as cellulose, 

alginate, chitosan, lignin, pectin and others. Bio-aerogel shares some similarities to silica 

aerogel and also has many applications, as thermal and acoustic insulators, for catalyst 

and food applications where biocompatibility and biodegradability are a major concern 

[68]. Perhaps, one of the distinct differences between biomolecules and inorganic aerogel 

is the synthesis process. While silica aerogel (formed by monomeric units that undergo 

hydrolysis and condensation reactions until gelation), biomolecules in general tend to 

assemble their constituting molecules by inter- and intramolecular forces, creating a 

(bio)polymeric network. Thereby, bio-aerogels start with the dissolution of these 

(bio)polymeric networks in appropriated solvent — allowing to the polymer chains to 

rearrange, which causes the gelation process in an open network structure. Although it 

seems simple, gelation process is quite complicated process as it is different for each 

biomolecule. Starch gelation, for instance, undergoes by thermal mechanism, after being 

dissolved in hot water and then cooled. The same does not work to alginate or pectin, for 

example, requiring the presence of ions to induce gel formation [57]. In this section, we 

highlight a few recent works associated with biomolecules in combination with silica to 

create bio-aerogel composites with different characteristics. The synthesis and properties 

or applications are here discussed. For clarity and abbreviation, from this point forward in 

this section the term “bio-aerogels” will be referred to the hybrid composed by the 

biocomponent and silica. 

Horvat et al. [41] reported an interesting new approach to prepare polysaccharide-silica 

aerogels, As stated before, one of the difficulties to incorporate a polysaccharide into the 

inorganic matrix is that the gelation process is different for each biomolecule. To 

overcome this limitation, the authors proposed that adding alcohol to a polysaccharide 
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solution favour gelation. The elegancy of this approach resides in the mutuality concept 

in the preparation of the hybrid itself: Tetramethylorthosilicate (TMOS) was used as the 

silica precursor and when it is hydrolysed, methanol is released, which in turn promotes 

polysaccharide gelation. Concomitantly, polysaccharides possess carboxylic groups in 

their structure that acts as acidic catalyst that promotes TMOS hydrolysis. Therefore, 

there is no need to add alcohol or catalyst to the system. The polysaccharides utilized in 

the study were: pectin, xanthan, alginate and guar. The final aerogels were obtained by 

CO2 SCF drying procedure, being the first report on xanthan-silica and guar-silica hybrid 

systems. The resulting materials seems to be an interpenetrating network, which is 

classified as Class I hybrid system. Authors reported that addition of silica enhanced the 

structure properties, when compared to the blank polysaccharide aerogels, exhibiting 

surface area of 679 m’g"! and low thermal conductivity of 19 mWm!K"!. 

Hybrid adsorbents, composed of silica aerogel, magnetite (FesO4) and chitosan (CS), for 

removal of cadmium II from aqueous solution was designed by Shariatinia et al. [42]. 

The silica aerogel was prepared by basic catalyst (NHsOH) route. 

Trimethoxyaminopropylsilane (APS) was used to functionalize silica surface and 

enabling ambient pressure drying. The authors elaborated two hybrid systems: The first 

one is adding Fe304 nanoparticles (NP) to the sol-gel procedure described above, creating 

a core-shell with hybrid silica aerogel (HSA) and Fe304(Fe304@HSA); and a second one, 

adding FesO04@HSA to CS solution, thus creating HSA-Fe304-CS composite. The four 

samples, including a bare CS film, were subjected to absorption tests (50 mL of 0.1000 g 

L! Cd (II) solution). Tests revealed that HSA-Fe304-CS system exhibited high sorption 

capacity (71.9 mg g"'), comparable with other adsorbents in the literature, and the 

materials maintained up to 95% of their initial sorption capacities after cycles of 

adsorption and desorption reactions. 

Still in the context of sorbent materials, Herman and co-workers [43] created a hybrid 

bio-aerogels based on gelatine and silica which is selective for Hg (II) ions. The hybrid 

bio-aerogel was constructed by the cogelation method, in which first each precursor was 

separately dissolved: Gelatine and ammonium carbonate were dissolved in hot water, 

whilst TMOS was properly dissolved in methanol. After cooling, both solutions were 

mixed under stirring, where (NH4)2COsacts as the basic catalyst for the sol-gel process. 

After gelation, the gels were aged in methanol for 24 hr, where the solvent was exchange 

for acetone and aged for 168 hours, in a process where fresh acetone was replaced each 

24 hourly. It seems that gelatine is covalently bonded to silica network structure as 

represented in Fig. 2 [43], since no leaching has been observed after seven days of 

solvent exchanging process. The authors suggest that the serine and threonine amino 

acids side chains present in the gelatine are responsible to bonding to SiOz After a week, 

95 



Aerogels |: Preparation, Properties and Applications Materials Research Forum LLC 

Materials Research Foundations 84 (2020) 83-108 https://doi.org/10.21741/9781644900994-3 

the aged gels were SCF dried with CO2. The different hybrid aerogels were obtained 

based on the gelatine content (4-24 wt%). The resulting systems exhibited great 

selectivity towards aqueous Hg(II) even in the presence of other metal ions (Co(II), 

Pb(IL), Zn(II), Ni(ID) and more). The reason of the selectivity is the presence of soft Lewis 

bases in the side groups of the proteins in the gelatine (-SH, -NHo, -S-S- functions 

groups).They form stable complex to soft ions such Hg(II) that is only disrupted when 

strong chelates (EDTA, for example) is added. The best result.was presented by 24wt% 

of gelatine content hybrid bio-aerogel, capable to 91% of Hg(II) removal (adsorption of 

200 mg. g’!) with no loss in the adsorption capacity after five cycles of adsorption and 

desorption. 
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Fig. 2 Schematic of process and sctructure representation of the gelatin-silica hybrid 
aerogel. Adapted with permission [44]. Copyright (2020) American Chemical Society. 

Pirzada et al. [6] used thermal treatment to fix silica and cellulose diacetate (CDA) 
together, creating nanofibers aerogels that are thermally and mechanically stable. The 
procedure was carried out by mixing an acid catalysed solution of TEOS in 
dimethylformamide to a 11 wt% solution of CDA (in a dimethylacetamide/acetone 
solution). The mixture was poured into a syringe were the needle was attached to a 
positive electrode. The fibres were spun at a constant flow, current and distance to 
aluminium foil connected to a grounded electrode. The nanofibers gels were submitted to 
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freeze-drying technique and afterward towards a thermal procedure where the final 

aerogels were heated at 180 °C for two hours followed by 1 hr at 240 °C under vacuum 

for the two components glue together. As the thermal treatment induces the crosslinking 

of the two parts (protein and silica) there are no hydroxyl groups to interact with water 

molecule. Hence the fibres exhibit a super-hydrophobic behaviour, with water contact 

angle of 165.7°, and due to the nature of fibres cells structure of the proteins that induce a 

capillary movement, they also possess oil affinity and work as an excellent oil adsorbent 

for oil-water separation. Albeit the hybrid fibres also possess excellent mechanical 

properties, withstanding up to 56.3 kPa in strain tests, recoverability and flexibility up to 

75 % of strain stress. 

The main method of bio-aerogels synthesis is via sol-gel process where the bio 

counterpart is normally added during the gelation step, resulting in Class I hybrid 

materials. The examples here discussed have shown some different approaches by 

modifying the traditional wet sol-gel process, namely by introducing a self-catalyst 

among the precursors, the effect of thermal treatment process and complexation. This 

kind of materials are particularly interesting for the sorbent segment, since such materials 

exhibit characteristics such as low density, high porosity (as conventional silica aerogel) 

with improved mechanical properties and adsorption capacities, produced from a variety 

of different raw materials (agar, alginate, chitosan, chitin, cellulose, gelatine just to 

mention a few) that are plenty available making it environmentally and economically 

interesting. 

2.3. Graphene-silica aerogel 

Graphene is a two-dimension material that possesses extraordinary characteristics such as 

high strength, low density and high surface area — due its unique honeycomb-like 

structure monolayer consisting of carbons with sp* hybridization. This makes graphene 

an interesting component for hybrid aerogels [69,70]. Nevertheless, graphene in its 

pristine form possesses only carbon atoms, which hinders its dissolution in solvents and 

renders its processability difficult. The majority of the reported literature applying 

graphene as one of the components is using it as graphene oxide (GO) [61]. The modified 

Hummer’s method is the main procedure to obtaining GO: The original procedure 

consists in a mixture of potassium permanganate (KMnOs), sodium nitrate (NaNO3) and 

concentrated sulfuric acid (H2SO4) added to a graphite solution [71]. The modified 

version is normally associated with an exfoliation process [61]. During the oxidation 

process, epoxy, hydroxyl, carbonyl, and carboxylic function groups are added to 

graphene sheets. These functionalities not only considerably enhance solubility in 

aqueous environment, but also contribute to interaction with other materials such as silica 
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network [61,70]. In this section, some of the recent reports on hybrid aerogels based on 

graphene and silica will be discussed. 

Karami kamkar et al. [44] exploited the strategies discussed in the 2.1 polymer-silica 

section. They studied the effects of adding graphene nanoplatelets (GnPs) as filler to 

silica based aerogel using the polymeric precursor approach. The polymeric silica 

precursor used was P-VTMS (VTMS was polymerized via radical polymerization) — a 

silane functionalized polyethylene (PE).P-VTMS dissolved in ethanol was then submitted 

to gelation process, where ammonium hydroxide was used as the basic catalyst to the sol- 

gel process. At this point different amounts of GnPs were added to the mixture and 

allowed to crosslinking/gelation in vacuum oven at 40 °C for 3 hours. After the gelation, 

the solvent was exchanged for fresh ethanol before being submitted for supercritical 

drying, without aging period. As mentioned in section 2.2, one advantage of the 

polymeric precursors relies on the fact that they render continuous network instead of the 

conventional silica particulate backbone, i.e., continuous polymeric structure does not 

possess the fragile neck (Si-O-Si bridges) and therefore no aging is required. The authors 

observed that GnPs incorporation in the system reduces the time to gel formation in 25%, 

as they increase the viscosity in the system and limits the effects from shear from break 

any crosslinked components. The incorporation of graphene does not interfere with the 

silica structure integrity, but FTIR spectra indicates a decrease in the oxygen related 

bands (Si-OH and Si-O-Si bands), which suggest an intense interaction between silica 

and graphene through hydroxyl groups, indicating a Class I type hybrid material. The 

graphene addition also reduces the shrinkage in the aerogels from 15 % (blank without 

GnPs) to 5 % with GnPs, while increasing their pore surface area in 21 % (from 570 to 

694 m? g"'). The combination of both materials also increased the mechanical strength 

from 7.2 MPa to 68.7 MPa in compressive mechanical tests, maintaining the pore sizes of 

32 nm grating excellent thermal isolating properties. 

Wang and collaborators [72], created a solid adsorption material assembling 2D graphene 

and 3D silica in one pot-synthesis. Three surfactants bearing different length alkyl chains 

were tested in order to increase the pore volumes of the final aerogel: 

Tetramethylammoniumbromide (C1), triethylhexyl ammonium bromide (C6) and 

trimethyloctadecyl ammonium bromide (C18). The synthesis started with the oxidation of 

graphite via a Hummer’s method to obtain GO. The produced GO was dispersed in 

deionized water creating a suspension. Each surfactant (C1, C6 or C18) was dissolved in 

water containing nitric acid (HNOs), which acts as the acid catalyst for sol-gel process, 

and TEOS was dropwise added to acidic solution containing one of the surfactants. After 
acid solution homogenization occurs, the GO suspension is mixed, and gelation occurs in 
autoclave at 60°C for two days. The hydrogel formed is frozen in liquid nitrogen and 

98 



Aerogels |: Preparation, Properties and Applications Materials Research Forum LLC 

Materials Research Foundations 84 (2020) 83-108 https://doi.org/10.21741/9781644900994-3 

submitted to freeze-drying procedure for another two days. The obtained aerogel has the 

surfactants removed under furnace tube at 450°C and functionalized with an amine 

sorbent, tetraethylenepentamine (TEPA). One can assume that the final aerogel does not 

possess any covalent bonds between silica and graphene components, and the interaction 

occurs via weak van der Waals force between silanol groups (Si-OH) of silica with any 

oxygen related groups of GO, hence characterizing a Class I hybrid material. The 

properties of the final hybrid aerogel composite show an increase in the surface area from 

448 to 734 m? g as the chain length of the surfactants increases (C1 to C18, 

respectively), maximum pore volume obtained was 0.42 cm? g” (also for C18).Similarly, 

CO2 sorption capacity was higher (4.9 mmol g") when C18 surfactant was employed in 

the aerogel synthesis. 

Zhao et al. [45] created an interesting hybrid silica-graphene sponge for oil-water 

separation. The novelty of this material is the integration of graphene sponge with silica. 

GO was prepared by a modified Hummer’s method — the obtained GO was then reduced 

using an ammonium sulfide solution ((NH4)2S) as reducing agent and transforming GO 

into graphene hydrogel. Graphene hydrogel was immersed in NH3-H20 (14%, v/v) 

solution and submitted to freeze-drying procedure to finally obtain a compressible 

graphene sponge. To incorporate de silica counterpart, TEOS was first dissolved in 

ethanol using HC] as the catalyst. Then ammonia solution was added to elevate pH to 7.0 

(two steps catalyst procedure). Before gelation, the silicon solution was mixture drop 

wise into the graphene sponge. After gelation, the gel was aged in ethanol for six hr to 

strength the silica network. Solvent was changed to n-hexane were surface modification 

with TMCS was carried and the final hybrid sponge was dried at AP. The authors 

suggested that two interactions take place in the hybrid sponge: physical adsorption of 

silica within the graphene porous sponge (Class I) and, as FTIR Si-O-Si band monitoring 

suggests, a chemical interaction between the components (Class II). The final structure 

was able to withstand 146 times their weight without any structural damage. It has a high 

specific area (803.351 m*. g’'), and the modification created good hydrophobicity 

properties(with water contact angle of 129°), which also make an excellent adsorbent 

capable of fully adsorbed 1.5 g of dyed dichloromethane in water in six seconds, as 

illustrated in Fig. 3 [45]. The hybrid materials present good adsorption capacities for 

other five oils (as toluene, ethanol, motor oil and plant oil) up to 10 times its own weight 

and 10 cycles of adsorption and desorption after heat treatment — making an interesting 

material for oil spills applications. 
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Fig. 3 Fast adsorption of dyed dichloromethane in water by silica-graphene sponge 

hybrid. Reprinted from [46]. Copyright (2020), with permission from Elsevier. 

The strategies described here are the recent approaches on graphene-silica aerogel, but it 

represents only a fraction of methods and techniques that cannot only be employed to 

graphene but also to other carbon structures (such carbon nanotubes and nanofibers). As 

stated in the beginning of this section, the form of graphene mostly employed is GO 

instead of its pristine condition, due its insolubility in water, as the most common 

techniques uses aqueous sol-gel process using alkoxides and ORMILS. In the studies 

here demonstrated, there is a trend to use GO as basis structure for the hybrid, normally 

as a sponge — where flexibility and adsorptions characteristics are highlighted in the final 

aerogel. 

3. Final remarks 

There is a growing interest in obtaining materials that possess characteristic similar or 

better than those of silica aerogels and that can be mechanical processed to numerous 

practical applications or even that permits industrial scalability. Hybrid composites that 

are obtained combining inorganic and organic components, combining advantages from 

both counterparts is one alternative to overcome the notorious silica aerogels limitations. 

As show in Fig. 4 there is an increase in the number of publications regarding hybrid 

silica aerogel subject over the last two decades, especially in the last five years. 
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In this chapter, three approaches to prepare hybrid silica aerogels by modification of 

silica aerogel including polymeric structures, biomolecules and graphene have been 

addressed. The recent strategies for incorporating each component to silica, how they 

interact, their characteristics and applications have been described. The use of different 

techniques (as polymeric and monomeric precursors) and components direct affect the 

final characteristics and properties of the hybrids. Polymeric precursor with addition of 

spinodal decomposition renders continuous networks instead of fragile particulate that are 

associated with silica aerogel; the addition of biomolecule greatly improves the strength 

and flexibility; whilst the addition of graphene greatly increases adsorption capacities of 

the hybrids. The advances on the hybrid silica are still in its infancy and there is still 

room for further investigation. The reported studies show that there has been a quest for 

new approaches that may bring new design, morphological structures and mechanical 

reinforcement in hybrid silica aerogel. The polymeric precursor with the spinodal 

decomposition method is a power technique that opens a diversity of potential for new 

materials. The integration of these procedures with different components (as variety of 

biomolecules available and carbon-based fillers) represents a promising future for hybrid 

silica aerogels. 

Documents 

Fig 4 Number of documents published into the hybrid silica aerogel subect along tewnty 
years. Source: Scopus, search date: 04-17-2020. 
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Abstract 

Over the last decade, silica aerogels have drawn enormous attention in science and technology 

due to their porous structure, low density, lightweight, exceptional thermal insulation property, 

high surface area, low refractive index, and excellent optical properties over conventional 

materials. Numerous advanced synthetic techniques have been applied to fabricate silica aerogels 

for their usage in various applications which extend from chemical sensors to thermal insulation 

system to drug delivery. This chapter presents the synthesis, properties, as well as review of the 

literature on emerging developments in the area of application of silica aerogels and future 

prospects. 
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1 Introduction 

Silica aerogels are the unique lightweight materials having unusual properties, viz; low density 

(0.003-0.5 g/em?), high porosity (80-99.8%), specific surface area (500-1200 m?/g), low index of 

refraction (~1.05), and very high thermal insulation value (0.005 W/mK) [1,2]. These porous 

materials result from wet gels, where the liquid content has been extracted through various 

drying methods, for example, supercritical drying, fluidized bed drying, ambient pressure, or 

atmospheric pressure drying, etc. so as to avoid pore collapse and leaving behind an intact 

nanostructure. The unique properties of silica aerogels are attributed to their remarkable network 

structures formed through clustered silica nanoparticles. The practical interest in the silica 

aerogels originates from their potential in the fields of catalysis, waveguides, drug delivery, 

thermal insulators, storage devices, supercapacitors, radiation detectors, sensor material, etc. [3- 

9]. Owing to the low value of thermal conductivity and density, they have been considered 

beneficial for various space/aerospace applications [10,11]. Since these aerogels are light 

weighted, fragile, and have poor mechanical strength, they are found to be attractive materials 

for the thermal insulation for windows and cerenkoy radiators [6,12,13]. They have been 

perpetually used as a potential candidate in waste removal, biomedical, gas sensing, and air 

purification applications [14-17]. The unique characteristics of silica aerogels are attributed to 

the amount of mesoporosity that provides the bulk vacate space filled with air. They have bead- 

like structures forming the pearl-necklace like skeletal network; known as secondary particles 

that comprise of primary particles of silica as shown in Fig. 1. The coalescence of primary silica 

particles links each other to form secondary particles that are connected through siloxane bond 

(Si-O-Si) and result in the formation of three-dimensional (3D) network with pearl-necklace 

morphology [18-20]. It is anticipated that owing to their dendritic microstructure the particles 

fuse to form clusters and leads to the development of a 3D porous structure with pore size in the 

range of 5-100 nm. 
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Secondary Si ANG } 
particle, sizeof lum gr Si~0-Si* 

Primary Si particle < 1 nm 

Fig. 1 SEM images of silica aerogels along with its chemical structure. Reproduced with 
permission [29] Copyright 2019, Elsevier. 

Although the silica aerogels are sufficiently strong, their mechanical properties are not suitable 

and hence limit their use in some practical applications. Henceforth, their application possibility 

is strengthened by the introduction of reinforced micro/nanoscopic materials as a second phase 

such as carbon nanotubes, fibers, or nanoparticles, which enhance their remarkable properties 

[21-23]. For example, these silica aerogels form composites with water-soluble polymers, which 

provides thermo-responsive hydrogels exhibiting thermal and mechanical properties and reflects 

the features of the incorporated polymer [24,25]. Importantly, this kind of tuning may combine 

the properties and result in the formation of porous and enormously lightweight materials having 

extraordinary mechanical strength as well as toughness. With enormous development in the field, 

these modified silica aerogels present more fascinating properties and structural characteristics in 

contrast to native ones. The functionalization of their surfaces has been proven to be more 

promising in various other applications such as absorption of toxic substances and liquid 

transport on the nanoscale in chemical and biotechnological fields [22,25-28]. 

This chapter addresses the synthesis methodology, physicochemical properties, and recent 

developments in the area of applications of silica aerogels. First, the synthesis techniques to 

produce silica aerogels and their modification are discussed; second, the physical properties 

resulting from the morphology of the aerogels will be examined, and finally, the applications of 

silica aerogels in current scientific research and industrial developments will be presented in 

detail. 
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2. Synthesis methodology 

The transition from liquid (sol) to solid (gel) phase, known as sol-gel processing is one of the 

methodologies used to synthesize various materials having a uniform, and small particle sizes, 

with different structures. The prompt growth of sol-gel methodology during the last few decades 

has managed rapid development in the synthesis of porous materials. The most widely used 

methods for the synthesis of silica aerogels are sol-gel polymerization of silicon alkoxides, which 

can be accomplished in three steps, starting from the condensation of colloidal (silica) particles 

through sol-gel processing, aging of the gel and lastly supercritical drying process [29-31]. The 

schematic depicting the methodology for these aerogel through a sol-gel is shown in Fig. 2 [11]. 

Aerogel 

Fig. 2 Scheme representing the fabrication of aerogels through a sol-gel process. 
Reproduced with permission [11] Copyright 2011, American Chemical Society. 

2.1 Bare silica aerogels 

During the initial step of wet gel preparation, the source solution or precursor is dispersed with 

the catalyst (acid, or base) to initiate gelation in the system via hydrolysis and polycondensation 

reactions. Initially, it starts with the aggregation of primary particles to form secondary particles 

which eventually link together in a pearl necklace-type structure. The resulting siloxane bridges 

(Si-O-Si) provide backbone to the formation of silica matrix and are found to be porous in nature 

with solvent filled pores. The precursors range from alkoxides to acylates to amines and many 

others. This step of the methodology is carried out with an inorganic or organic precursor such as 

tetraethoxysilane (TEOS), tetramethoxysilane (TMOS), polyethoxydisiloxane (PEDS), or 

methyltriethoxysilane (MTES) which are initially involved as monomers [2932-35]. The 

necessitate condition for precursors is that it should be soluble in the reaction media and reactive 

enough to participate in the reaction. 

A variety of reaction media which are needed to homogenize the precursor mixture ranges from 

alcohols, dioxane, tetrahydrofuran, methylene chloride to ionic liquids. Additionally, various 
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precursors are not reactive enough towards gelling due to reduced partial positive charge from 

silicon, and thus, there is the paramount of a catalyst in the reaction media in order to reduce the 

gelation time from several days to hours [34]. Two approaches have been utilized; one of them 

involves a catalyst, basic or acidic, while the other consists of an acid catalyst facilitating 

hydrolysis reaction, leads to polymeric silica followed by a base-catalyzed set of condensation 

reactions and consequently leads to colloidal silica. Acid catalysis involves the entangled 

linear/randomly branched chains in silica sols with low cross-link density and in contrast, base 

catalysis form a network of uniform silica particles in the sol with high cross-link density. 

Varying different processing parameters such as the activity of the silicon alkoxides, solution 

pH, temperature, reaction media, additives, and nature of the catalyst provide materials with 

various microstructures and surface chemistry. 

Once the wet gel is formed by hydrolysis and condensation reaction which is fragile in nature, 

the aging step involves further condensation and dissolution followed by reprecipitation of the 

sol particles, and thus enhances mechanical strength to the gel network as depicted in Fig. 3 [29]. 

The resultant morphology leads to a porous solid structure where the solvent is confined, and the 

final properties are strongly affected by the developed structure in the aging step. Importantly, 

there exist two simultaneous mechanisms during aging at different rates; one of which is a 

growth of necks between secondary silica particles and other is the dissolution of smaller ones 

followed by reprecipitation onto large particles [36]. These two mechanisms which occur 

simultaneousiy with different rates enhance the siloxane bonds and henceforth reinforce the 

network. This process is found to be crucial in order to prevent cracks in the formed gels. 

The next salient step in sol-gel processing is drying of wet gels in a precisely controlled manner 

by the removal of liquid. During drying, the formed wet gel nanostructures couldn’t withstand 

the capillary forces which occur via surface tension present at the liquid-vapor interface; thus, 

this presents a challenge to remove trapped solvent from the matrix for the silica aerogels. The 

supercritical drying prevents the formation of surface tension, which restricts the gel to collapse. 

The process consists of elevating the temperature as well as pressure beyond a critical point 

wherein the trapped liquid undergoes the transition to supercritical fluid so that the surface 

tension gets ceased, and finally, dry nitrogen is introduced to detach the liquid molecules from 

the formed wet gel. This drying methodology yields aerogels with high porosities, pore-volume, 

and surface area in contrast to other drying methods. The fluids suitable for this methodology are 

carbon dioxide, Freon, nitrous oxide, etc. however, carbon dioxide is mostly preferable amongst 

them all. 
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Fig. 3 The methodology adopted for the synthesis of silica aerogels through the sol-gel process. 
Reproduced with permission [29] Copyright 2019, Elsevier. 

Surprisingly, the supercritical drying method has definite restrictions in terms of safety, cost- 

efficiency, processing time, and other factors. Hence, the other method of drying known as 

ambient pressure drying introduced by Brinker [37], creates the surface of the gel with low 

energies simply by modifying with appropriate additives/agents in order to reduce surface 

tension. In such a modification process, the present hydroxyl (OH) group in the gel surface is 

chemically substituted through hydrophobic group and thus reduces the shrinkage that occurs in 

the subsequent drying process. To circumvent the above-mentioned issues, the in-situ attachment 

of the alkyl group to the siloxane backbone, as well as low degree of polymerization of silica, 
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provides the formed network to withstand capillary forces and compressive stress during the 

ambient pressure drying. The occurrence of capillary forces and compressive stress during the 

drying step provides the formed wet-gel to shrink and crack, and so there is a pre-requisite to 

balance these capillary forces before the drying procedure. 

2.2 Modified silica aerogels 

The bare silica aerogels are sensitive, fragile, hygroscopic at a very low value of stresses and 

thus restricts their application in industrial and commercial use, so it is a pre-requisite to 

introduce various organic polymers or fiber networks in silica precursors to form aerogels of 

high mechanical strength and stiffness. There are various applications where these aerogels need 

to be hydrophobic, and so there is a requirement to assess the hydrophobic behavior of the silica 

aerogels, which could be implemented by replacing hydrophilic hydroxy groups through surface 

modifications. The substances which are capable of modifying the wetting properties of the 

surface include methyltrimethoxysilane (MTMS),  dimethyldichlorosilane (DMDC), 

hexamethyldisilazane (HMDZ), etc., through which substitution of hydrogen (H) from Si-OH by 

non-polar alkyl groups takes place [39-42]. The different types of precursors and/or additives 

used for the modification of silica aerogels are summarized in Table 1 [43-55]. 

A number of approaches have been used to substitute the terminal hydroxy! groups which could 

be merely incorporation of fluorinated chains covalently attached to the surface, or alteration of 

the silica network surface with other organic groups, or multi-step solvent exchange method 

[38]. The physicochemical properties and structure of silica aerogel in the modified 

aerogels/aerogels composites could be maintained simply by tuning reaction conditions such as 

temperature, solvent, etc. and the precursor ratio; possibly facilitating other properties such as 

high mechanical strength, dense network structure, and hydrophobicity. Hence, they are found to 

show improved thermal insulation and mechanical properties in contrast to bare silica aerogels. 

One of the intriguing and recent research work related to modification is the formation of 

aerogel-geopolymer composites which are known to provide the composite with favorable 

properties shown in Fig. 4 [24]. The modification of silica aerogels can be done by impregnating 

the silica aerogel in the prepared geopolymer leading to the formation of the resultant composite 

which can be used for insulating materials. 

115 



Materials Research Forum LLC 

https://doi.org/10.21741/9781644900994-4 
Aerogels |: Preparation, Properties and Applications 

Materials Research Foundations 84 (2020) 109-132 

Table 1 Some of the precursors and additives used in modified silica aerogels [43-55]. 

Silica aerogel Modified Silica aerogel 

Precursor (Abbrev.) Precursor (Abbrev.) 
Additives for modified 

silica aerogel 

Sodium metasilicate 

(SS) 

Fibers 

——$ 

: : ; ? Carbon 
sana ion ees (CNTs, MWCNTs, [43-46] 

( ) ( ) SWCNTS, GO) 

4 : : Polysaccharides 
Polyethoxydisloxane Methyltriethoxysilane (Celfalosé: Pectin [47-49] 

(PEDS) (MTES) 
Carageenan, Chitosan) 

References 

Triethoxysilane Hexamethyldisilazane (Carbonic anaes [50-52] 

EO?) a Nonwoven. Aramid) 

| a 
Polymers 

Tetraethoxysilane Trimethyldisiloxane (Epoxide, Polystyrene, [53-55] 

(TEOS) (HMDSO) Polyurethane, 

Polyacrylonitrile) 

Trimethylchlorosilane 

(TMCS) 

Methyltrimethoxysilane | Aminopropyltriethoxysilane 

(APTES) 

— 

There are three primary methods used for the alteration of silica aerogels known as the co- 

precursor method, vapor phase treatment, and surface derivatization method. Among these, the 

vapor phase treatment comprises heating the silica aerogel in the presence of methanol (M-OH) 

vapor for a specific time period in order to transit Si-OH to Si-OCH3. The co-precursor method 

involves the addition of surface amending agent into silica solution before gelation while in the 

surface derivatization method, the gelation is done, followed by the placement of organic or 

inorganic network into a mixture consisting of surface modifying agent and the solvent. In the 

co-precursor method, the precursor is exchanged with organosilane and further proceeds by a 

supercritical drying step. It is to be noted that the amount of co-precursor used in this method 

affects the dynamics of the sol-gel process. The surface derivatization method modifies the 

surface of the formed wet gels before drying using a silylating agent. The hydrophobic behavior 

of silica aerogels aids the material to be transparent and thermally insulating and so are 
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beneficial in various applications fields such as the Cherenkov detector, transparent window 

system, and many other applications [25,56-58]. The applications of these hydrophobic silica 

aerogels are illustrated in Table 2 [56-71]. 

Fig. 4 The scheme depicts the chemical reaction representations of the modification 

methodology to form silica composite aerogels. Reproduced with permission [24] Copyright 
2018, The Royal Society of Chemistry. 

Table 2 Some of the application of hydrophobic silica aerogels [56-71]. 

Application References 

[59,60] 

Property 

Surface area Oil spill clean-up 
Removal of pollutants 

Porous structure Drug Delivery [61,62] 
Tissue Engineering 

Refractive Index Cherenkov Detector [56,63,64] 

[58,65-67| 

[68,69] 

Thermal conductivity Themal insulation 

Superhydrophobic surfaces Self-cleaning windshield 
Anti-corrosion material 

Transparency Transparent windows [57,70,71] 
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3. Physico-chemical properties and applications 

Silica aerogels exhibit distinctive features that make them fascinating and appealing in science as 

well as technology and because of the high porosity, pore accessibility, and surface area. They 

exhibit high porosity thus are rather brittle material. These aerogels produced by the 

methodology, as mentioned earlier, are hydrophilic and may contain up to 90 wt% air. As they 

are mainly composed of air, the 3D network in these aerogels comprises of porous type of 

morphology and shows remarkable properties. The versatile silica aerogels are characterized 

through different parameters which are gelling time, the shrinkage time during aging, apparent 

density, global shrinkage, and specific surface area. These structural characteristics have been 

studied using different techniques where the pattern characteristics could be correlated to the 

various structural changes at different length scales. These aerogels are not similar to Rayleigh 

scatterers as they show wavelength-independent components of scattering. In these cases, the 

scattering sources can be seen as occurring from inhomogeneities in the pores of the gel. The 

evolution of dynamical properties during the sol -gel transition, including the pore size, have 

been carried out on silica aerogels using light scattering [72,73]. 

The type of precursor is known to strongly influence the physical properties of these aerogels 

such as bulk density, distribution in pore size, surface area, amount of porosity, thermal 

conductivity, as well as microstructure as discussed in the above section. It has been found that 

different types of precursor in the synthesis provides aerogels with different surface area and 

variant pore size distribution which depends on the size of SiOz particles and pores in the 

network. Due to the pearl necklace-type fractal network that constitutes voids between the silica 

particles chains, the resultant silica aerogels have a low bulk density with approximately half the 

density of silica and hence they are fragile. 

In the paradigm of the surface modified or hydrophobic silica aerogels, the general agreement is 

that the porous bare silica material formed shows brittle and elastic behavior; howsoever, their 

mechanical properties are less due to porosity and low connectivity in the network. Their weak 

mechanical properties are due to the large pore volume which could be reduced by greater 

content of monomer or through sintering or drying procedure, which leads to the collapse of the 

pores. Most importantly, the stress corrosion effect can lead to failure of silica aerogels, an 

impact that is favored by the OH content of the aerogels. The incorporation of cross-linker or 

polymer in the silica network shows substantial improvement in the mechanical properties 

through very insignificant changes in physical properties such as a slight increase in density ete. 

This introduction of cross-linker/polymer to the hydroxyl group on the silica gel surface will be 

an active reinforcing process for durable silica aerogels whose objective is to enhance the 

mechanical strength so that it could be able to adapt for the specific applications. These modified 

silica aerogels owe their low wavelength to the tortuosity of the robust network, the high 

porosity, and pore sizes beneath the mean free path length of air (see Fig. 4) [24]. 
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Another intriguing class in hydrophobic silica aerogels is granular silica aerogels that associate 

the low value of thermal conductivity of the network with the high diffusion transmittance in 

certain spectral range and thus used in applications of building envelopes, cleanup of spillage, 

solvent removal, etc. [61-64,74-77]. These are of three types that are relatively regular spheres, 

semi-translucent and highly translucent irregularly fractured pieces. These are mesoporous that 

allows a decrease in the thermal conductivity of the gaseous phase because of the Knudsen 

effect, but their brittleness hinders various applications thus, a new type of aerogels known as 

bio-aerogels has been developed that can accomplish as conventional silica aerogels as well as 

synthetic organic ones. They are prepared by polymer dissolution, gelation through coagulation 

in a non-solvent phase, with further supercritical drying in the presence of carbon dioxide. 

Besides granular silica aerogels, different types of silica aerogels are prepared using transition 

metal alkoxides, organic, etc. Out of these, the widely studied aerogels are mixed oxide aerogels 

using alumina silicates because of the improved temperature stability compared to silica 

aerogels. The other approach towards the synthesis of aerogels is through doping, where the 

alcohol-soluble compound has been added to the sol before gelation. Thus, silica aerogels are 

doped with phosphors/florescent chromophore to enhance the output of radio-luminescent light 

sources [65,66,77-79]. 

The structure of silica aerogels is composed of small and spherical SiOz clusters of the size 3-4 

nm that are linked to each other and result in the formation of chains, which further form a 

spatial grid with air-filled pores of 30-40 nm. They exhibit high porosity and thus are rather 

brittle material. The aerogels produced by the methodology, as mentioned earlier, are hydrophilic 

and may contain up to 10 wt% water. In contrast to hydrophilic aerogels, the hydrophobic 

aerogels are prepared via a two-step synthesis process, where the first one is identical to the one 

for hydrophilic, howsoever the hydrolysis and condensation are performed incompletely. The 

silicone oil obtained was purified via alcohol, followed by mixing with alcohol-free solvent, and 

so the polymerization occurs in the presence of alkali catalyst. The consecutive steps comprise of 

the same mentioned for hydrophilic that are aging and drying. The other approach for 

synthesizing hydrophobic aerogels is to replace the hydrophilic group with hydrophobic ones, 

which can be done by substituting hydrogen in OH with Si(CH3)3. Though aerogels are 

hydrophilic, they become wet with atmospheric moisture and water and thus deteriorate with 

time. The surface group Si-OH is known to be the primary source of hydrophilicity to enhance 

condensation reaction in aerogels, and so the replacement of this group with Si-R (R = alkyl) 

result in hydrophobic aerogels. Mostly, the hydrophobic aerogels synthesis is done using a co- 

precursor such as methyltrimethoxysilane (MTMS), 

Silica aerogels have fascinating properties that make them a potential candidate for application in 

numerous fields as shown in Fig. 5 [80]. Some of their applications are described in the next 

section. 

119 



Aerogels |: Preparation, Properties and Applications Materials Research Forum LLC 

Materials Research Foundations 84 (2020) 109-132 https://doi.org/10.21741/9781644900994-4 

oo. 

NCR A Electroni / Chemistry \ ectronics 

| Catalysts | - oe ch | 
he eokea « Insulators / 3 \ 
| + Adsorbents ( + Low € materials } | Fillers 
| * Nanovessels Tage . ee | s tse? | 

| » Extractin t of | « Varnishes | 
\ xtracting agents ‘: = | 7 ponectionl heat | 

Pina eC hay Alig Dae ae Please = e | ae 

Insulation | actus ue ae Pe Coe 
Thermal | = epee Aerogels ae 

Meares ee. Pe ( Kinetic ene 
a ia Heresy! —_ Eee re —— ince r L- . a | 
Fa | | « Shock absorption 
( Agriculture ) a + Tank baffles 
+ Carrier materials | Ne we / 

} 
fe Pharmacy 

Fig. 5 Applications of aerogels in different fields. Reproduced with permission [80] 
Copyright 2014, Journal of Materials. 

3.1. Thermal insulating application 

The critical property of the silica aerogels of poor thermal conductivity (0.020 W/m.K) could be 

exploited in various applications for example architectural purpose, heat and cold storage 

appliances, transport vehicles, and vessels. The extraordinary small pore size in the silica 

aerogels provides remarkable physical, thermal, and acoustical properties, specifically in thermal 

insulation. The low content of silica and the presence of dead ends in their three-dimensional 

network results in low intrinsic thermal conductivity as it provides a tortuous path for the 

transport of heat. These have been used as a transparent thermal superinsulation in buildings, 

containers, refrigerators, and refrigerated vehicle due to better environmental compatibility. The 

translucent aerogels insulation has been applied to huge parts in the buildings for daylighting as 

they exhibit better heat conductance compared to window panes. In some applications, the 

surface modification of silica aerogels is needed as the uptake of water led the materials to 

deteriorate and thus limit its application and so, the hydrophobic silica aerogels are found to be 

more beneficial in various applications [64-66]. The tailoring of silica aerogels with the addition 

of additives and/or polymer dampens the brittleness and provides durable as well as flexible 

material that can be used in clothing, blankets, sleeping bags, apparel, and/or thermal bridges. 

The aerogels should be highly hydrophobized as their contact with water lead to a thrashing of 
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the aerogel structure, and so, used with a vacuum that prevents water exclusion while the 

vacuum decreases the thermal conductivity. In addition to this, the aerospace domains use the 

silica aerogels for the thermal insulation of the Mars Rover, space suits, collection of aerosol 

particles, designing of tank baffles, and in protection of space mirrors [10]. 

3.2 Optical property application 

One of the best uses of aerogels is to fabricate ultrapure, high-density silica glass below the silica 

melting temperature through sintering. An efficient radio-luminescence light source can be 

achieved by incorporating radioactive tritium and a phosphor in silica aerogels. In addition to 

this, translucent aerogels are used for solar covers and collectors while transparent aerogels are 

used for solar windows [9,12]. The presence of pores in the silica aerogels acts as scattering 

centers and depending on these centers, the scattering efficiency is traced. These aerogels shows 

maximum transparency in the infrared region of the spectrum and so can be used for desired 

applications such as super-insulating windows. The heterogeneities in the aerogel network lead 

to Rayleigh scattering which is responsible for the material coloration in different modes and 

thus is needed for optical applications. Their low value of refractive index led the potential to be 

used in the cerenkov counters, where the elementary particles travel with a velocity in a low- 

density medium in a radiator which is silica aerogel. In these counters, these are placed 

intermediate as compressed gases and cryogenic liquids in the radiators based on their refractive 

index value. 

Ry) Electronic application 

The aerogels are known to be suitable dielectrics for ultrafast integrated circuits (ICs) because of 

low dielectric constants, good thermal stability, and high porosity and could be exploited for 

microwave electronics as well as high voltage insulators. These aerogels show different types of 

behavior varying from superconducting to thermoelectric to piezoelectric. The silica nanowires 

can be assembled to produce functional micro-photonics devices that leads to the fabrication of 

essential devices such as linear waveguides, branch couplers, and waveguides bend. Due to their 

minimal size than prevailing comparable devices with less optical loss, these aerogels can be 

used in optical applications such as communications and sensing. The high surface area and 

three-dimensional network in silica aerogels amplify the electrifiable interface and facilitate the 

electronic conduction and hence they can be potential candidates for supercapacitor [5]. In 

contrast to the normal capacitor, the silica aerogel capacitor exhibit low impedance and absorb 

high peak current because of high surface area (~500 m’/g). 
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3.4 Acoustic insulation applications 

Silica aerogels are the outstanding materials for acoustic devices where the sound propagation 

velocity is much less and so can be used for building the corresponding acoustic delay lines [4]. 

The minimum acoustic impedance usually characterizes the highly porous aerogels compared to 

solid and liquid substances. The high porosity in these aerogels is related to its low static density 

which traps the air in its nanorange pores providing a higher acoustic density. In addition to this, 

the low cross-section interconnecting the silica particles leads to low rigidity, and hence this 

results in low acoustic impedance and can be used as a subwavelength flexural in fragile acoustic 

metamaterials for transmission lines. These aerogels can also be used as acoustic antireflecting 

4 — layer for piezoelectric materials. Besides this, another possible application of aerogels is 

echoless terminations in the audio-frequency band, where granular aerogels are most probably 

used. The low longitudinal sound velocity and acoustic impedances are found to be responsible 

for them to be used as acoustic insulation applications. 

3.5. Biomedical applications 

The potential of silica aerogels is practically exploited in the medical field too due to their 

biocompatibility and could be fabricated in different shapes and sizes, varying from beads to 

disks, and further monoliths. These aerogels hold excellent ability for their applicability to be 

used in the biomedical field, for example, drug delivery, biosensing, tissue engineering, etc. The 

natural polymers such as pectin, cellulose, etc. can be converted into aerogels, which further can 

be used as scaffolding materials, blood vessels, artificial cartilage, ete. which are environment- 

friendly and can withstand the toxicity and yield. These can be used as drug delivery matrices to 

enhance the therapeutic effect with modified drug release profiles and govern the delivery of 

active biomolecules. The incorporation of drugs into silica/functionalized silica aerogels can be 

achieved by two approaches, either the addition of drugs during the sol-gel procedure using 

means of post-processing [15]. The incorporated drug should meet particular criteria such as 

solubility, stability, etc. to form these aerogels to be used as drug delivery. Surprisingly, the 

hydrophobic silica aerogels are most commonly used for enzyme encapsulation and drug 

delivery where the hydrophobicity of the resultant aerogels could control the absorption and 

release of the drugs [25, 61,62]. Their high porosity can trace these silica aerogels as dry powder 

carriers for pulmonary delivery in the form of particles. The enhanced dissolution of 

inadequately water-soluble drugs, good air flowability, and high stability of drugs lead the 

biopolymer-based aerogels for these applications. 

3.6 Environmental applications 

The aerogels can be used as a filter for absorbing long-lived nuclear waste contained in liquid 
radioactive wastes and purify air consisting of dangerous aerosol particles of nanometer 
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dimensions due to the presence of large surface area. Also, they are used in the purification of 

gases that emerges from the exhaust pipe of a car [17]. Silica aerogels reinforced with a metal 

oxide such as titanium oxide has a large binding capacity for gasoline, which get absorbed and 

decomposed with the formation of carbon dioxide. 

3.7. Others applications 

3.7.1 Space and detector 

These light weighted silica aerogels have been used to collect contaminants in order to shield 

space mirrors from volatile organics. These aerogels to be used in space type applications require 

the material property to fulfill desirable thermal features of the outer space. Among the various 

applications of the aerogels, the foremost is its usage as a source of cerenkov radiation [6]. The 

silica aerogels used in cerenkov counters for the detection of relativistic particles attributes to a 

low index of refraction that allows determining the momentum of relativistic particles in a range 

that does not include compressed gases or by liquids. Due to their high transparency, their use as 

a radiator for threshold as well as differential counter is carried out, which could help to 

determine the particle velocity of the Cherenkov radiation. The stacks of tiles made of aerogels 

sintered to different densities and index of refraction have been used in Cerenkov threshold 

detectors. 

3.7.2. Oil spill clean-up 

Oil spills are formed by occasional accidental episodes of supertankers, war, oil drilling, and 

naturally occurring events. There is a necessity for absorbent materials for cleaning-up of oil 

spills that requires to undergo the transition from liquid (sol) to semi-solid through which the 

removal of oil spills becomes easier. For a material to be suitable absorbent, it should be 

hydrophobic, large uptake capacity, reusability, and biodegradability. Since silica aerogels 

acquire low surface energy, so it absorbs liquid which possesses surface energy less than that of 

aerogels. The hydrophobic nature of these aerogels can be retained up to higher temperatures 

(~350-400 °C) and so can be used for the application of absorption and desorption of accidental 

spillage of oils and organic type liquids [59,60]. 

3.7.3 Aerospace 

The fragile nature of the aerogels is advantageous in space applications such as capturing the 

cosmic dust of hypervelocity particles from the comet tail [11]. The structural characteristics of 

aerogels are such that it slows the particles which are traveling at extreme velocities followed by 

capturing them so that these can be examined on reaching the earth. The thermal insulation 

requirement for the various aerospace missions requires a low value of thermal conductivity as 

well as low density, which are fulfilled by silica aerogels and thus are used in these applications. 
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These insulation properties of aerogels protect the electronic components for several 

months/years and hence its widespread use in aerospace. The vehicle and launch pad operations 

need durable and lightweight insulation and so the aerogels out-perform multilayer insulation 

system in mild vacuum and ambient pressures. The typical methodology to enhance the 

mechanical properties of silica aerogels is the polymer reinforcement that leads to a build-up of 

conformal coatings on the particles. Mostly, the epoxy reinforced aerogels show twice the order 

of magnitude in strength compared to bare silica aerogels. 

Conclusions and future prospects 

Silica aerogels are the class of highly porous materials with appealing properties such as 

lightweight, high specific surface area, tunable surface chemistry, as well as tunable properties, 

which can overcome the limitation of various technologies. They have well-known 

characteristics, for example low thermal conductivity, low density, high surface area and very 

high porosity. Their favorable characteristics make them advantageous in biomedical. process 

engineering, material engineering, environmental, and many more. The chapter presents an 

overview of the sol-gel synthesis for silica aerogels including a short introduction to hydrophobic 

silica aerogels. As illustrated here, their physico-chemical properties could be perceived through 

the proper selection of precursor type, and optimization of reaction conditions during sol-gel 

processing. In the field of thermal insulation, they are being utilized as a promising material for 

the construction of a building. The high surface area could provide a platform for these materials 

to be used in the biomedical field. Also, due to high electrical conductivity, these could be 

employed in the development of integrated circuits. Moreover, the studies have shown that the 

hydrophobicity supplemented with the silica aerogels enhance their properties and widened the 

application areas of current interest. The incorporation of the contrasting agent to modify from 

hydrophilic to hydrophobic led them to be adequate to use in different fields such as biomedical. 

electronics, spacecraft, and others. In conclusion, we anticipate that with research on silica 

aerogels composites, they will be used for variant commercial applications too. 

There is a scope for additional work on the modified silica aerogels which could be applicable in 

numerous applications, specifically on the superhydrophobic silica aerogel. In recent times, the 

other fascinating current area of research is the usage of smart silica aerogels in wastewater 

treatment and corrosion protection. A detailed study of these is still required and taking their 

physico-chemical properties and morphology into consideration, they can be used in wide areas 

of research and technology. 
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Abstract 

Aerogel is a porous solid material derived from gel in which the liquid is replaced by gas. 

The wide application of aerogel in the field of adsorbent is due to its macro dimension. It 

can be removed very easily from an aqueous reaction medium in comparison to the 

nanostructured powdered materials. Currently, carbon-based aerogel, having a 3D micro 

and mesoporous network structure interconnected by nanosized primary particles, are 

getting much attention as adsorbents for their large surface area and higher adsorption 

capacity. Actually, carbon aerogels have some unique backbone density and connectivity 

properties along with very small pore size, high porosity and high surface area which 

facilitates its wide range of applications including electrical fields, hydrogen storage and 

adsorption, catalyst support, thermal insulation, optical fields, sensor, broadband non- 

reflective materials etc. 
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1. Introduction 

The aerogels were first synthesized by Samuel Kistler in 1932 where he and his co- 
workers concluded that this special kind of material retains porosity and shape on 
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replacing the liquid by gas [1]. They investigated that this type of material has very high 

specific pore volume. Later in 1950, Monsanto et al. [2] followed Kistlerls process to 

synthesize silica based aerogels. During 1960’s Teichner and his co-workers [3] gelled 

trimethylsiloxane (TMOS) solution by applying water in excess amount using acid or 

base catalyst. The synthesized material was also characterized both structurally as well as 

morphologically. Organic aerogels were first introduced in the period of late 1980s by 

Pekala et al. [4] at Lawrence Livermore National Laboratory (LLNL) where they 

synthesized an aerogel by polycondensation of resorcinol with formaldehyde. This type 

of aerogel later was known as Resorcinol-formaldehyde (RF) aerogel. Probably this was 

the first initiation to synthesize carbon aerogel. Here it is worth mentioning that there is a 

distinct difference between the term ‘aerogel’ and ‘xerogel’. According to IUPAC 

definition, xerogels are “formed by the removal of all swelling agents from a gel” 

whereas the aerogels are defined as “aerogels are a gel composed of a microporous solid 

in which the dispersed phase is gas”. Pekala et al. [5] investigated on their synthesized 

carbon aerogel and found that RF aerogel has great stiffness, no ductility and both the 

compressive strength and modulus are very high. Overall it can be said that carbon 

aerogels have a 3D micro and mesoporous network structure interconnected by nanosized 

primary particles. Based on the above technology some researchers developed carbon- 

carbon cryogel type composites. The comparison of density between silica and carbon 

aerogel was done by Sun et al. [6] and Worsley et al. [7]. Though there lots of adsorbents 

available, the aerogel, especially carbon based aerogel has the uniqueness to be an ideal 

adsorbent, they have microstructure which is highly hydrophobic 3D network structure. 

Adsorption of pollutants from waste aqueous solutions is highly appreciable using these 

special types of materials due to their high sorption capacity along with high surface area. 

Furthermore very low density along with flexible surface phenomenon and the macro size 

of these aerogels makes them highly suitable towards adsorption. Previously different 

types of aerogels were used to control the water pollution by removing harmful 

contaminants like metal oxides, different carbon wastes, polymers etc. from waste water. 

Nowadays carbon based aerogels are being used mainly due to high surface area and high 

efficiency of adsorption. There are various carbon aerogels such as flexible aerogels, 

carbon nano tube aerogels, nano diamond aerogels or even many metal doped aerogels. 

The electrical conductivity and mechanicals properties of activated carbon aerogel were 

investigated by Baumann et al. [8] whereas the optical, electronic and thermal properties 

of diamond aerogels were analyzed by Pauzauskie et al. [9]. Different organic source for 

carbon aerogel has been presented in the Table 1 [10-15]. 

135 



Aerogels |: Preparation, Properties and Applications Materials Research Forum LLC 

Materials Research Foundations 84 (2020) 133-154 https://doi.org/10.21741/9781644900994-5 

Table | Different organic sources for carbon aerogel [10-15] 

j Specific 

R Rie odtack area eagent (oie) 
(m?/g) 

Melamine-Formaldehyde (MF) 0.10-0.80 875-1025 

Phenol-Formaldehyde (PF) 0.10-0.25 350-600 
—_ 

Phenol-Melamine (PM) 0.53-0.71 600-800 

Cresol-Formaldehyde (CF) 0.15-0.4 800 

Resorcinol-Formaldehyde (RF) 0.03-0.60 400-1000 

Polyvinyl Chloride (PVC) 0.08-0.52 300-700 

Actually, carbon aerogels have some unique backbone density, backbone connectivity 

properties along with very small pore size (10-30nm), high porosity (80%) high surface 

area (400-900 m*/g) which facilitates its wide range of applications including electrical 

fields, hydrogen storage and adsorption, catalyst supports, materials for thermal 

insulation, optical fields, sensor, broadband non-reflective materials, etc. 

2. Types of carbon aerogels 

2.1. Low flexible-carbon aerogel 

In the low-flexible-carbon aerogel there are lots of elongated pores. The dimensions of 

the pores are generally 100-110 um long and 15-20 um thick [16]. The structure of this 

type of aerogel is greatly dependent on the external compression on the aerogel [17,18]. 

The compression up to 15% of the initial shape shows the characteristic structural 

change, where above 15%, the two pores in the nearest vicinity touch with each other. 

When the load is removed, the re-opening of the pores occurs [19]. 

2.2 Super flexible-carbon aerogel 

The flexibility analysis of this type of carbon aerogel is done by the same procedure as 

that of low flexible aerogel. Here some large oval shaped and small round shaped pores 

are observed. Up to 10% of compression the change in structure is observed [20]. Above 

30% of compression the shapes of the oval pores become changed. By subsequent release 
of load gradually the pore walls gradually returns to its initial position and also the pores 
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regain their shape i.e. reappearance of the tiny pore at the corner and regaining of shape 

of the round pore. The developed background network disappears without rejoiningthe 

broken chain however maintaining a very close proximity among the ends of the chains 

[21]. 

2.3. Carbon nano tube aerogels 

Many materials including some polymers and silica although can be fabricated on 

cabonaceous materials pure carbon nano tube aerogels preparation is quite troublesome. 

Very few works have been done with very significant results till now. Ya-Li Li et al. [22] 

have synthesized an endless continuous fiber carbon nano tube based aerogel with an 

appearance of elastic smoke. The structure of these types carbon aerogel is largely 

dependent on the source of carbon and the alcohols and ketones used in the process. To 

get a mixed type i.e. thin continuous as well as thick fiber based aerogel the source of 

carbon can be petroleum as it is a mixture of different hydrocarbons. Another work has 

been done by Shen et al. [23] where they used the carbon nano tube powder in the 

dispersed phase of water and then they mixed sodium dodecyl benezenesulfonate as 

surfactant to synthesize the aerogel maintain the optimum ratio of water, carbon powder 

and surfactant under ultrasonic waves. 

2.4 Graphene nano aerogel 

Graphene oxide has unique property of uniform aqueous dispersion. Also it has the 

oxygen atoms in the basal planes and edges which facilitates its high covalent character. 

Due to these characteristics grapheme oxide can be used to prepare grapheme nano 

aerogel. The general method of the synthesis is the hydrothermal method using reducing 

agents. Xu et al. [24] found that due to conjugated structure this aerogel has very high 

conductivity as well as mechanical properties. Cheng et al. [25] followed the same route 

of preparation only by changing the temperature as 1500°C to improve the mechanical 

property and conductivity of the aerogel. Moreover reduction of grapheme oxide can also 

be done by chemical regents such as vitamin C, mercaptoacetic acid, mercapto ethanol, 

hydrazine etc. But these methods give grapheme nanoerogel with very low porosity. 

Polymers are commonly used as building material to more strong 3D gel network in the 

aerogel framework. Carbon nanotube aerogel mixed with sodium carboxymethylcellulose 

as binder gives a low density, ultra-low thermal diffusivity along with very high 

mechanical strength and conductivity. Due to the chain structure of the composite 

scanning electron microscopy (SEM) image shows the formation of spindle stripes. 

Zhang et al. [26] have used carbon nano tube with poly (amido amine) in presence of 

Fe3Osnano powder to get a 3D hydrogel structure of the carbon nano tube/ Fe3O4 
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composite. Graphene oxide/graphite nano tube composites can also be made using 

different reducing agents in the grapheme oxide dispersion medium. Gao et al. [27] have 

treated ZrOCl2.8H2O in graphene oxide with dimethyl formaldehyde solution followed 

by subsequent drying under supercritical condition in presence of CO2 and carbonization 

in argon environment to get graphenenano ZrO2 composite aerogel. There is another 

work where Liu et al. [28] have prepared graphene ed Co304 ternary hybrid 

aerogel composite. 

2.5 Nano-diamond aerogel 

The nano diamond aerogel has unique property of tunable optical index of refraction 

having the range from | to 25. It also has very high surface area with low density. It is 

applicable in the electron gun emission field, as anti-reflective coatings etc. Pauzauskiea 

et al. [29] have used laser-heated diamond anvil cell in the neon environment to prepare 

nano diamond aerogel. Neon was used to fill the void volume in the aerogel. 

Transmission electron microscopy (TEM) image shows the surface morphology of the 

aerogel. The sol-gel process can be applied using resorcinol and formaldehyde as 

precursor through an acid-catalyzed conversion process in polar aprotic solvent like 

acetonitrile. Roldan et al. [30] used nano diamond on graphene nano aerogel so that the 

restacking of nano graphene and the agglomeration of nano diamond can be restricted. 

2.6 Ni-doped carbon aerogel 

Ni-doped carbon aerogel is usually prepared by carbonization at 500°C with the release of 

gases by the decomposition of the organic matrix leading to an enhancement in the BET 

surface area along with the development in the microporosity. An increase in the 

pyrolysis to 1800°C leads to reduction in this parameter. Heat treatment up to 500°C 

results in decrease of macropore volume due to the shrinkage of aerogel, but above 500°C 

temperature, decrease of mesoporosity was observed with an increase of macropore 

volume [31]. 

2.7 ‘Pt, Pd, Ag and Ru-doped carbon aerogel 

Carbon aerogel doped by Pt-, Pd- and Ag particle using resorcinol, formaldehyde and the 

coordination compounds of Pr, Pd and Au as the precursor followed by pyrolysis at 

1000°C in N2 flow and steam activation at 900°C. These particles are actually 

encapsulated by the carbon matrix. Among all these doped carbon aerogel the steam 

activated Pt-aerogel exhibited larger macropore as well as mesopore volume. Pt doped 
carbon aerogel can be fabricated by adding an ultrasonically prepared aqueous dispersion 
of commercially available Pt black, having particle size in the range of 200— 500nm, to 
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the sol. Again this aerogel can be prepared by dipping of the carbon aerogel in the 

solution of hexachloro platinic acid and chloroform followed by pyrolysis and reduction 

of the sample with H2. Supercritical deposition method is also used for the synthesis of 

Pt-doped carbon aerogelsin which monolithic carbon aerogels has been impregnated in 

dimethyl (1,5-cyclooctadiene)platinum (II) solution in supercritical CO2. Ru-containing 

carbon aerogels has also been prepared by impregnation. In this case the carbon aerogel 

is impregnated with ruthenium acetate solution followed by sublimation leading to high 

metal loading with good dispersion. Heating this sample above 500°C facilitate migration 

of the Ru-particles diffused to the outer surface of the carbon aerogel forming a thick 

coating [32]. 

2.8 Ce, Zr-based carbon aerogel 

Ce-, Zr-doped carbon aerogels have been fabricated using the solution of those metal 

nitrates in an resorcinol-formaldehyde mixture at different pHs followed by carbonization 

at 1050°C. The metal salts alters the initial pH of the mixture and hence the mechanism of 

the process. The surface area of the product developed ranges from 80 to 800 m?/g with a 

microporous volume in the range of 0.03 to 0.20 cm?/g and the micropore size ranging 

from 0.65 to 0.90 nm. It has been reported that along with initial pH, one of the important 

factor to control the chemistry of the synthesis process, the nature of the doped metal also 

affects the sol-gel chemistry. For example, when carbon aerogels doped with Zr develops 

microporosity in the aerogel, whereas doping only with Ce generates very low 

microporosity in the product [33]. 

3. General characteristics and properties 

3.1. Bulk density and porosity 

Bulk density or relative porosity is an indication of the handling properties of the carbon 

aerogel material. The smaller the sol particles the lower will be the density which 

facilitates good mechanical properties [34]. The porosity can be high enough up to 99%, 

but for specific applications like for double layer capacitor (DLC) porosity of the material 

can be controlled. The bulk density is generally around 50-500kg/m’. As these kinds of 

materials have very high surface area sample should be well degassed before determining 

the density. 

3.2. Backbone density 

Backbone density or helium density is another important property of carbon aerogel. The 

amount of helium required to fill the accessible pore volume per mass of the aerogel is 
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considered as the backbone density. The backbone density depends on the degree of 

activation as in the non-activated state helium gas may be trapped by carbon micropores 

in the aerogel. The bulk density (backbone) is related with the specific micropore volume 

as follows: 

where, Pq is the bulk density of the carbon backbone, Vinp is the specific micropore 

volume and p,,,. is the density of the non-porous carbon [34]. In un-activated sate 

generally the value of p,,, is 1.4 g/cm? and Pape 18 2.2 g/cm. 

3.3. Backbone connectivity 

The backbone connectivity plays a very important role which affects many physical 

properties of the aerogel. 

i. The backbone connectivity influences the intrinsic properties of the aerogel like 

conductivity. With the increase of the microcrystalline size the conductivity 

increases. 

ii. Another important property which is related to the backbone connectivity is the 

tortuosity. It the average ratio of the distance along the backbone phase between 

the two sides of a sample and the minimum distance between the starting and the 

end of the path. This affects the transport properties of carbon aerogel is dependent 

on tortuosity. 

iii. The backbone connection is also affected by the mass fraction of the aerogel. 

Generally the higher the density the higher will be the thermal conductivity. 

iv. Another important parameter is the neck size among the backbone particles. For 

thermal and electronic transport, there are found some weak spots which in turn 

lowers down the cross-sectional are of the aerogel [35, 36]. 

3.4 Pore connectivity 

Apart from the backbone connectivity, aerogel pore connectivity analysis is also very 

important. 

i. The pore connectivity influences the diffuse property of the aerogel which can be 
analyzed by Pulsed Gradient Spin Echo (PGSR) NMR spectroscopy, gas 
permeability, etc. This analysis also provides the value of porous phase tortuosity. 
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ii. The pore connectivity also highlights the viscous transport which is aaffected by 

both the porous phase tortuosity and the effective pore diameter [37]. 

3.5 Pore size 

Pore size is another valuable parameter. It can be determined by fluorescence 

tomography, small angle X-ray scattering (SAXS), mercury-porosimetry, nitrogen 

adsorption analysis, etc. When density is less than 200 kg/m? and moduli of compression 

is less than 200MPa, the pore size will be less than 50 nm. But when these factors are 

ignored mesporous size distribution can be obtained [38]. The mean pore size can also be 

calculated using the given formulae: 

AV Ving) t rh 
ae eee mi aa Meanporesize = 

Pbulk  Pbbd 

where, V, + is the total pore volume, S,, is the external specific surface area and Ppuix is 

the bulk density [39]. 

3.6 Thermal properties 

The total thermal conductivity for monolithic carbon aerogels is given by the equation, 

Motal = Ag + As + Ae + Ar 

neglecting coupling between the different heat transfer. Here A, is the thermal 

conductivity of gas, is is for solid, Xe is occurred by the electrons and i, is for radiation. 

The infrared-optical extinction of the carbon skeleton is mass-dependent and very high 

i.e. 1000 m*/kg. This also renders very low total thermal conductivity. The A, is 

calculated by obtaining the index of radiation. The dg can be found from Kundsen 

equation. The value of Ae can be found using Wiedemann-Franz law and Lorenz number. 

The low value of d- indicates the total thermal conductivity is basically due to the fact of 

heat transfer by the phonons. In comparison to organic and silica aerogels, carbon aerogel 

has lower thermal resistance which is an advantage of carbon aerogel in thermal 

insulation at very high temperature as it suppress the radiative transport [40-43]. 

3.7 _ Electrical properties 

The electrical conductivity occurred at the drift of the delocalized charge carriers from 

one conducting zone to another zone by hopping or tunneling. The electrical conductivity 

can be calculated using the relation: 
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Oel — k. p' 

where, t is the scaling exponent, p is the density and k is a constant depends on the 

particle interconnectivity. Generally the electrical conductivity decreases at ambient 

temperature which is further drastically decreased below 100K of temperature. The 

carbon aerogel having density between 100 to 820 kg/m? exhibits electrical conductivity 

in between 1 Scm7 to 55 S cm’! at 280K and a scaling component value of 1.7. The 

electrical conductivity value of Resorcinol-formaldehyde derived aerogel is directly 

proportional to the increase in pyrolysis temperature showing no conducting network up 

to 500°C whereas a substantially high value is observed above 700°C. The reason is 

probably the removal of oxygen containing groups from the polymeric network at around 

500°C leaving behind only the hydrogen atoms as the main element with carbon. This 

stage of pyrolysis leads to the formation of aromatic chain ribbons in the condensed state 

which have isolated oxygen containing groups resulting inhibition of the mobility of 

charge carrier due to binding of charge carriers at the edge planes with huge number of 

hydrogen atoms. Above 500°C the linkage between carbon and hydrogen breaks down 

leading to rearrangement in the micrographic area. This affects the formation of large 

pores which in turn increases the micropore volume and particle porosity [43-47]. 

3.8 Electrochemical properties 

Carbon aerogels are finding their application as electrodes of electrochemical double 

layer capacitors owing to the controllable pore-size distribution in their micro network, 

low electrical resistivity, high specific surface area, etc. Carbon aerogels has become 

highly demanding materials in the field of electrochemical double layer capacitors which 

is used for storage of energy and supercapacitors having high power densities. The gel 

type structure reduces the energy of activation required for transportation of between 

carbon particles in comparison to compacted carbon powder electrode. The capacitance 

of resorcinol-formaldehyde and phenol-formaldehyde based carbon aerogel reaches a 

maximum at about 800 kg/m? density and decreases with higher densities. But the 

capacitance is not affected with the size of particle in the skeleton. The variation of 

capacitance and density is due to increase in the quantity of material per unit volume 

which in turn results in the increase of surface area per unit volume at higher density. 
Another factor is the surface area/mass. The later one is predominant by 35-45% above a 
fraction of solid materials [48-53]. 
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3.9 Mechanical properties 

Structurally, aerogels are less efficient than that of foams. The mechanical property of 

carbon aerogel is dependent on the uniaxial modulus which is directly proportional to the 

density of the material by the following relation: 

uniaxial modulus « p* 

where, p is the density and @ is the scaling exponent. Generally the value of a is greater 

than 2. It was considered that there is lots of dangling mass which is responsible in the 

contribution of mass nut not to the mechanical strength. Using pyrolysis technique Pekala 

et al. [56] found the value of scaling exponent as 2.75 whereas Gross and Fricke followed 

the same methodology and found the value as 3 to 3.5. They compare the scaling 

exponent value of carbon aerogel with silica aerogel and organic aerogel and concluded 

that the value of a is less in the former case. In the carbon aerogels fabricated from 

strongly diluted resorcinol-formaldehyde sols, a density variation between 300 and 600 

kg/m3can be introduced through shrinkage upon different cure treatments [54-56]. 

3.10 Gas-transport properties 

If we consider a zero-order approximation level, the voids of the carbon aerogels can be 

represented by independent parallel tubes capillary model. The permeability is related by 

the following equation: 

a. 
P= 

Pav T + B.—)* i B Or 

where, assuming small pressure gradients pay is the average gas pressure for the gas 

transport, u is the viscosity of the fluid, T is the temperature and Mg is the gas molecular 

mass. The parameters a and B depends on the tortuosity. The first expression represents 

the transport properties and the second expression indicates the molecular diffusion. Here 

Knudsen number, the ratio of the mean free path of a molecule to the mean distance 

between the pore walls, plays a key role [57-61]. 

3.11 Optical properties 

Investigation of infrared-optical as well as optical properties of carbon aerogels revealed 

that the carbon aerogel synthesized from supercritically dried resorcinol-formaldehyde 

aerogel, with a ratio of around 300 having a density of 117-120 kg/m’, can be used as 

diffused reflectors with reflectance comparable or superior to non-reflective Martin 
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Black. No reflectance band was observed between wavelength 2.5 pm to 14.5 pm for the 

carbon aerogel sample. Light scattering study showed that the behavior of carbon aerogel 

was quasi-Lambertian type with asymmetric scattering. In fact the scattering was of 

forwarded scattering as well as backward scattering [62]. 

4. Applications 

4.1 Electrochemical field 

Electrochemical double-layer capacitors (EDLCs) are that kind of supercapacitors which 

have less energy storage capability but high power. Nowadays these materials are used in 

battery storage, even electrical vehicles. Due to high surface area, momolithic structure, 

high conductance, carbon aerogel materials are used in these field of electrochemical 

applications. The self-discharge property of electrochemical double layer capacitor is 

influenced by the stability of the charges at the interface between electrode and 

electrolyte [63]. 

Nickel-cadmium based batteries are better over the lithium ion based batteries for the 

requirement of high-energy densities. For electrical vehicles the nickel-cadmium based 

batteries are used. These metals doped carbon aerogels have higher charge capacity [64- 

65]. 

4.2 Hydrogen storage 

In the quest to find new technologies, application of hydrogen as energy and also the 

storage of hydrogen is utmost important. Statistics given by the US department of energy 

50% of the total cost is invested for the storage of hydrogen. Their primary objective was 

the economy, safety, and either the technology is practically possible or not. [66-68]. 

4.3 Catalyst support 

Sol-gel polymerization forming emulsion of phenol, melamine, and formaldehyde has 

been used to fabricate spherical carbon aerogels (SCAs) having controlled mesopore size 

and particle size. Investigation of the rate of adsorption and the capacity of biomolecules 

having varying molecular dimensions, containing L-phenylalanine (Phe), achymotrypsin 

(Chy), vitamin B12 (VB), and bovine serum albumin (BSA), onto SCAs.Size of the 

mesopore can easily be kept within the range of 5 to 10 nm simply by maintaining the 

catalyst concentration in the initial reaction medium whereas size of the spherical particle 

can be adjusted within 50-500 mm by altering the stirring speed. The SCAs synthesized 

by this way possess large pore volume i.e. >1cem?/g, high specific surface area which is 

>600 m*/g and hardness ten times larger than that of commercially available spherical 

144 



Aerogels |: Preparation, Properties and Applications Materials Research Forum LLC 

Materials Research Foundations 84 (2020) 133-154 https://doi.org/10.21741/9781644900994-5 

activated carbon particles. The adsorption rate of VB increases with the increase of 

mesopore size and the decrease of particle size. For small molecule like Phe, the key 

factor for determining the capacity to adsorb is specific surface area whereas for larger 

molecules like VB, Chy, and BSA it is the pore size of SCAs, which must be effectively 

larger than the biomolecular size [69-72]. 

4.4 Thermal insulation 

Aerogels usually exhibit a high thermal resistance by virtue of their nanostructure and 

porosity. The gaseous heat conduction through the material having pores 1-100 nm 

wide, can be reduced under ambient pressure and can be suppressed completely by 

complete evacuation. The carbon skeleton is also capable of a very efficient reduction of 

the radiative heat transfer along with very low solid thermal conductivity due to the high 

porosity [73-76]. 

4.5 Adsorbent for waste water treatment 

Carbon aerogel microstructures possess exceptionally high surface area, well defined 3D 

structures, hydrophobicity, flexible surface chemistry, low density, high porosity, etc. 

making themselves effective and efficient sorbents in removal of contaminants from 

aqueous solutions. In comparison to the powdered nanostructured materials the carbon 

aerogel materials are advantageous because due to its larger dimension they can easily be 

removed from an aqueous solution. They are very efficient in removal of various kinds of 

pollutants from wastewater e.g. carbons, polymers, metal oxides and hence forth [77-80]. 

4.6  Photocatalyst for waste water treatment 

Carbon-based aerogels exhibited high visible light photocatalytic activity reducing the 

band gap energy and slowing down e/h+ pair recombination rate leading to higher 

recovery and reusability of the catalyst.The unique physicochemical, electrical, and 

optical properties of one dimensional carbon nanotube and two dimensional graphene 

nanostructure make them suitable to develop the semiconductor aerogel composite 

photocatalysts applicable for the adsoption of various types of pollutants from waste 

water [81-83]. 

4.7 Sensor application 

Graphene nano (GN) aerogels with its low electrical and thermal resistivity, very high 

surface area, unique mechanical elasticity and large carrier mobility are highly applicable 

in the field of electronics, composites, sensors, hydrogen storage etc. Every Graphene 

nano (GN) sheets are also carrier of those aforementioned remarkable properties, and also 
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suitable for fabrication of GN-based sensors with respect to the properties like electrical 

conductance, etc. There are examples of GN based sensor for the detection of NO, NO2 

(to tens of parts per billion) and NH3. Normally the sensitivity generates by the 

movement of p-type electrons to the holes concentration followed by withdrawal of 

grapheme nano materials to the acceptors of NO2. Adsorption of NOz leads to the 

increase in conductance where as adsorption of NH; decreased conductance while 

detecting as the concentration of charge carriers on GN has been reduced. The sensor 

based on GN foam are much more sensitive than commercially available polymer 

sensors, owing to the effective charge carrier movement among the highly porous foam, 

few-layer GN component, and the adsorbed gas. Very good catalytic performance was 

shown by the GN-based sensor used for NO reduction [84-87]. 

Conclusions 

Carbon aerogels possesses porosity, high surface area, low density and flexible surface 

chemistry. Formaldehyde based resins like Novolac, resol, UF, etc. are main source for 

carbon aerogel preparation. There are different types of carbon aerogel depending upon 

the flexibility and the constituent carbon particle. Furthermore different types of 

transition metal particle like Pt, Pd, etc. doping in this aerogel developed another variety 

of carbon aerogel. Carbon aerogel has been characterized by different types of properties 

like backbone density, backbone connectivity, pore size, thermal, electrical, 

electrochemical properties. Carbon aerogels having some unique backbone density, 

backbone connectivity properties along with very small pore size, high porosity and high 

surface area are very much suitable in wide range of applications including electrical 

fields, hydrogen storage and adsorption, catalyst supports, materials for thermal 

insulation, optical fields, sensor, broadband non-reflective materials, ete. 
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Abstract 

Aerogels are exceptional solid-state materials having interconnected 3D solid networks 

with numerous air-filled pores, large specific surface area (SSA), ultra-low density, etc. 

The hybridization of aerogels with inorganic metals produces a unique composite with 

exceptionally improved properties such as flexibility, compressibility, controllable 

magnetization, electrical conductivities, etc. and these hybrid composites are called the 

magnetic aerogels (MAg). The development of MAg has increased the applicability of 

aerogels and provides more opportunity for its application in various new fields as well. 

So, the present chapter focuses more on the development of various types of MAgs along 

with their applications. 
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1. Introduction 

Aerogels are very unique material with excellent physical characteristics. Its formation is 

also very interesting where air replaces the liquid solvent present in the gel without 

disturbing the network structure or the volume of the gel body. These materials offer 

porosity up to 99.9%, extremely high SSA along with the ultralow density to the 

materials. Additionally, aerogels also provide some excellent properties like exceptional 

acoustic and optical properties, low dielectric permittivity, as well as extraordinarily low 

thermal conductivity, due to their exclusive topological porous structure. Due to these 

properties of aerogels, it has 15 entries in Guinness World Records for material 

properties. 

Being the lightest known solid material, current aerogel production is very high and 

hence, they are produced at industrial scale. Largely, their unique characteristics like 

high-porosity (>90% v/v), low-density (typically <0.2 g cm) and nanostructured solids 

are attained due to drying of almost all kind of wet gels without affecting their volume 

and hence, the gels are produced as monoliths or particles of various shapes and sizes. 

Drying process is very important factor in aerogel formation which varies with the type 

and mechanical stability of the gels. Generally, a simple evaporative drying and freeze 

drying both could collapse the nanostructure during the solvent exchange or conversion 

in pores. But the surface modification in gels may allow these drying methods without 

any destruction in sample. The gel can be prepared by both organic and inorganic 

precursors or their combinations in a suitable solvent and could produce stable 3D 

network also. Additionally, the starting material and its processing after gel formation are 

the two major concerns in case of aerogel production. 

From definition point of view, aerogels have been defined with different definitions and 

there is no consensus among the researchers regarding the definition of aerogel. But 

according to IUPAC an aerogel is “a gel comprised of a microporous solid in which the 
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dispersed phase is a gas”. Though, this definition is also very inconvenient for the aerogel 

community due to the inclusion of microporous glass and zeolites. But the two recent 

proposed definitions i.e. firstly, “An aerogel is an open, non fluid colloidal network or 

polymer network that is expanded throughout its whole volume by a gas and is formed by 

the removal of all swelling agents from a gel without substantial volume reduction or 

network compaction” and secondly, “Aerogels are solids that feature very low density 

and high SSA and consist of a coherent open porous network of loosely packed, bonded 

particles or fibers” are combinedly more satisfactory and comprehensive [1-5]. 

Presently different types of aerogels are synthesized with the hybridization of inorganic 

and organic materials in order to improve the properties like flexibility, compressibility, 

controllable magnetization, electrical conductivities etc. of the aerogel for various 

applications. Hence, the aerogels produced by the hybridization with magnetic inorganic 

elements are called the MAg. These hybrid aerogels showed the upper hand over the non- 

hybrid or normal aerogels due to enhanced super paramagnetic property and their 

additional mechanical strength. Unlike, the ferrogels and solvent-swollen gels, the MAgs 

have flexibility, high porosity lightweight and large SSA, and with these additional 

properties it could be applied in many fields like in microfluidics devices as electronic 

actuators and many more. The most recent application of MAg is its utilization in the 

adsorptive removal of pyrethroid insecticides such as cypermethrin, fenpropathrin, and 

lambda-cyhalothrin from tea beverages and juices. 

So, the different types of MAg have been prepared and are as follows 

I. Cellulose magnetic aerogels 

Il. Magnetic graphene aerogel 

III. Carbon magnetic aerogel 

IV. Magnetic silica aerogels 

V. Magnetic pectin aerogel 

2. Cellulose magnetic aerogels 

Cellulose aerogels (CAg) are the third generation and advanced aerogels which are 

developed with the help of the synthetic polymer and inorganic. Additionally, these 

aerogels have absorption properties due to the presence of natural polymers which are 

abundant and renewable. Cellulose MAgs offer very unique characteristics like high 

strength, very low density, and ductility in comparison to the inorganic or polymeric 

aerogels, individually. The variation in structure and other properties of the aerogel 

materials can be seen with the variation of preparation methods and cellulose sources. 
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Hence, the research for functional cellulose aerogels is most recent and young research 

topic for the researchers, in these days. So, a number of studies have been reported on the 

modifications of cellulose aerogels to obtained electrical [6], improved mechanical [7], 

magnetic or superhydrophobic [8] properties [9]. Therefore, it has been observed that the 

new combinations of properties can give a new insight from the application point of 

view. Here, we have discussed some of the advancements done in the cellulose aerogels 

to obtain MAgs. 

A highly flexible magnetic cellulose aerogels has been developed by Liu et al. [10] using 

a new and facile method. Here, nanostructured cellulose nanofibrils which formed ductile 

or tough networks have been used as template for the development of material with 

advanced functional properties. The cellulose MAg preparation followed the two-step 

procedure, firstly, cellulose hydrogel films was prepared using LiOH/urea solvent, after 

that, NPs of CoFe204 were synthesized in the porous structured cellulose scaffolds 

followed by the freeze-drying resulted in CoFe2O«4/cellulose MAgs. The porosity of the 

composite aerogel was reported up to 52% where the internal SSA reported around 300— 

320 m?/g with the density range of 0.25—0.39 g/cm? of the sample. The other properties of 

the magnetic cellulose aerogel like mechanical strength, super paramagnetic properties, 

lightweight, flexibility, high porosity with large SSA, etc. supported the expectation of 

application in new and many fields. 

Wang et al. [11] reported a MAg which was synthesized by using MnFe2O, and 

carboxylated cellulose and it was utilized as an adsorbent for removal study of Cu (II). 

Here, cellulose hydrogel offers porous structure, in which the NPs of MnFe204 were 

developed by using co-precipitation method. These magnetic NPs encouraged the 

adsorption property of material as well as their recyclability. The adsorption equilibrium 

time (120 min) and the relationship between adsorption capacity and adsorption 

temperature of material were also studied. The maximum adsorption capacity at the 

initial concentration (150 mg/L) was reported as 73.70 mg/g, at RT. The material showed 

the pseudo secondary reaction kinetic along with the Langmuir isotherm adsorption 

model for the adsorption of Cu (II). The XPS analysis showed that the Cu (II) adsorption 

was mostly due to the active adsorption by the carboxyl and hydroxyl groups. 

Additionally, the good reusability of material was also claimed. 

A new carbon aerogel doped with nitrogen-doped was synthesized using sodium 

carboxymethyl cellulose. The synthesis method included carbonization, freeze-drying, 

sol-gel, and KOH activation processes. Whereas, collagen and ferric trichloride were 

utilized as nitrogen source and cross-linking agent, respectively. The morphology of 

carbon aerogels reported as three-dimensional and porous with high SSAs and 
exceptional magnetic properties. Its application as electrode, the CA-N 0.5, exhibited a 
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specific capacitance of 185.3 F/g at the current density of 0.5 A/g in a 6 M KOH 

electrolyte. The exceptional cycling stability was also obtained due to the specific 

capacitance retention reported which was 90.2% after 5000 charge/discharge cycles. 

Additionally, it has also displayed outstanding adsorption capacities of 230.4 and 238.2 

mg/g for MB and MG, respectively. Finally, it can be said about the N-doped carbon 

aerogels that this material can be used as pollutant adsorbent in aqueous solutions as well 

as electrodes in supercapacitors [12]. 

Regarding the selective and instant adsorptive removal of oil from surface water, a 

hydrophobic and highly porous magnetic CAg with high porosity, was developed by 

Chin et al. [13]. It is reported that, within 10 min, the composite material can absorb the 

oil around 28 times of its own weight and it could be recovered very fast from the water 

surface. A 3D macroscopic superhydrophobic magnetic porous carbon aerogel 

(3DSMPC) was prepared by using popcorn carbonization for selective adsorption of oil 

where biomass used as precursor. The hygroscopic popcorn was carbonized into popcorn 

carbon with an additional property such as chemical durability as well as the magnetic 

property developed during carbonization process. Later on, the super hydrophobicity 

obtained in the material by the hydrolysis with octyl trichlorosilane of the popcorn 

carbon. Finally, this material was used for the adsorption of the organic solvents 

(dichloroethane, cyclohexane, benzene), edible oil (colza oil, soya-bean oil, corn oil), 

spill oil (kerosene, gasoline, diesel oil, engine oil,), and so on. Other properties of 

3DSMPC are its excellent super hydrophobicity with static water contact angle of 151.6°, 

excellent magnetic saturation (3.3 emu g'), low density (0.095 g cm), and 

extraordinary selective adsorption of edible oil, organic solvent and fuel oil from water. 

Additionally, the adsorbent material also showed exceptional reusability because the 

adsorbed organic pollutants could be easily recovered by simple distillation [14]. 

A new three-dimensional magnetic bacterial cellulose nanofiber/GO polymer aerogel 

(MBCNF/GOPA) was synthesized and used for the dye (malachite green (MG)) removal 

study. The composite has Fe304 NPs, polyvinyl alcohol (PVA), bacterial cellulose 

nanofibers (BCNFs), and GO nano-sheets. The effect of various parameters such as 

(temperature, contact time, pH of dye solution, initial dye concentration, and adsorbent 

dosage) on adsorption was also studied. This composite material showed high adsorption 

capacity (270.27 mg/g) at large pH range. Also, the experimental data followed the 

Langmuir isotherm model, however, the adsorption kinetics followed the PSO model. 

The morphology of the material showed large SSA, light weight, super paramagnetic 

behavior at 25 °C, 3D interconnected porous structure, etc. The adsorbent efficiency was 

reported as 93% and the material can be retrieved from contaminated water with the help 
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of a small magnet. The adsorbent (MBCNF/GOPA) has also shown good reusability in 

water purification [15]. 

In spite of these cellulose based MAg synthesis, a new category of cellulose based 

aerogel i.e. magnetic nanocellulose aerogels are also developed. This aerogel showed 

some unique properties such as very low density (9.2 mg cm”), high adsorption capacity 

(68.06 mg/g), good hydrophobic and magnetic properties, and offer a very efficient 

adsorbent for oil spills treatment from water [16]. 

3. Magnetic graphene aerogel 

Revolutionary progress of information technology has boomed the more advanced, 

portable, multifunctional, fashionable and wearable electronic devices in the market. 

These advancements have enhanced the quality of life and conveniences of human being. 

Apart from the benefits, the electronic devices cause some serious concerns by generating 

electromagnetic waves around us, which is also called electromagnetic pollution. So, the 

development of high-performance microwave absorption materials (MAMs) such as 

magnetic particles, various carbon materials and their composites, conducting polymers, 

etc. is one of the most important tools to mitigate the adverse effect of electromagnetic 

waves [17, 18]. 

In this regard, different type of MAgs have been developed to attenuate the effect of 

electromagnetic waves and the developed high-performance magnetic graphene aerogel 

(GA@Ni) nanocomposite is one of these. The developed material has shown improved 

microwave absorption and super paramagnetic properties with low density. The synthesis 

method includes two-step procedure, the first step is hydrothermal reaction and the next 

step is in situ pyrolysis. The microwave absorption (MA) capability of the material is due 

to their exceptional impedance matching and synergistic effect. Experimental results 

reveal that (GA@Ni) can be used as superior microwave absorption materials and the 

two-step method will open an avenue for the fabrication of synergistic microwave 

absorbers [19]. 

Quana et al. [20] developed a graphene-based aerogel i.e. magnetic FesO, NPs 

ornamented graphene aerogel (Fe304/GAg) using different FesO4:; GO mass ratios of 

0.5:1, 1:1, and 2:1, in the presence of ethylenediamine as a reducing agent. The mass 

ratio of 1:1 was found to be best for the synthesis of FesO4/GAg (FGAg2). The FGAg2 

was used for the adsorption study of bisphenol A (BPA) for which the initial BPA 

concentration, contact time and pH studies were carried out. The adsorption data were 

followed by the Langmuir isotherm model, PSO kinetic models and intraparticle 
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diffusion. The maximum adsorption capacity of FGA2 for BPA was reported as 253.80 

mg/g. 

In contrast to GO and its precursors, the magnetic properties of GO/partially reduced GO 

aerogels have not been broadly examined. The intrinsic magnetism in carbon-based 

materials is the bone of contention, possibly due to the presence of transition metal 

impurities. Hence, the purity of material is examined by at least three methods such as 

EDS, elemental analysis, EPR at helium temperatures and then the material is used for 

magnetic studies. 

The inside foam structure was confirmed by computer tomography which also confirmed 

various stacking inside and at the surface, as well as some structural defects. Electrical 

measurement exhibited a linear relationship between current and voltage as well as its 

temperature dependency. The paramagnetism and antiferromagnetic interactions led to 

the weak ferromagnetic behavior observed by the magnetic susceptibility measurements. 

EPR study authorizes two component paramagnetism of Curie and Pauli type [21]. 

Another material, graphene aerogel/Fe3O./polystyrene composites with reticulated 

graphene structure was synthesized by solvothermal method. The porous NPs of Fe30. 

acted as a cross linkers between graphene plates. Incorporation of polystyrene and Fe304 

led to the formation of a porous substructure on the reticulated graphene surfaces which 

successfully improves the hydrophobicity of the material. The composite has shown very 

low density (0.005 g cm™) corresponding to a volume porosity of 99.7%. Hence, the 

composite offered the intake capacity for crude oil was 40 times to its own mass, after 10 

water-oil separation cycles. Additionally, the material has also shown very good recovery 

and reusability due the easy collection of the material with the help of magnets [22]. 

Graphene based aerogels motivated for the design and development of highly efficient 

synergistic microwave absorption materials owing to their adjustable dielectric properties 

and low density, and the porosity of the material offer plentiful active sites for the support 

of functional magnetic components. Keeping these properties in mind, a super- 

hydrophobic magnetic graphene aerogel was developed following the facile chemical 

reduction-assembly method as well as in-situ thermal decomposition method. The 

developed material has revealed the improved microwave absorption performance due to 

the enhanced synergistic effect and attenuation characteristic. The composite with 4.25 

wt.% of functional fillers revealed minimum reflection loss value (-51.6 dB) at 14.6 GHz 

with maximum effective absorption bandwidth (EAB, below -10 dB) of 6.5 GHz and 

absorber thickness of 2.4 mm. In comparison to other reported graphene-based absorbers, 

such kind of high-performance synergistic microwave absorbers with low filler loading, 

lightweight and super-hydrophobic properties may flourish research interest for future 

practical application [23]. 
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4. Carbon magnetic aerogel 

The carbon-based MAg has shown some unique characteristics such as large SSA, low 

density, high conductivity, magnetism, good microwave adsorbent, low cost and good 

recyclability. These materials are utilized for different application purposes like dye and 

oil spill removal from contaminated water, microwave absorption, energy storage, 

bioelctrocatalysis, biosensors, etc. 

Hence, in this regard, a new carbon-based MAg i.e. conductive Ni/carbon aerogel has 

been developed successfully using an autocatalytic reduction method. The composite 

morphology showed nano-porous structure with low densities, appropriate electrical 

conductivities, high SSA and controllable magnetization. These properties of aerogel 

composite make it a very good microwave absorbent having strong and controllable EM 

absorption with ultrathin thickness. The filler loading of 10 wt% in the wax, causes a 

minimum RL of -57 dB at 13.3 GHz with the thickness of 2mm. The synergistic effect of 

the weak magnetic loss, good impedance match and medium dielectric loss, led to the 

high microwave absorption performance of the material [24]. 

Ye et al. [25] synthesized a Mn and Fe oxides (Mag-FMBO) loaded carbon aerogels 

based on konjac glucomannan (KGM) and their performance for dyes adsorptive removal 

study. The material was characterized by various methods, including vibrating sample 

magnetometer (VSM), X-ray diffraction (XRD), Fourier transformation infrared 

spectroscopy (FTIR) and Brunner Emmett Teller (BET) surface area analysis. The Mag- 

Carbon aerogel material was utilized as adsorbents for the removal study of dyes 

[cationic MB and anionic MO]. The adsorption equilibrium data followed Langmuir 

isotherm model for both MB and MO dyes. The maxi-mum uptake capacity of magnetic 

carbon aerogel for MB and MO was noticed as 9.37 and 7.42 mg/g at 303 K, 

respectively. The adsorption processes followed the PSO model for both MB and MO 

dyes. Additionally, the composite material exhibited good reusability and easily 

regenerated by ethanol from the dyes (MO or MB) and the material was also separated 

from aqueous solution by using the magnet. 

Multifunctional magnetic superhydrophobic carbonaceous (MSC) aerogel with 

hierarchically porous structures is developed by the carbonization method with the help 

of disposable cotton balls. The MSC aerogel showed ultrahigh porosity (>99.9%) and 

ultralow density (<2 mg/cm*), and super oleophilicity (8 water=160.5°, 6 oil=0°, a rolling 

contact angle of 1.8°) and robust super hydrophobicity as well. This MAg was used as 

adsorbent with good absorption capacity (61-113 g/g) for various oily liquids. The most 

important and beneficial property of the MSC aerogel is its compressibility and fire 
resistance property. It can be recycled easily using combustion, squeezing and distillation 
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depending on the type of pollutant. Moreover, this material can be utilized in 

supercapacitors also. All these characteristics make MSC a comprehensive and versatile 

material for various applications in energy storage as well as oil spill cleanup [26]. 

Another carbon-based MAg is magnetic iron oxide/carbonaceous aerogel composites 

(Fe304/CA) which is spongy in nature, and synthesized by hydrothermal method using 

crude biomass, followed by freeze drying process. The isotherm parameter study showed 

Freundlich-isotherm model as the best fit for the experimental results and for the 

adsorption kinetics PSO reaction kinetic model was the best fit model. The high 

adsorption capacity (185.89 mg/g), high-performance and recyclability of the Fe304/CA 

adsorbent is owing to the presence of a, micro and mesoporous structure, high surface 

area, and surface hydroxyl group on the adsorbent. The present material i.e. Fe3O4/CA 

nanocomposites aerogel is low cost, efficient adsorbent and recyclable material which 

can be utilized for the removal of the toxic dyes as well as in multiple applications for the 

field of energy storage [27]. 

With little modification in carbo aerogel, another aerogel i.e. magnetic ferro ferric oxide 

carbon aerogel (Fe304-CA) was developed. Afterward, a film of the composite material 

was synthesized by mixing the ionic liquid (IL) with the Fes3O4-CA, which was analysed 

by Atomic force microscopy (AFM). This film was utilized as an electrochemical 

interface for accelerating electrochemistry of myoglobin (Mb) and glucose oxidase 

(GOx). The results showed a pair of well-defined quasi-reversible redox peaks which was 

due to the direct electron transfer of Mb and GOx on the film (Fe304-CA /IL) surface. 

Furthermore, the restrained Mb showed exceptional bioelectrocartalytic activity for H2O2 

reduction. The biosensor demonstrated broad linear response ranging from 10 to 1450 

uM for H2O2. The experimental results confirmed that FesO4-CA/IL films are a potential 

biocompatible interface due to their abundant mesoporous structures, exceptional electron 

transfer activities and large SSA [28]. 

5. Magnetic silica aerogels 

Aerogel is anebulous strong structure-controllable material having the porosity of 80.0% 

to 99.8%. The colloidal molecule and pore size 2 to 60 nm and 1 to 100 separately. Its 

SSA that it can achieve is approximately 1000 m?/g and the density is 0.06 kg/m? [15]. 

The unique interface effect is seen in the aerogels due to its porous and small structure, 

which makes the superior performance of aerogel incomparable to the other materials. As 

a significant part of aerogels mainly carbon aerogels (CAg) are broadly utilized in 

different areas, for example, electrochemical, ecological science, and investigative 

chemistry. But the complete separation of CAg is difficult owing to its nano size, low 

thickness, and low adsorption capacity. Therefore, the research shifted towards the 
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development of magnetic CAgs using the other members of the carbon family like Si and 

developed an attractive magnetic silica aerogel ((FesO«@SiOz). This aerogel has 

significant features of magnetism as well as aerogel basic features, which make it more 

attractive for many applications. 

The Fe;O4@SiO2 aerogels were effectively synthesized by two-advance reactant sol-gel 

strategy utilizing tetraethylorthosilicate (TEOS) precursor solution. The synthesized 

aerogel was utilized to adsorb 3 pyrethroid bug sprays from tea and juice drinks by 

utilizing solid phase extraction. For this process, a few impacting parameters which could 

affects magnetic solid-phase extraction which comprising contact time, pH, adsorbent 

dose, volume of elution i.e. solvent, ionic quality, and type of elution dissolvable type 

were deliberately researched and upgraded. Under ideal conditions, a superior linearity 

appeared for 3 pyrethroid bugs i.e. 0.4-4, 0.04-4, 0.08-8 ng/mL for fenpropathrin, 

lambda-cyhalothrin, and cypermethrin, respectively with 0.9985—0.9996 value of residual 

square, which shows linearity relation. The MSPE technique, was used to detect the trace 

of pyrethroid insecticides in tea beverages and in juices based on Fe3O4@SiOzaerogels, 

having high affectability and productive [29]. 

Further Li et al [30] reported, a unique MAg of Fe, Ti and Si i.e. ternary 

Fes04@TiO2/SiO2 aerogel having great photocatalytic action was arranged effectively by 

consolidating sol-gel and _— straightforward hydrothermal techniques with 

Fe304@TiO2/SiO2 core-shell microspheres and using industrial fly ash as beginning 

material, SiOz aerogels were prepared. The magnetic and structural properties 

Fe304@TiO2/SiO2 aerogel composite were examined by XRD, FTIR, Transmission 

electron microscopy (TEM), BET, UV-vis/DRS and VSM). The outcomes indicated that 

the surface of silica was covered with scattered microspheres of Fes04@TiO2 core-shell. 

The synthesized aerogel had phenomenal magnetic properties at RT, high adsorption 

ability to natural poisons, and solid light ingestion in the noticeable area. The 

photocatalytic movement of Fe304@TiO2/SiO2 aerogel degrade for Rhodamine B under 

visible light, was deliberately examined by under different conditions to ensure higher 

rate of degradation such as pH, catalyst concentration, irradiation time, and starting 

substrate dose. The process followed the Langmuir-Hinshelwood model and the first 

order kinetics. The synthesized ternary aerogel shows higher degradation rate for RhB as 

compared to pure TiO2 and FesO04@TiO2, which implied that synthesized aerogel can fill 

in as a proficient for the removal of dangerous natural dyes in wastewater [30]. 

A streamlined methodology is projected to build up a magnetite hybrid silica 
multifunctional aerogel by exploiting the adaptability of the sol-gel procedure and 
adaptability of the crosslinking response. To take advantage of this, magnetite NPs at the 
concentration approximately 0.05 to 0.2 were mixed with the initial solution having the 
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silica as the starting material as well as the cross linker. The active silylation agent was 

used for chemical coating of magnetite surface to compatibilized the surface chemistry of 

NPs with silica chemistry for the powerful and feasible linkage of magnetite to the silica 

network. It is shown that with dopant concentration the properties of magnetite aerogels 

have been improved as compared to the undoped. With the addition of dopant at 

particular concentration, the compressive strength and the density (a little bit) of material 

increased whereas the active surface area of the material decreased. Significantly, a great 

arrangement of progress with respect to the thermal insulation execution for doped 

aerogels has been acquired because of the cloudy nature of the magnetite dopants at 

temperatures over 300 K. The synthesized aerogels show much better mechanical and 

physical properties with higher magnetism at RT, which make this hybrid aerogel utilized 

for so many applications, going from specific magnetic separation for natural cleaning 

and magnetic medication conveyance to catalysis, and so on [31]. 

Amirkhani et al. [32] synthesized magnetic silica aerogel by sol-gel process by utilizing 

Fe304 NPs and sodium silicate for surface modification. Alcoholic solution was utilized 

to prepared aerogel by the immersion of silica gel in nanoparticles. Structural and surface 

analysis were carried out by utilizing FESEM, TEM, and FTIR, magnetism and analyzed 

by VSM, and crystal structure by XRD. The structural analysis shows that the surface of 

aerogel was homogeneous, mesoporous, and with surface area of 520 m*/g, and shows 

ferromagnetism. The aerogel was super hydrophobicity. The synthesized aerogel was 

utilized to immobilize Candida rugosa by scattered alcoholic solution of aerogel 

composite. The impact of the sonication abundancy and lipase immobilization time 

affects the yield. The studies of sonication for lipase immobilization were perusal by 

statically by utilizing reaction surface strategy (RSM). Correlation between the exhibition 

scattered and non-scattered backings uncovered the positive impact of scattering process 

on immobilization yield and protein movement. The accomplishment of immobilization 

was affirmed by confocal laser filtering magnifying lens (CLSM), demonstrating that 

chemical is very much circulated in the scattered attractive silica aerogel. A relative 

report between free and immobilized lipase on scattered help, was directed regarding 

temperature, pH, temperature stability and the kinetic parameters. Most extreme 

adsorption limit of lipase was assessed as 81.9 mg/g dependent on Langmuir isotherm. 

6. Magnetic pectin aerogel 

For biomedical applications, a novel material, containing magnetic NPs has been 

synthesized and investigated. The polymeric matrix in combination with the fillers having 

magnetic property make this composite versatile. Here, the utilization of gelatin aerogels 

as a biodegradable network containing maghemite NPs (c-Fe2O3 NPs) is examined. The 
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c-Fe203 NPs-stacked gelatin aerogels are created in two unique morphologies (tube 

shaped stone monuments and microspheres) arranged by a mix of sol-gel and 

supercritical drying strategies. On account of the aerogel microspheres, the sol-gel 

strategy was replaced by the emulsion-gelation system. The acquired aerogel-based 

materials were assessed with respect to their physical appearance and steadiness and their 

textural and attractive properties. The molecule size dissemination and morphology of the 

aerogel microspheres were furthermore breaking down by laser scattering spectrometry, 

static picture investigation and filtering electron microscopy. Procedure parameters 

affected the appropriation of the c-iron oxide NPs inside the material. Though the c-iron 

oxide NPs were homogeneously disseminated all through the aerogel stone monuments, 

c-iron oxide NPs were generally stored on the external surface of the aerogel 

microspheres. The magnetic properties of maghemite were saved at last after general 

handling [33-37]. 

The combination of magnetic FexO4 NPs in aerogels has been accounted for as pure 

Fe2O4 aerogels, CoFe20O4-cellulose composite aerogels and iron oxide-silica composite 

aerogels. Garcia-Gonzalez [38] reported maghemite nanoparticles were fused in 

biocompatible and biodegradable gelatin gel frameworks as mass chambers and 

microspheres. To acquire attractive gelatin aerogels supercritical drying was used. The 

properties of the final materials were analysed as to their potential application as 

attractive focusing on sedate conveyance vehicles. 

Conclusions 

Aerogels are exceptional solid-state materials having interconnected 3D solid networks 

with numerous air-filled pores, large SSA, ultra-low density, etc. The hybridization of 

aerogels with inorganic metals produce a unique composite with exceptionally improved 

properties such as flexibility, compressibility, controllable magnetization, electrical 

conductivities, etc. and these hybrid composites are called MAgs. There are different 

types of MAgs like magnetic cellulose, pectin, carbon, silica and graphene aerogels 

which have been discussed in this chapter. Additionally, these MAgs, synthesized by 

different methods such as sol-gel, hydrothermal, autocatalytic reduction, chemical 

reduction, freeze drying, etc. showed wide applicability in various fields i.e. oil spill 

removal, inorganic toxic contaminant removal, dye removal, as microwave adsorbent, 

biosensor application, etc. 
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Abstract 

Since the development of aerogels in 1934 by Kistler, these substrates have been the 

focus of a lot of research due to their interesting properties. The peculiar nature of their 

structure has allowed for the discovery of many useful properties in many fields. Due to 

these properties, such materials may be used for thermal and acoustic insulation, 

microelectronics, optical arrangements, and even for developing medical devices. In the 

interest of describing these materials, this chapter outlines the most relevant properties of 

different aerogels (silica, clay, polymeric, carbonaceous, etc.) focusing on the description 

of their properties and their uses. 
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1. Introduction 

Since the discovery and development of aerogels as novel materials, these substrates have 

found uses in many fields. In some applications, these materials have fulfilled the 

requirements that no other solid material can. Aerogels have a plethora of peculiar 

properties because of the uniqueness of their structure. For example, aerogels have the 

lowest thermal conductivities of any solid substrate, very low refractive indexes and 

dielectric constants, very low Young’s moduli, and sound speeds within the materials are 

as low as 100 m/s (while the speed of sound in air is 343 m/s). In additionto this, aerogels 

may be chemically modified to present other properties such as electrical conductivity or 

even be synthesized as being biocompatible materials that may be useful as drug delivery 

devices. Due to all these interesting properties, aerogels have been used to replace many 

materials in microelectronics, optical devices, thermal insulation implementations, 

acoustic equipment, high energy particle physics, and medicine. 

Even when aerogels composed of different materials exhibit similar properties, it is 

important to consider that aerogels can be manufactured with different backbone 

materials. The most common aerogels are silica-based; however, in recent years, metal- 

oxide aerogels, polymeric aerogels, clay-based aerogels, polysaccharide aerogels, and 

carbonaceous aerogels have risen in importance, each having specific applications. 
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Considering the interesting behavior of aerogels and the great variety of properties they 

exhibit, in this chapter, some of the most relevant properties of aerogels will be briefly 

described and the uses derived from these properties will be presented. 

2. Structure 

The microstructural properties of aerogels such as morphology, porosity, and pore size 

determine parameters in aerogels that are critical for finding the correct material for many 

applications. It is important to point out that there exist a great variety of aerogel 

microstructures determined by the identity of the backbone of the aerogel and the 

synthetic route used to produce it [1]. 

In general, aerogels present structures with high porosity and very high surface areas. The 

pores in aerogels may be of different sizes and according to this size, they are classified 

as mesopores (2 nm < diameter pore < 50 nm) and micropores (diameter pore < 2 nm), 

with a great variety of morphologies such as spheres, cylinders, rectangle, etc., as 

illustrated in Fig. 1 [2-4]. 

/ 

2 nm < pore size > 50 nm 

mesopore 

— 

4D 
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micropore 

>2nm 

Fig. | Morphology and pore size in aerogels [3]. 

With this variety of morphologies; porosity, pore size, and connectivity between pore and 
backbone represent the best parameters to describe the structure of these materials. These 
terms are defined as follows [5]: 

I. Porosity: void fraction per unit volume. This parameter is directly related to the 
density of the material. 
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Il. Pore size: distribution of sizes of the pores. This parameter allows for the 

characterization of an aerogel and determines its possible applications. 

III. | Connectivity between pore and backbone: As its name implies it defines the 

amount of solid material that is around pores of the aerogel. This parameter is 

related to the permeability of the material. 

The identity of the aerogel is an important parameter in its final structure. For example, 

silica aerogels present a structure of irregular spherical nanoparticles that tend to 

aggregate and condense to form clusters, which ultimately determine their final porosity. 

This behavior results in great range of porosities of silica aerogels [4,6]. Another example 

of how the composition of material determines the properties of the final aerogel is the 

case of starch aerogels fabricated with wheat, maize, and high amylose maize that show 

different pore density depending on the material (0.23, 0.24 and 0.10 g cm*respectively) 

[7]. Currently, there are many studies about biopolymer aerogels, mainly those that use 

polysaccharides such as cellulose, alginate, chitosan and starch as backbone materials. 

Table 1 shows some examples of the variation of density and surface area depending on 

the identity of the backbone material [1, 6-8]. 

Table 1 Parameters of aerogels depending on the backbone material [1, 6-8]. 

Density Surface area 
Aerogel Reference 

[m? g"'] 

500 - 1200 [6] 

[gcm*] 

0.003 — 0.500 Silica 

Biopolymers 
0.09 — 8.00 14 - 400 [7,8] 

(alginate, starch...) 
Ze 

500 - 900 [1] Silica-biopolymers 0.12 

The effect of drying method is also important in determining the final structure. Although 

this varies depending on the material, the general trend is that supercritical CO2 drying 

leads to the highest surface area (>500 m? g"'). Additionally, it is possible to obtain a 

wide range of densities, due to the production of different pore sizes, normally in the 

mesoporous range. In contrast, freeze drying usually produces aerogels of low or 

ultra-low densities (< 0.1 g cm) and lower surface areas because of the formation of 

macropores [9]. 
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To characterize these morphologies, there exist some useful methods and tools. Scanning 

electron microscopy (SEM) and X-ray tomography are some techniques that allow to 

analyze the morphology and the structural distribution of aerogels. For example, in the 

works by Glenn and Irving [13] it is reported that biopolymer aerogels show fibrillar 

blocks while silica aerogels exhibit archetypal pearl-necklace. These techniques might be 

useful, the preparation and manipulation of the sample (by coating or grinding )may affect 

the validity and the reproducibility of the results. 

Pore size can be evaluated by many methods like nitrogen sorption, mercury intrusion, 

and small-angle X-ray scattering (SAXS); Nevertheless, the first two techniques are 

limited by the deformation and the collapse of the pores in very low-density aerogels. 

Besides, it has been shown that large specific pore volume aerogels presentunreliable 

results [2]. 

3. Thermal properties 

The thermal properties of aerogels (like almost all other properties) depend directly on 

the identity of the major component in the aerogel (backbone) [10]. One of the most 

important properties of aerogels is their low thermal conductivity (A) which makes 

aerogels good thermal insulator material with high thermal resistance [11]. 

Aerogels behave differently in the way they transfer energy and heat than other solid 

materials because of their nanostructure and high porosities. Due to this, they usually 

follow the behavior of heat transfer of porous media. Additionally, heat transport within 

aerogels is a combination of three factors: solid thermal conductivity, conduction through 

gas, and radiative conductivity. 

In aerogels, convection and conduction are poor, since they are mainly composed of 

gases with poor heat conduction and lack of mobility. Therefore, when the porosity of the 

material increases, the thermal conductivity of the aerogel decreases since more pores 

mean a lower amount of solid network where the heat may be transferred [12]. Even 

though gases are poor heat conductors, they may also transport thermal energy through 

the aerogel. The contribution of the gaseous phase to the thermal conductivity depends on 

the gas pressure and it can greatly modify the effective conductivity of the material. 

Thermal properties of a wide variety of aerogels have been studied: silica, clay, metal 

oxide, carbon, polymeric, and other-aerogels. Generally,their thermal conductivity is 

almost zero, but it may differ depending on the identity of the backbone of the aerogel. 
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3.1 Silica aerogels 

Silica aerogels are light porous material (porosity >95%) with higher thermal insulation 

compared to most conventional thermal insulating materials such as polymer foams (e.g. 

polyurethane derivatives A=0.02-0.029 WK"! mand expanded __ polystyrene 

A= 0.029-0.055 W K"! m'), or inorganic wool and foam glass. 

Silica aerogels (SiOz) have total thermal conductivity within the range of 

0.003-0.1 W K! m'! [13,14]. This thermal conductivity value is significantly lower than 

that of air (A= 0.026 W K"! m’), even when a great amount of the material is composed 

of trapped gases. This has usually been explained with the Knudsen effect, which 

describes the diffusion of particles in a space that is similar in size to the free path of 

motion of these particles. When this scenario happens in an aerogel, gas particles easily 

collide with the backbone of the material, travelling a lot slower than in open space, thus 

transferring heat much less effectively through convection and diffusion [15]. Thermal 

conductivity is, however, very dependent on these trapped gases. For instance, at room 

temperature, some silica aerogels have thermal conductivity of 0.015 W K7! m! while in 

air and atmospheric pressure; however, under vacuum the thermal conductivity decreases 

to 0.01 W Km’. Interestingly, for silica aerogels, the total thermal conductivity has 

high infrared radiation contributions, meaning that most of the transferred heat is 

transmitted through IR radiation [16,17]. 

Composite-silica aerogels with low thermal conductivity have been prepared as 

alternatives to improve the mechanical properties and thermal stability of resulting 

materials [18,19]. For example, cellulose-silica aerogels have been produced with 

thermal conductivities of A = 0.027 W K"! m![20-23], and polypropylene-silica aerogels 

have achieved conductivities of A= 0.12 WK! m! [24]. 

3.2 Organic and polymeric aerogels 

Thermal conductivities of organic and polymeric aerogels have also been determined and 

some of these materials have presented good thermal insulation. For example, some pure 

polysaccharide aerogels produced by gelation have shown low thermal conductivities 

[25] with values of A for pectin derivatives being between 0.021 and 0.023 W K'! m", for 

alginate being 0.08 WK! m7’, and for chitosan aerogels being 0.022-0.029 W KT m'! 

[26]. However, it has been found that the low thermal conductivities depend directly on 

the chemical structure of the aerogel [27]. Additionally, polymer aerogels with good 

thermal insulation behavior do not present high thermal stability (polysaccharide aerogels 

for example decompose at ~230°C). This last parameter has been improved when 

obtaining polymeric composites with silica [28-30]. 
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Other organic aerogels derived from resorcinol-formaldehyde aerogels (RFA) present 

low thermal conductivity (A= ~0.01 W Km’), thus materials manufactured with RFA 

are mainly used as thermal insulators, RFA is also combined with other fragments to 

improve its properties [11,31]. 

Cross-linked polymers are also used to prepare aerogels with high porosity, excellent 

mechanical properties, low densities, and thermal conductivities. Aerogels derived from 

polyimide with 90% porosity have presented A around 0.014 W Km with better 

mechanical properties than silica aerogels, and with thermal decompositions above 500°C 

[32-34]. 

As another example, polyurethane (PU) aerogels have also demonstrated high thermal 

insulation with 4 between 0.017 and 0.024 W K7! m"! [35]. 

3.3. Carbon aerogels 

Aerogels made of carbon nanomaterials also have high thermal stabilities and 

temperature insulation since they present porosities around 99%. Additionally, they 

present decomposition temperatures above 800°C. These aerogels are produced from 

other organic aerogels and then treated by pyrolysis or by other chemical synthesis of the 

carbonaceous materials, this is the case of carbon aerogels from RFA or poly(vinyl 

alcohol) [36]. Other derivatives are produced directly from carbon nanomaterials [37,38]. 

Taking advantage of the high thermal stability, the thermal conductivity of some carbon 

aerogels has been measured at high temperatures (near 1500°C), obtaining values of 0.09 

in vacuum and 0.12 at 0.1 MPa in an argon atmosphere [39]. The same research group 

from the previous experiments demonstrated that the thermal conductivity via the solid 

network of carbon aerogels strongly increases when pyrolysis or high annealing 

temperatures are applied during the process of synthesis [40]. 

Carbon aerogels are used to fabricate high thermostable materials for high temperature 

insulation because of their properties. Although their thermal conductivity is typically 

higher than that of silica aerogels (A= 0.4-0.8 WK" m'') [41,42]. It is important to 

mention that carbon nanotubes and graphene are the nanomaterials which are most 

commonly employed to produce these carbon aerogels, and the choice of nanomaterials 

with different characteristics is crucial in determining the final properties of the material. 

[43-45]. 

4. Electrical properties 

The electrical properties of aerogels, similarly to their other properties, are unique and 
worth discussing. With respect to this field, several studies have been conducted to 

178 



Aerogels |: Preparation, Properties and Applications Materials Research Forum LLC 
Materials Research Foundations 84 (2020) 172-200 https://doi.org/10.21741/9781644900994-7 

evaluate the potential applications of aerogels as components in electronics. Although 

aerogels produced from different materials may share properties such as their thermal 

behavior or their porosity, electrical properties of aerogels vary greatly depending on the 

identity of the materials which may form them. In general, there exist two main 

categories when dealing with electrically relevant aerogels. First, some aerogels present 

low dielectric constants and very low electrical conductivities which make them useful 

for applications involving electrical insulation. Examples of these substrates are 

polymeric and silica-based aerogels. In contrast, when aerogels contain (or are composed 

of...) materials that are electrically conductive, the resulting aerogel may present good 

electrical conductivity with high capacitances due to their large surface areas. Examples 

of this last kind of materials are aerogels of metal oxides and aerogels which contain 

carbonaceous compounds such as graphene and carbon nanotubes. In the following 

sections, the properties of both types of aerogels will be contrasted and some 

characteristics of the base materials will be presented. 

4.1 Aerogels with low conductivity 

Aerogels composed of non-conductive materials such as silica or polymers are 

intrinsically bad conductors because of the non-conductivity of their backbone materials. 

Even when resistivity values for aforementioned materials are high, aerogels tend to be 

even less conductive than their solid counterparts; for instance, aerogels from silica may 

present resistivities up to ~10'° Q m which are higher in comparison with silicon dioxide 

which has typical resistivity values of ~10'°Q m. This effect is very common in 

insulating hydrogels and is caused mainly by two properties of the materials. First, the 

density of the solid frame of the aerogel is extremely low; therefore, conduction paths are 

poor. The second cause is the fact that the porous nature of the material allows for air and 

gases to be trapped within its structure; consequently, pores of the aerogel are good 

insulators and prevent the movement of charge carriers. Both effects may be seen in Fig. 

2 [46]. 

Although the high resistivity of the materials may seem as a disadvantage for aerogel 

uses in microelectronics, many applications of aerogels focus on their ability to display 

insulator behavior and even function as excellent dielectric materials. Additionally, 

aerogels may be combined with other substrates to enhance the already useful properties 

of these materials [47]. 
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f 
Insulating Air 

Fig. 2 Poor conductivity of aerogel materials due to porous nature and low density of 

solid frame [46]. 

4.2 Low dielectric constant materials 

The study of the dielectric properties of aerogels started in the 1970s. In this decade, the 

study of the behavior of mostly silica-based aerogels was described as being similar to 

those of gases, in which the most notorious similarity to these systems is the linear 

dependence of the dielectric constant (the measured real value of this constant) with the 

density of the aerogels over a big range of frequencies. This was explained by the fact 

that there is a large amount of trapped gas and absorbed molecules within the pores of the 

material. Additional to this, the values of the dielectric constant have been observed to be 

low, this has been attributed to the low density of these materials which prevents 

electrical displacement (induction) [46]. Many of these materials also present low values 

of dielectric loss angles while maintaining low dielectric constants in great ranges of 

frequencies and temperatures; however, this property is greatly affected by the presence 

of water when measuring at low frequencies. These properties are useful since low 

dielectric constant materials are chemically stable and versatile and are used thoroughly 

on microelectronics because they help mitigate parasitic capacitances in circuits [47,48]. 

The research within the field of low and ultralow dielectric constant materials have 

yielded silica-based aerogels and aerogel composites that may be used over different 

ranges of frequencies with good results [46,49]. Recently, polymeric aerogels with 

ultralow dielectric constants have also been produced, for instance, polyimide and 
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polystyrene aerogels have been produced with dielectric constants as low as «k= 1.03 

[50-53]. 

One of the disadvantages of dielectric aerogels is their relatively low breakdown voltage 

at low frequencies in comparison with other materials used in microelectronics. In 

general, the magnitude of the breakdown electric field is around 100 kV/cm or lower, 

both for polymeric and silica-based aerogels [46,52,54]. However, some reports have 

found dielectric breakdown strengths of 500-1000 kV/cm for thin films of aerogels 

composed of silica and silica-based composites [10,53]. The higher the value of 

breakdown potential, the better the performance of the aerogel in high voltage 

applications, therefore, it is desirable to have higher breakdown voltages. 

4.3 Aerogels with high conductivity 

In stark contrast to the type of aerogels discussed previously, aerogels may be 

manufactured with conductive properties if the backbone materials are conductive. For 

instance, aerogels that contain carbon nanotubes or graphene-derived materials as well as 

aerogels manufactured with conductive metal oxides are conductive and show convenient 

characteristics for their use in microelectronics, batteries, capacitors, electrodes, sensors 

and piezoelectric materials. 

Conductive metal-oxide aerogels have represented an important variety of materials since 

they are able to effectively intercalate lithium ions, an essential property in the production 

of electrodes for Li-ion batteries and to produce fuel cells [10]. Common metal oxide 

aerogels used for this purpose are transition metal oxides of vanadium(V), 

molybdenum(III), manganese(IV), and blends like ruthenium(I[V) oxide titanium(IV) 

oxide [55,56]. Additional to this, aerogels composed of blends between metal oxides and 

conductive polymers such as polyaniline and polypyrrole have been synthesized as 

composites and interpenetrating networks to improve the electrical and mechanical 

properties of the materials [56-58]. 

Another important field is the carbon aerogels because they have been widely used in the 

manufacture of electrodes [47]. These materials are convenient for this purpose because 

of their big surface areas which allows for the creation of electrodes with extremely high 

capacitances in miniature sizes. This property makes these electrodes ideal for 

electrochemical probes and sensors that not only perform correctly, but also may be 

manufactured in miniature size or with ergonomic configurations [45,59—-62]. 
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5. Optical properties 

Aerogels have also been important because of their special optical properties. The most 

particular optical property of aerogels is their low refractive indexes which are just 

slightly higher than n=1 (typically from 1.05 to 1.1). In comparison with other materials, 

the refractive indexes for aerogels are between the values for gases and liquids, being 

also considerably lower than the values for any other solid material; therefore, these 

materials may be used in applications where low refractive indexes are required but 

working with pressurized gases or liquids is complicated. Apart from this, coupling the 

optical properties of these materials with the electrical properties of carbon aerogels has 

allowed producing efficient components for solar energy technologies. In the following 

sections, three main uses deriving of the optical properties of aerogels will be highlighted 

and some examples will be provided. 

5.1. Radiators in Cherenkov counters 

Cherenkov counters are devices that allow for the identification of the speed (and hence 

the energy) of charged particles that travel near the speed of light. For this purpose, these 

devices take advantage of the emission of Cherenkov radiation which is a well described 

effect in high energy particle physics that occurs when a charged particle is travelling 

through a physical medium faster than the speed of light would be through that medium 

(which is equal to c/n, where c is the speed of light and 7 is the refractive index of the 

medium), when this happens, radiation is emitted at an angle dependent on the speed of 

the particle (8) and the refractive index of the medium according to Eq.1 [63]. 

cos =< , where -<P<c (1) 

According to electrodynamics, when a charged particle travels through a polarizable 

medium, it excites atoms and molecules of the medium which then relax to a basal energy 

state by emitting light. Although this effect is always present, when the particle is 

travelling below the speed of light, the amount of radiation produced through the wake of 

the particles is too low to be detected; nevertheless, when the particle is travelling at 

superluminal speeds through the medium, constructive interaction between the wave 

fronts of the wake are produced and the radiation is thus measurable, this radiation is 

called Cherenkov radiation. Cherenkov radiation is analogous to the effect produced 

during a “sonic boom” when aircraft travel faster than the speed of sound through air. An 

illustration of Cherenkov radiation can be seen in Fig. 3 [64]. 
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Cherenkov Radiation 
~~ 

~~ 

B<c/hn<c cn<B<c 

Fig. 3 Cherenkov radiation produced when a charged particle travels at superluminal 

speeds through a polarizable medium [64]. 

According to Eq. 1, it is possible to detect the speed of high energy particles by 

measuring the angle of emission of Cherenkov radiation that is produced when a particle 

travels through a material. These materials, capable of emitting Cherenkov radiation 

effectively are called Cherenkov radiators. The choice of this material depends on the 

requirements of the experiment, namely, the velocity of the particles; therefore, many 

materials may be suitable for this purpose; however; the material must also be relatively 

transparent to the emitted radiation and present relatively low chromatic aberration 

(variation of the refractive index with the change in wavelength of emitted radiation) to 

be able to measure Cherenkov radiation. When this radiator is coupled with 

photomultipliers and detectors to measure the emission angle, the whole system is called 

a Cherenkov counter [47,63]. 

Aerogels have been important in this area since they have a very acceptable optical 

transmittances at visible wavelengths at which a lot of measurable Cherenkov radiation is 

produced. For instance, it has been found that silica aerogels have transmittances which 

are inversely proportional to the wavelength to the fourth power (« 1/A*) making them 

almost completely transparent at wavelengths above 500 nm. Another important property 

of these materials is that their values for refractive indexes are just between those of 

liquids and gases which allows for the measurement of particles with energies around 1- 

10 GeV which were difficult to quantify before the introduction of aerogels. Additionally, 

since these materials are solid, it is more practical to work with them instead of with 

pressurized gases or liquids. Finally, it is important to mention that the refractive index of 

most silica aerogels is linearly dependent on its density according to Eq. 2; therefore, by 
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controlling the density of the final product at a synthetic level, it is possible to obtain a 

specific refractive index [47,63,65,66] . 

n=1+kp, where k=0.21 and is slightly dependent on p (2) 

5.2 Fiber optics 

The low refractive index of aerogels has been also useful for the construction of optical 

fibers useful for information transmission. A usable optical fiber optics is composed of 

two main parts as shown in Fig. 4 [63], the core and the cladding. 

Cladding (n,) 

~ 9>6,=aresin((a,?- n,7)'7), no reflection 

7 \6<8, = arcsin((n,2- n,7)’), total reflection 

Core (7) 

Fig. 4 Diagram depicting total reflection within an optical fiber with the acceptance 

angle given by the numerical aperture [63]. 

For a fiber to effectively transmit light through a large distance, light must be totally 

reflected within the core of the material thanks to the cladding. For this to happen, the 

incident angle of the light must be below a threshold value determined by the numerical 

aperture (Eq. 3, where NA is the numerical aperture, 0, is the acceptance angle and ») and 

nzare the refractive indexes of the core and the cladding respectively); therefore, it is 

desirable that the refractive index of the cladding is lower than the cores’. Since aerogels 

have such low refractive indexes, they have been considered as cladding materials by 

some researchers [47,67—69 ]. 

NA= sin 0, = {n7-n3 ; (3) 
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5.3 Non reflective materials 

Another interesting application of carbonaceous aerogels is their use as non-reflective 

materials that may be used in optical equipment and solar energy collection. Carbon 

aerogels are very effective in absorbing light because of the intrinsic properties of 

graphene and carbon nanotubes to absorb light, and the highly porous and rough surface 

of the material which stops light from being reflected out of the material. This property 

has allowed for the production of materials with very small reflectance at a big range of 

wavelengths and incidence angles of light (directional hemispherical reflectance below 

even 1.0%) [47,70,71]. 

6. Mechanical properties 

Aerogels present a lot of properties that are used for several applications in thermal and 

acoustic insulation, catalysis, electronics, controlled drug delivery, etc.; nevertheless, 

these applications are often limited by the fragility of the systems. Generally, porous 

materials exhibit a brittle and elastic behavior, but also exhibit poor mechanical 

properties due to the minimal fraction of solid network [11]. 

Mechanical properties of aerogels are evaluated through common mechanical tests, 

(measurement of hardness, fracture, fatigue, tension, compression, and breakability). 

Using these techniques, it is possible to determine important aspects of the mechanical 

properties of aerogels, which almost always depend on the density of the material [72]. 

To characterize aerogels, there are some useful techniques that may be employed apart 

from common mechanical tests. For example, ultrasonic pulse and nanoindentation are 

used to determine Young’s modulus and Poisson’s ratio in  silica-, carbon-, 

polymeric- and other aerogels. 

The Young’s modulus is a very important parameter in the characterization of any 

material because it quantifies the ability of a material to suffer deformations after 

applying tension stress (the formal definition of this parameter is the slope of the elastic 

deformation portion of a material’s stress-strain behavior, a graphical representation of 

this parameter is presented in Fig. 5 [73]). In aerogels this parameter is often very small, 

meaning that the materials may deform greatly after applying mechanical stress to them. 

This parameter is very important to quantify because it demonstrates the elastic behavior 

of aerogels which allows them to deform easily even when suffering great mechanical 

tensions; however, this does not grant good mechanical properties since the low density 

of the materials still make them brittle [74]. 
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Fig. 5 Stress-Strain graph depicting the Young’s modulus [73]. 

Additional techniques used to characterize aerogels are based on thermal analysis. This is 

especially important in the case of polymeric aerogels, where it is necessary to 

determinate glass transition temperatures and melting points. In this case the use of 

differential scanning calorimetry (DSC) and dynamic mechanical analysis (DMA) 

becomes very useful [75]. 

Current research in the mechanical properties of aerogels is mostly conducted to find 

materials with better mechanical properties, mainly to avoid fragility of aerogel samples. 

For example, silica aerogels tend to be brittle due not only to their low densities, but also 

to imperfections, the sizes of pores, and a disordered solid network morphology [76]. 

However, with the combination of a secondary material, such as a metal or a polymer, it 

is possible to obtain reinforced aerogel composites. This is convenient since the 

properties of silica aerogel are maintained when the ratio of both components 

(silica/other) is low, but the solid network density is increased [72,77]. 

In many cases, controlling some variables in the process of synthesis leads to the 

formation of stronger aerogels [78-80]. One of these approaches is the deposition of thin 

layers of polymers onto silica aerogel surfaces or nano-encapsulation, both of which have 

worked to improve mechanical properties of the final materials [81,82]. The same 

procedure is applied to enhance clay aerogels, where a secondary component such as 
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polymers (e.g. cellulose, poly(N-isopropylacrylamide) or polyimide) or carbon 

nanomaterials (¢.g.carbon nanotubes) are added to the system [83-85]. As an example, in 

the case of cellulose/clay aerogels, the addition of cellulose favors the arrangement of the 

solid network, reaching effective stress transfer, and thus generating an increase in the 

compressive strength of the mixture [86]. 

The other way around, it is also possible to reinforce polymeric aerogels by using clay as 

a crosslinking agent. For example, polyimide/clay composites have been prepared as a 

proposal for improving overall mechanical properties, since polyimide aerogels already 

exhibit good thermal stability as well as mechanical properties compared with other 

polymeric aerogels [32]. As another example, in 2018 Fan and co-workers [90] designed 

a polyimide/carbon nanotube composite aerogel with enhanced mechanical properties. In 

these cases,carbon nanomaterials have been used to reinforce polymeric aerogels because 

of their resultingnano-porous structure [87,88]. 

The same strategy is applied to generate stronger metal oxide aerogels [89,90]. For 

instance, alumina aerogels (Al2O3) have been doped with titanium oxide (titania, TiO2) to 

enhance the mechanical and thermal properties of the alumina [91]. Metals have also 

been used as dopants for other aerogels [92]. 

7. Acoustic properties 

Aerogels also present interesting acoustic behavior since the sound velocity in these 

materials can be as low as 100 ms" over hearing frequencies and even lower speeds 

(20 m s") at the ultrasonic ranges. These speeds are dramatically lower than the average 

speed of sound in air (343 ms") and practically all other solid media [47]. Even when 

aerogels contain a great amount of trapped gases, since the speed of sound is a lot lower 

than that of air and other gases, it is possible to think that the sound is propagated through 

the solid network and not by the gases inside the pores in aerogels. The low speed of 

sound in these materials is related to their low Young’s modulus, meaning that this 

material may be easily deformed when subjected to stress, even when this stress is 

coming from sound waves [74]. Because of this, aerogels also present good sound 

attenuation and low values of acoustic impedance. These materials have been readily 

used as acoustic insulators and have had application in acoustic wave generation [93-97]. 

8. Biocompatibility 

Biocompatibility is the ability of a material to be accepted by a living system without 

generating an adverse effect such as irritation, inflammation, allergic reactions, or 

toxicity to the living system. This is the most important characteristic of biomaterials and 
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must be determined as a prerequisite if a material is intended for use on or inside living 

organisms. ISO 10993 for the biological evaluation of medical devices is recognized by 

the U.S. Food and Drug Administration (FDA) and by the European Union as the 

standard for selecting the biological tests necessary for measuring the safety of a medical 

device [98]. This includes in vivo and in vitro methods that can be applied to a wide 

variety of materials. /n vitro methods constitute the first step to test the biocompatibility 

of a material. These tests are conducted outside of an organism and are intended to 

measure either the number of dead cells or the cell growth on a controlled media to 

determine the interaction between the cells and material. The most used in vitro tests are 

cytotoxicity, hemocompatibility, genotoxicity, carcinogenicity, absorption/penetration 

and toxicity in three-dimensional models of skin, cornea and oral mucosa [99,100]. On 

the other hand, in vivo tests allow observing the performance of a material inside a living 

organism, and its inflammatory and immunological potential. Some examples of in vivo 

methods are the following: evaluation of dermal toxicity and implants acceptance 

(subcutaneous, bone, and intramuscular implants) [101,102]. 

For aerogels, biocompatibility depends on the identity of the backbone material. Usually, 

natural polymers and other biopolymers are very biocompatible and non-toxic, because of 

this these types of aerogels may be used for drug delivery, tissue engineering and 

scaffolds, biosensing, and storage of drugs [103]. 

Aerogels based in polysaccharides are the most studied for biomedical applications since 

these natural polymers show intrinsic biocompatibility [104,105]. For example, the 

biocompatibility of alginate gels and aerogels has been studied in vitro and in vivo 

showing positive results as novel drug delivery systems [106,107]. Chitosan aerogels 

have also shown low cytotoxicity and high biocompatibility in implants while also being 

responsive to pH [108,109]. Ubeyitogullari and co-workers [110] studied the digestibility 

of wheat starch aerogels and their temperature resistance for their use in foods. They 

found that the presence of starch aerogels in food products increases their digestibility 

due to its ultra-low density and high porosity. This effect could be used to decrease the 

caloric value of some foods [110]. 

Another biomedical application which has been extensively studied is the use of aerogels 

as drug delivery systems. In these applications, drugs can be attached and loaded in the 

pores of the material. For this purpose, many substrates have been tested, especially 

polysaccharide and silica derivatives. For example, Lovskaya, Lebedev, and Menshutina 

[111] developed aerogel microspheres useful for drug loading. In this work, they tested 

silica, sodium alginate, and starch aerogels. The adsorption of ibuprofen, loratadine, and 
other drugs was demonstrated to be successful due to the interaction between hydroxy 
and carboxylic groups present in the polymeric network of the aerogels and the drugs. 
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The delivery process of the drugs was effective in aqueous solution at different pH 

values. The release mechanism was assisted when water replaced trapped gases in the 

structure of the aerogel as represented in Fig. 6 [111]. 

e049 Polysaccharide aerogel microsphere 

@ Drug (ibuprofen) 

Hydrogen 

tn solution 

Fig. 6 Drug attachment into aerogel pores by hydrogen bonding and drug release in 
aqueous solution [111]. 

Conclusion 

Aerogels are highly interesting materials which are used extensively due to their 

properties. Although the properties of aerogels depend greatly on the material that forms 

them, some of the characteristics of aerogels such as good thermal insulation, low 

Young’s modulus, good sound isolation are mainstream for these materials and define the 

versatility of their uses. It is important to mention that current research focuses on 

improving the behavior of the materials in specific applications while also retaining good 

mechanical properties. With the development of new materials, it is probable that the 

properties of aerogels will continue to expand to cover more uses in many areas. 
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Abstract 

This chapter emphasizes modern progress in aerogel researches and its technological 

implementation. The methods that allow introducing required characteristics in aerogels 

to meet the necessary requirements in their implementations are given prime attention. 

The determining factors of aerogels regarding the already present and capable 

implementation areas are provided in brief. Many customizing techniques like 

modulating the pore structure, changing the surface, coating of the surface, and post- 

treatment is described by the outcomes of the last ten years. Regarding the commercial 

uses of aerogels and its products, an unbroken view of industrial aerogel suppliers is 

provided and a discussion of plausible substitute sources for raw materials and 

precursors. Last, the chapter summarizes opinions and potential points regarding the 

aerogels. 
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1. Introduction 

Aerogels are defined as materials having high porosities along with low densities and 

large inner surface areas [1]. One main factor of aerogels is that all elements present 

within the nanoscale regime given a distinct permutation of attributes that make them 

potential elements for many implementations like catalysis, drug delivery, adsorbents, 

thermo-receptors, sensors or piezoelectrics. Kistler prepared the first aerogel in 1931, but 

the modification of its implementations started in the early 1970s in consideration with 

the quick sol-gel process development. After that, various chemical constituents like pure 

inorganic gels, carbides, metal-doped or mixed oxides like inorganic-organic hybrids, 

organic polymeric gels like polyurethane (PU), resorcinol/methanol, conducting 

polymers, polyamide, and many others, carbon aerogels (CAgs), graphene aerogels 

(GAgs), are developed. 

Aerogels are considered being solid materials having very little weight and are prepared 

at a large scale in industries. They have interested researchers since its advent [2]. They 

have low-density and have a highly porous structure. They are prepared by drying wet 

gels under specified conditions, especially those sustaining their volume.The gels can be 

prepared in the form of monoliths or particles or varied structures. Based on the category 

and mechanical strength of the gels, varying processes of drying are considered and 

implemented. Usually, a supercritical fluid is substituted for the solvent, which is being 

filled in the pores, and later, it is vented out. The forces acting on the capillaries are 

removed, which destroys the aerogel nanostructure during evaporative drying. This 

outcome can also be brought about with the help of freeze-drying, the specified condition 

is that the gel structure can sustain the growth of ice-crystal or capillary forces. The 

collapsing of the pores can also be prevented in gels that have developed surfaces that 

show spring-back during evaporative drying. The gel produced initially takes from any 

inorganic or organic precursor, or their mixtures can form a stable 3D network within a 
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potential solvent. So, there are two degrees of freedom during the production of aerogels, 

first being the initial aerogel prepared, second requires its processing. Because of these 

variations, there is still no generality in the definition of aerogel. 

According to IUPAC, an aerogel is, “a gel comprising a microporous solid in which the 

dispersed phase is a gas” [3]. Only zeolites and microporous glass are considered suitable 

for this definition. So, to define almost all categories of aerogels, two new definitions are 

devised based on their processes of production. One, aerogel is a nonfluid colloidal 

network, has an open structure and a polymer network which is spread across the whole 

volume with the help of a gas, which is prepared by eliminating the agents of swelling 

from a gel with no significant reduction in volume or compaction of a network. The 

second definition stresses the final properties that are, aerogels are solids that have very 

little density and large specific area and comprise a reasonable open porous 3D network 

having loosely bound fibers [4]. Both statements, when combined, give a full-fledged 

meaning to the aerogels based on its production and properties. Aerogel is an open 

nonfluid polymeric or colloidal 3D network that consisting of loosely bound fibers that is 

spread across its volume by gas and thus shows large specific areas and low density. 

Aerogels are prepared by eliminating all the swelling agents from the gel prepared 

initially with no significant decrease in volume or compaction in a network. 

2. Existing and potential applications of aerogels 

Being the lightest and the possibility of varying attributes and methods of preparation of 

distinct aerogels, aerogels have a great capability in a lot of implementations in which 

huge pore volume and large surface area play important parts. At present, the production 

of aerogels at an industrial scale is restricted to systems based on silica, carbon, and a few 

amounts of organic aerogels. The main implementation of aerogels is in thermal 

insulation. This is because of aerogels being the best insulating material for thermal 

insulation apart from the vacuum insulation board [5]. In recent times, BASF has taken 

measures towards the usage of organic aerogels on a commercial scale. The huge 

attraction towards biopolymer-based aerogels allows implementations in life science like 

tissue engineering, drug delivery, food, and cosmetics. Aerogels depending on carbon [6], 

conductive, give way to a lot of new potential in their implementations like batteries and 

supercapacitors [7]. A noble metal derived aerogels and aerogels based on a 

chalcogenide, and similar hybrids are studied deeply for further uses [8]. The recent 

modifications in a surface that enable customization of aerogels hydrophobicity have 

given rise to applications for the environment [9]. The capability to alter hydrophobicity 

allows significant implementations in separation technologies. The usage of graphene 

oxide in its reduced form as membranes was proposed so as to eliminate oils from water 
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surfaces. Contrary to the old experiments, it was proven that the floating oil could be 

consequently absorbed and released out of the aerogel with a simple peristaltic pump. For 

many implementations, some properties remained fixed that is, pore structure, functional 

surface, and size of the groups for modification of aerogels. 

2.1 Pore engineering 

Three major amounts that attribute to the pore structure of.the aerogels have been 

reported. They include specific surface area, density, and specific pore volume. The 

determination of the initial two is done by nitrogen adsorption/desorption isotherms. 

Mostly, the nitrogen porosimetry permits the rebuild of the size of the pores and their 

distribution. Pore size distribution is unimodal. It can entail a radius of range between 5 

and 20 nm. These attributes depict a common biopolymer or metal oxide aerogel. Many 

parameters of the process are affected by these quantities. Many implementations depend 

on the large surface area of aerogels besides a specific structure of pore, especially with a 

pore size distribution of choice. In the discussion below, we review pore architecture and 

the modulations that can be done on the structure of the pore. 

2.2 Customizable surface and coating 

The most important prospect to change the functional attributes of the aerogel with no 

significant change in the structural characteristics of the materials is by coating. The 

coating is done using a layer comprising a material having potential attributes like a 

polymer. The main problem is to complete the coating in a way that only a thin 

homogeneous layer is prepared by casting the whole surface of aerogel with no pore 

blockage or any additional growth in bulk density. This method leads to varying last 

states of the aerogels that are modified. 

One is that either only the thin layer of polymer is coated on the exterior surface. And 

other properties like chemical characteristics and structure of the pristine aerogel are 

conserved. Second, the interior structure, which includes the pore surfaces and the 

intersection among them, and it is concealed with a coating material's homogenous layer 

having a thickness of few nanometers. Based on the implementation, both final outcomes 

can be attained. 

From a molecular perspective, someone can differentiate many categories of interactions 

among the aerogel surface and coating. The coating material can either be fastened to the 

surface with the help of interactions that are noncovalent. They can chemically react with 

the chosen functional groups of the aerogel, giving covalent bonds between both of the 
materials. In chemical reactions, the homogeneity and thickness of the layer based on the 
amount of functional groups present on the surface of aerogel and the coating material's 
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capability to self-polymerization whereas non-specific associations lead to a coverage of 

total surface based at most on the process parameter, for example, the coating material's 

quantity, deposition cycle's number and time of coating. We suggest a differentiation 

among two cases and, with the help of the terms coated aerogel and coating for non- 

specific noncovalent associations and the expressions, aerogel, which is modified for 

layers grafted chemically. Both the processes (surface modification and coating) can 

happen in a liquid or gas or supercritical phase when in touch with a dried aerogel and 

wet aerogel consequently. 

2.3 Hybrid aerogels (HAgs): Influence of the sol-gel process on final properties 

The common word hybrid aerogels (HAgs) shows that at least two predecessors are 

engaged in the step of gelation. In most cases, this entails scenarios ranging from those 

where predecessors hold their uniqueness in the aerogel obtained as the product to excel 

the chemical homogeneity with the help of a variety of intermediate cases. In addition, 

aerogel backbones can be crystalline or amorphous, comprising amorphous or crystalline 

domains. Without taking into regards, the chemical homogeneity level, HAgs show a 

pleasing and a new class of materials which take from the single components and exhibit 

a synergy permitting implementations that would not be by synergy only. Many features 

of this topic were discussed partially [10, 11]. The process of transformation from sol to 

gel of mixed systems is more difficult and complex in contrast to that of single aerogels. 

Keeping the synergy as the outcome in the aerogel properties, the reactivities of the 

predecessors used, are so different that without careful governance over hydrolysis, and 

hetero- and homo-condensation rates only ambiguous structures can be produced [12]. 

Therefore, chemical reactivity firmly decides the final aerogel properties, specifically 

mechanical and catalytic ones. So here, we discuss the approaches or methods of 

aerogels. One method to improvise the homogeneity of chemicals is by spatial separation 

of the precursors at the hydrolysis step, and the condensation is the next step [13]. This 

method enhances the catalytic activity of TiO2/SiO2 aerogels by three factors in contrast 

to non-prehydrolyzed samples in the isomerization of 1-butene. Depending on higher 

cis/trans isomerization ratios of products for the non-prehydrolyzed aerogels, it was 

deduced that there was segregation of silica and titania domains. But the segregation in 

the mixed aerogels should not be viewed in a negative view. It was concluded that a 

series of TiO2/SiO2 aerogels having photocatalytic activities toward salicylic acid 

degradation in water. Pre-hydrolyzed that is, aerogels having more chemical homogeneity 

showed lesser catalytic activity. The separate and easily available anatase particle’s 

presence led to the high activity [14]. 
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Second approach to govern the homogeneity of chemicals like mixed oxide aerogels by 

inhibiting the rate of reaction like ligand complexation with chelating ligands or the 

occurrence of sol-gel processes in a highly viscous medium. The homogeneity can also 

be maintained by engaging the precursors with many metal centers. The customized 

precursors, even though they are restricted in their stoichiometry, provide a lot of 

governance over the chemical homogeneity and also hold functional groups. Apart from 

the oxide aerogels, biopolymer aerogels can be cross-linked using covalent or 

noncovalent bonding. Similarly, like oxide aerogels, a double polymer can make domains 

of different sizes and can also be distributed statistically. 

Polymers like starch, pectin, cellulose, gelatin, lignin, and chitosan can be mixed with 

one another and withinorganic substrates to make hybrid aerogels [15-17]. Because even 

more HAgs are known in the food science, we expect this area to grow significantly over 

the next few years. Owing to the less severe conditions of supercritical drying and the 

inertness of supercritical-CO2, a huge range of insoluble materials can be mixed at the 

step of gelation. 

3. Applications of Tailor-made aerogels 

These days more focus has been given to customizable aerogels that are formed using 

additional components that are engaged in particular reactions involving catalysts. A new 

heterogeneous catalyst, iron-doped on alumina was developed for degrading Rhodamine 

B. The aerogel catalyst was prepared by a sol-gel approach, which is easier and prevents 

leaching of the active components. Also, the catalyst controls the highly active reaction 

for the Rhodamine B degradation within a decent range of pH values. The Fe-O-Al bond 

can be increased using heat treatment. The effects of various factors like dosages of 

hydrogen peroxide, pH values, reaction temperature, and concentration on Rhodamine B 

degradation were researched. Fourier transform infrared spectroscopy (FTIR) and 

inductively coupled plasma mass spectroscopy (ICP) analysis indicate that the catalyst 

entails lesser leaching of iron, higher catalytic efficiency, and good structural stability 

after its usage. The biodegradability and biocompatibility of starch, a natural 

polysaccharide derived substance, permits the usage of starch as a microsphere in form of 

a carrier or as a chemical for science implementations. Although, the latest techniques of 

making starch microspheres use different methods like chemical cross-linkers and 

different drying methods that lead to a decrease in the degradability problems of the 

matrix and lower specific surface areas along with chemical loading capacities. Here, 

corn starch aerogel microspheres are a specialized class of materials that are nanoporous 
and were made by the addition of supercritical drying and emulsion-gelation method. The 
starch aerogels obtained had characteristics determined with the help of nitrogen 
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adsorption-desorption magnitudes, CHN elemental analyses, and helium pycnometer 

along with scanning electron microscopy and thermogravimetry. Aerogel textural 

attributes were affected basically by the temperature of gelation used. The morphology of 

particles was dependent on the three parameters of processing research. 

Graphene acts as a host, and it has potential in a lot of implementations like holding 

sulfur in Lithium-Sulfur (Li-S) batteries. Still, there are many challenges to overcome the 

modulation of graphene's nanostructure so as to increase the performance. The self- 

closure Gags with builtin baffle plates (SGA) were made by an added method that 

engages an electrostatic assembly, polydopamine, hydrothermal fixing, annealing, and 

coating. The promotion of electron transport, enhancing the sulfur loading, and 

dissolution confinement are done by using as-made SGA as the host material for the Li-S 

batteries. 

For energy-saving windows, silica aerogels with low thermal conductivity and high 

optical transparency are fit for the purpose. These applications need exclusive governance 

of the microstructure. A number of silica aerogels having constant density and 

composition, but varied attributes and microstructures were made by changing the 

amount of the tetramethoxysilane (TMOS). Initially, the decrease in the mean pore size 

and thermal conductivity of the silica aerogels was noticed with the decrease of the 

amount of the TMOS added before bending out and then ultimately enhanced. On the 

other hand, properties like specific surface area, pore-volume, and light transmittance 

show reverse a change in a trend. In comparison, the age-old initial placing of TMOS, the 

properties like a ratio of transparency, and specific surface area increase from 71% (550 

nm) to 88% (550 nm) and from 845to 1060 m?/g, respectively. Also, silica aerogel’s 

thermal conductivity decreases from 24.6 to 20.2 mW m!K"') with the mean pore size 

reduces from 20.7 to 16.6 nm. This technique shows a novel approach to make the 

structure and tailor properties of silica aerogels [18]. 

Methyl modified silica aerogels are made with the help of methyltriethoxysilane (MTES) 

and tetraethylorthosilicate (TEOS) as co-precursor using a double step sol-gel reaction 

preceded by supercritical drying and exchange of solvent. They have customized dual- 

modal pore structure comprising mesopores from the stacking of TEOS-based clusters 

and small pores through stacking and filling of minute MTES based clusters. The Si-CH3 

groups act as a substitute to Si-OH groups on the surface of aerogel, and hence they have 

high hydrophobicity with a contact angle of 148°. The hydrophobicity and double modal 

pore structure give the Me-SiOz aerogels an excellent adsorbing capability of quality 

factor Q up to 23 g for CzHsOH and selectively adsorbing oil from water. 
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A lot of changes in the pH levels, protein type, and concentration levels were determined 

in the observation of protein derived aerogels from heat-set whey and egg white. The pH 

was customized, and this led to the brittle hydrogels with already known syneresis in the 

pH region about the isoelectric point. Aerogels were fragile and didn't have the typical 

large specific interior surface area of aerogels. In an acid, hydrogels were rigid but also 

had fragility. The specific area was large. In an alkaline medium, the hydrogels were 

elastic and soft. Hence the aerogels obtained as products were stable and had a large 

surface area. The addition of calcium chloride or sodium chloride made the same changes 

on the protein solution, like pH lessening. The supercritical drying is implemented to 

sodium caseinate with different concentrations of protein. Last, in the method of 

emulsion to prepare aerogels derived from proteins useful for microencapsulation. All 

major protein types make individual spherical aerogel particles with easy to differentiate 

aerogel attributes in contrast to the aerogel monolith. The protein aerogel particle 

attributes can be customized according to the usage and desires in food, pharmaceutical, 

and cosmetic implementations [19]. 

Co-Pt/MgO-Al203 is an aerogel catalyst bimetallic and is prepared using a sol-gel process 

followed by supercritical drying. The catalysts were determined by x-ray diffraction, 

high-angle annular dark-field scanning transmission electron microscopy (STEM- 

HAADF), temperature-programmed reduction of hydrogen (H2-TPR), thermal analysis 

technique (TG/DSC), field emission scanning electron microscopy (FESEM) and their 

performances as catalysts in methane oxidative carbon dioxide (CO2) reformation were 

checked. The hydrogen spillover effect among platinum and cobalt increased the catalyst 

reducibility, whereas the strong interaction of metal support within the bimetallic catalyst 

restricted the metal particle agglomeration. Pt/Co ratio has been playing a major part in 

the surface metal species in existing, leading to varied performance of the catalyst. The 

Pt/Co ratio was at an optimum, and a 50 % higher activity was observed in terms of 

methane conversion in contrast to monometallic Pt or Co aerogel catalysts prepared. 

These catalysts also exhibited a high resistance towards the formation of inactive carbon. 

The temperature of oxidation of the carbon species that were added on the Pt/Co catalyst 

used was around 275 °C and had no graphite carbon or filamentous carbon was 

investigated. It revealed that the inactive carbon formation was reduced owing to the 

synergy present between Co and Pt and the effect of SMST [20]. 

Tetraethoxysilane (TES) and methyltrimethoxysilane (MTMS) are utilized as precursors 

to prepare a couple of two-precursor aerogel using ambient pressure drying. As the 

concentration was increased of NH3.H20, the density reduced at first and then increased 
significantly. On the other hand, porosity exhibited a reverse trend while the size of the 
cluster was reduced and the pores quantity increased drastically. These distinctions 
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caused variations in the couple aerogel's thermal properties. With the NH3.H2O amounts 

enhancing, the thermal conductivity approximated linear decrease to 0.027 Wm'k", the 

specific heat demonstrated algorithmic reduction, and the diffusivity using heat had the 

same change in a trend like that of porosity. These things proved that the coupled 

aerogel’s thermal properties could be adjusted [21]. 

Nitrogen-doped graphene aerogels and ultralight are prepared using a hydrothermal 

method in the environment of dopamine, graphene, L-arginine. Dopamine is said to be 

useful for graphene functionalization. It also attached nitrogen atoms on the graphene 

sheets with the help of pyrolysis. The pH values affect the ultralight and graphene 

aerogels and on their preparation. By customizing the amount of dopamine and L- 

arginine in the precursor mixture, the aerogel of density 2.54 mg/cm? can be formed. This 

aerogel shows a high absorption capacity for various oils owing to less density,large 

surface area, and N-doping [22]. 

Iron alginate aerogel, which is a crosslinked polymer, were synthesized and filled with 

ibuprofen with the help of adsorptive deposition from supercritical-CO2. Formulations 

were synthesized and co-infused using ascorbic acid and ibuprofen. The ibuprofen 

excretion from the iron alginate of pH 7.4 is more rapid than that of pH 2.0. By lowering 

the bead size and using a greater G content alginate, the rate of release can be enhanced 

slightly. 3D GAg, which is a self-assembled anode material with some defects in the 

surface, has been made successfully with the help of a superficial approach using 

precursor-like graphene oxide. The textural properties and morphology of prepared GAg 

were evaluated by Scanning electron microscope (SEM) and transmission electron 

microscope (TEM). 3D porous network with enhanced defect density, along with the 

considerable electrical conductivity, gave the output in the excellent electrochemical 

performance of the as-made GAg anodes in Li-ion batteries [23]. 

Compressed and supercritical fluid technology gives a powerful device to design particles 

and in engineering. Aerogels are nanoporous materials sustaining many global classes 

attribute. New kinds of starch-based aerogels were produced and were investigated. They 

had their specific target in life sciences like tissue engineering, cosmetics, agriculture, 

pharmaceutics, and biotechnology. The effect of micronization on the kinetics of the 

supercritical drying of the wet gel was also investigated. Thus, the aerogels produced 

were checked for their usage as active agent carries regarding the capacity of filling with 

the help of ketoprofen as a model compound [24]. 

Silicon oxide carbon-ceramic (SiOC) aerogels have been prepared from a linear 

polysiloxane crosslinked with divinylbenzene using the reaction of hydrosilylation in the 

presence of platinum catalyst and a solvent in the form of acetone. The wet gels obtained 
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are subjected to aging using the drying method under supercritical-CO2. The aerogels that 

are pre-ceramic are then put through pyrolysis at 1000 °C in the presence of a maintained 

argon environment. The SiOC prepared had 43 % by weight of free carbon, which is 

separated within the amorphous SiOC matrix [25-27]. 

Conclusions 

The aerogel field has seen faster developments and modifications, and it still has a 

potential to grow further. The important factor is that the development should be that it 

doesn't significantly increase the cost amount for that might be a drawback. The cost 

prices should be economical for usage in the academic and the industrial fields. Owing to 

the huge number of single aerogel particles that are obtainable, consequent development 

should be solely based on implementation. Major attributes of product and limitations are 

to be investigated while studying a particular aerogel or tailor-made aerogel. This can be 

done by partnership and cooperation among academic researchers and industrialists. The 

following topics should be investigated further to advance this field. 

> Carbon Aerogel 

Hybrid Aerogel 

Aerogel for segregation 

Process development 

Substitute raw materials for the synthesis of aerogels 

Vn Ve Nie a Vi Surface modulation 
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Abstract 

Aerogels are nanoporous structures with low thermal conductivity, specific mass and 

refractive index. These materials can be divided into organic, inorganic and hybrid 

groups. The advantages of aerogels include their synthesis with raw materials from 

different natures, such as macronutrients, metal oxides, polymers, carbon allotropes and 

transition metals. Prospects for the future applications of aerogels focus on the synthesis 

of functional foods, medicines, impact absorbing materials, catalytic supports, and 

aerospace components. 
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1. Introduction 

Aerogels are solid, nanoporous, hollow-space materials that have their own 

physicochemical characteristics, such as surface areas and pore volumes specific for 

coating/encapsulation of bioactive compounds or drugs that have certain active 

principles. In addition, aerogels have low thermal conductivity, specific mass and 

refractive index. Because of these characteristics, aerogels are structures with potential 

for use in various segments, including the synthesis of functional foods, thickeners, food 

stabilizers, medicines, energy storage, environmental cleaning, water treatment filters, 

fuel cell electrodes and thermal insulation. These materials can be divided into organic, 

inorganic and hybrid groups [1]. 

The advantages of aerogels include the synthesis of these materials using different types 

of raw materials such as carbohydrates, specifically polysaccharides, as well as other 

macronutrients such as proteins and polymers extracted from biomass, which gives to 

these materials the nomenclature of bioaerogels, mainly due to the biocompatibility 

associated with these structures due to low levels of toxicity. Other matrices used in 

aerogel production include metal oxides, polymers, carbon allotropes and transition 

metals [1,2]. 

Different methods are used in the production of aerogels. The best mechanism should be 

defined considering the three-dimensional formation of these structures. The most 
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applied conventional method in the preparation of aerogels is called sol-gel reaction, 

which consists of a wet chemical synthesis, with precursor mixing, hydrolysis, 

polycondensation, gelation, aging and drying steps. Each step is adjusted by parameters 

such as temperature, medium pH, time, solvent type and precursor concentration [3-6]. 

From all the steps, drying is the main one, as the solvent removal is expected to preserve 

the 3D structure of the aerogel. Supercritical fluid technology represents an alternative to 

solvent removal, once it can maintain the characteristics of nanoporous structures [7]. 

In this context, this chapter aims to show the future perspectives of aerogels applications 

from different natures, in order to show the potential of these structures in different 

research areas, through synthesis techniques and previous studies. 

2. Future applications of bioaerogels 

The aerogels synthesis has drawn the interest of different segments due to the 

characteristics that these materials present which are high surface area, porous structure 

and low weight [7]. Bioaerogels can be formed through organic aerogels based on 

nanofiber polysaccharides of cellulosic materials, pectin, B-glucan, chitosan, chitin and 

starch [7,1] covering bioactive compounds. The interest in the use of renewable, 

biodegradable and biocompatible raw materials has been increasing, especially in the 

production areas of functional foods and medicines, in the direction of the synthesis of 

phytochemical transporters, aiming to improve controlled drug release mechanisms [7]. 

2.1 Bioaerogeis applied as functional foods 

Ubeyitogullari and Ciftci [8], in their research, developed the synthesis of nanoporous 

starch bioaerogels impregnated with phytosterols via supercritical CO> under the 

following conditions: temperature 70-120 °C, pressure 450 bar and volumetric flow rate 

of 1 L min. The impregnated phytosterols presented sizes ranging from 59-87 nm. The 

impregnation capacity reached 99 mg _ phytosterols/g bioaerogel. The produced 

nanoparticles represent a potential functional food, consisting of a consumption 

alternative from its dissolution in water, facilitating its practicality by changing the nature 

of the product (coating of phytosterols from hydrophilic substance). The presence of 

phytosterols in foods is interesting because of the anti hypercholesterolemic activity 

associated with these substances [9]. 

2.2 Bioaerogels applied as thickeners and stabilizers 

The study by Ubeyitogullari and Ciftci [10] developed the production of bioaerogels from 

camelin seed mucilage via supercritical CO2 under the following operating conditions: 
temperature 40 °C and pressure 100 bar. The bioaerogels presented a surface area of 240 
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m? g', with a size of 6 nm, a density of 0.05 g.cm? and a porosity of 0.94. These 

materials presented an open and porous 3D fibrillary network structure with good thermal 

stability, high viscosity due to high polysaccharide concentration, with satisfactory 

rheological properties, indicating that these materials are potential thickeners and 

stabilizers for food products. 

2.3 Bioaerogels applied as medicines and scaffolding in tissue repair 

Bioaerogels have physicochemical and biological properties that enhance their use as 

medicine, mainly because they have large superficial areas, high surface / volume ratios, 

and excellent biocompatibility, giving these materials the carrying capacity of bioactive 

compounds or drugs [1]. Polysaccharide-based bioaerogels have desirable intrinsic 

characteristics that allow their use in drug production, as well as perspective in the 

synthesis of tools that simulate extra cellular matrices, consisting of bioaerogels that can 

be applied in the pharmaceutical industry, as well as in scaffolding in tissue engineering 

[1,11]. Alginate and chitosan represent polysaccharides that have mucoadhesive 

properties of interest, which makes these carbohydrates potential materials to be used in 

medicated bioaerogels in order to prolong the permanence of drug control systems on 

mucosal surfaces, contributing to the improved drug absorption. Cellulose fiber-based 

nanoparticulate materials are applicable in tissue repair [1]. 

Tresoldi et al. [12] synthesized hybrid bioaerogels of chitosan, carboxymethyl] cellulose 

and graphene oxide. These materials can be applied to controlled delivery of 5- 

fluorouracil under specific temperature and pH conditions. Frindy et al. [13] produced 

collagen-based bioaerogels that can be applied as a biological dressing and promote cell 

proliferation. 

3. Future applications of polymeric aerogel 

Polymeric aerogel has been widely exploited in the last decade, especially from natural 

polymeric matrices. Polysaccharides extracted from plants, fungi, algae, animals and 

lignocellulosic biomass have increasingly taken up space in the development of new 

technologies [14]. Natural polysaccharides are an inexpensive and abundant option for 

the production of polymeric aerogel. The polysaccharides such as cellulose, starch, 

chitosan, alginate, carrageenan and pectin have been successfully applied in the release of 

drugs and bioactive compounds [15]. 

Polymeric aerogels have interesting structural and molecular qualities and can be used for 

purposes other than those already applied. The polymeric aerogels qualities such as 

nanopores, mechanical strength, structural network composed of molecular interlacings 
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and the possibility of being malleable makes these biomaterials attractive for possible 

future applications such as impact absorbing materials, catalytic supports, dielectrics for 

electronic materials and aerospace components. 

3.1 Polymeric aerogel as impact absorbing materials 

Polymeric cellulose aerogels are quite resistant, thus depending on the type of cellulose 

various applications can be explored. Nanofibrillated cellulose- polymeric aerogels have 

fibers ranging from 5 to 70 nm and three-dimensional polymer networks can be 

introduced to increase the surface area. These aerogels are resistant to external forces and 

can be applied in the production of impact absorbing materials [16,17]. 

Cellulose nanocrystalline polymeric aerogels are even more interesting for impact 

absorbing material applications. High mechanical properties are achieved by crystalline 

network composed of cellulose nanocrystals. In addition, the structure of cellulose 

nanocrystalline polymeric aerogel is known to be reinforced by high modulus hydrogen 

bonding of nanowhiskers, improving barrier properties and mechanical properties [18]. 

These aerogels could be used as impact absorbing materials, such as absorption pad 

coverings. Several possibilities could be explored, for example, special tools or methods 

for implanting or extracting artificial joints, accessories and bone grafts. 

3.2 Polymeric aerogels used as catalyst supports 

Heterogeneous catalysis has been applied in the chemical industries, in energy 

production, and in the process of environmental remediation. This process occurs on the 

surface of a catalyst particle, and two types can be identified depending on the type of 

catalysis, thus they can occur on solid-gas or solid-liquid interfaces for thermal catalysis, 

and solid-liquid or solid-liquid-gas for electrocatalysis [19]. 

Most catalysts are nanomaterials, except when enzymes are used; in these cases they are 

biomolecules with high molecular weight. In cases where the catalysts are nanomaterials, 

polymeric aerogel can be used as a support material for loading these catalysts [19]. 

Understanding aerogel structure can help in architectural engineering for adding 

catalysts. The addition of small molecules as metal catalysts in the polymeric aerogel 

structure can be considered, since the challenges for the application of this technology 

may be related to catalytic capacity. Thus, polymeric aerogels could be used as platforms 

for controlled release of catalysts, managing the catalytic capacity of the process, In 

addition to small catalyst molecules, others such as enzymes could also be explored and 
released from catalytic bases. Polymeric aerogels could serve as molecular coupling 
bases for enzymes. Enzymes could be attached to aerogel by grafting reactions as part of 
the basic structure of aerogel. These enzyme-grafied polymeric aerogels could be used to 

218 



Aerogels |: Preparation, Properties and Applications Materials Research Forum LLC 
Materials Research Foundations 84 (2020) 214-229 https://doi.org/10.21741/9781644900994-9 

remediate reactions in a controlled manner, i.e. these could be applied to all industrial 

processes such as drug and food production. 

3.3. Polymeric aerogels can be used as aerospace components 

Technological development and space exploration have both been side by side. Since the 

beginning of space exploration the production of innovative technologies has been the 

essence of success. The production of space exploration components, from electronics to 

food, has undergone several changes. The changes are influenced by the new 

geopolitical, socioeconomic and environmental reality of the world [20]. 

With the development of a new mindset in space exploration research, new, more 

sustainable, inexpensive and versatile features have been applied. Among these features, 

polymeric aerogel can be used in a variety of ways. Several technologies could be 

developed based on natural and modified polymeric aerogel. Just remember that every 

scientific development needs human minds interested in exploring unimaginable 

challenges. Among the possibilities of polymer aerogel applications, food formulation 

and sustainable packaging would be interesting [21]. 

Food to be used by astronauts has been a focus of research since the beginning of space 

exploration. Most of the food is dehydrated and packed in little reusable containers. As a 

proposal for polymeric aerogel applications in food, the production of edible packaging 

would be interesting. The production of packaging with polymeric aerogel has been 

evaluated, however, it is yet to be accessed under aerospace operating conditions. The 

production of smart packaging and adaptive space exploration conditions could maintain 

the quality of food and make it more viable [21]. 

4. Future applications of carbon aerogel 

The use of carbon aerogel (CA) has expanded over the past decade due to the worldwide 

trend towards green and sustainable appeal. Thus, the development of carbon polymer- 

based aerogel has attracted broad interest from researchers seeking new materials and 

applications [22]. The development of new technologies and the production of new 

hybrid materials will include the development of carbon aerogel. 

Carbon aerogels (CAs) are another class of porous, nanostructured carbon materials with 

high surface areas and large volumes of mesopores obtained by the carbonization of 

organic aerogels prepared by sol-gel polycondensation of certain organic monomers or by 

methods without the use of sol-gel chemistry models [23]. Carbon aerogels are materials 

prepared by pyrolysis of bioerogels and polymeric aerogels. These materials become 

attractive due to their characteristics such as non-toxicity, low cost and availability. In 
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addition, organic polysaccharide-based aerogels have several beneficial characteristics 

compared to inorganic aerogels, such as high surface areas and very porous structures, 

excellent electrical conductivity, high performance over a wide temperature range, good 

chemical stability in strongly acidic and alkaline solutions, besides being a biodegradable 

material [24]. 

Carbon aerogels have been used in several areas such as environmental, civil, 

electrochemical and food engineering. In addition, studies suggest that aerogel 

characterization and its life cycle should aim to increase the production from bench scale 

to pilot scale for commercial applications [25-27]. For the use of carbon aerogel as 

encapsulation method, comparative studies with other types of encapsulation are required 

[27]. 

According to Smirnova and Gurikov [24], the primary scope of carbon aerogel research 

should be to establish quantitative relationships between aerogel properties and the 

chemical nature of raw materials, as well as their combinations. In addition, the search 

for appropriate raw materials should aim for sustainability and lower prices, especially 

for commodities applications. 

4.1. Future applications of carbon aerogels as photocatalytic components, 

electrodes and supercapacitor 

Carbon aerogel has already been used in applications such as photocatalytic components, 

electrodes and supercapacitors. However, these studies are very recent and the 

development of these new technologies will still undergo fundamental changes. 

According to Justh et al. [28], resorcinol-formaldehyde polymeric aerogel grafted with 

monolithic structured TiO2 airgel/aerorgel composites were synthesized by the sol-gel 

technique and dried by supercritical CO2. Polymeric aerogel was transformed into carbon 

aerogel by pyrolysis at 900°C in dry No. The composite carbon aerogels from TiQ>- 

polymer and TiO2-carbon, prepared by atomic layer deposition, have photocatalytic 

properties. 

The study with electrodes and supercapacitors has been developed together, in a scientific 

effort to advance in these new biomaterials. In recent years, several studies have explored 

the potential of metal grafted carbon aerogel. Future applications with these materials 

suggest that industrial development may reach the technological level of highly efficient, 

inexpensive and environmentally friendly components. As reported in the study of 

Abdelwahab et al. [29], nickel-doped carbon aerogel can be used as supercapacitor 

electrodes. In the developed work, a series of Ni-grafted carbon aerogels at various 
oxidative stages were prepared and characterized by Raman and x-ray excited 
photoelectron spectroscopy (XPS). Although no micropore aerogels were produced, a 
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large increase in mesopore volume was observed. In addition, all Ni-doped carbon 

aerogels have high gravimetric capacitance due to the formation of graphite clusters. 

Although the development of supercapacitor carbon aerogel is quite advanced, some 

issues such as compression resilience, mechanical strength characteristics, 

electrochemical performance and conductivity have yet to be solved [30]. In the study 

developed by Zhang et al. [31], elastic and hierarchical carbon nanofiber aerogels and 

hybrids with carbon nanotubes and cobalt oxide nanoparticles were designed. The 

aerogels and their hybrids were produced from lyophilized, carbonized and CO>-activated 

polyvinylpyrrolidone electro-spun polyacrylonitrile nanofibers. The new electrodes 

showed high specific capacitance, reversible compressibility and excellent electrical 

conductivity. The authors conclude that the use of carbon and hybrid aerogel can be 

applied in the production of high performance, high energy density asymmetric 

supercapacitor. Yin et al. [32], reported the first use of organic material such as 

carbonized Aloe spp juice to be used as a carbon matrix in the production of a 

hierarchical 3D porous structure for devices such as asymmetric capacitors. Three- 

dimensional composites of Co30.4/C in network form and Aloe spp juice as carbon 

substrate for carbon aerogel production were hydrothermally manufactured and later 

calcined. The results show that the material has excellent pseudo-capacitive performances 

and high electrical conductivity from the organic base and 3D hierarchical pores. 

4.2 Materials against electromagnetic interference, lipid adsorbents and scaffolds 

for polymers 

Projected three-dimensional architectures based on carbon aerogel and constituents such 

as graphene and carbon nanotubes are preferable. The properties of these materials have 

been attracting the attention of researchers due to their excellent electrical conductivity, 

superelasticity, high porosity, flexibility and low density. These materials could be 

applied in many ways such as electronic components, protection against electromagnetic 

interference, electrode current collector, fabrication of adsorption materials, protection 

and adsorption of contaminants such as oils. [33, 34]. 

Although lightweight, three-dimensional carbon aerogels with superelasticity and 

mechanical strength are highly desirable, and designing these structures remains a major 

challenge. The main challenges are those related to the multifunctionality of the structure, 

which are a composition that offers fast negatively charged particles transport [35]. In 

general, the performance of carbon aerogels and doped cellular foams of other materials 

such as graphene and carbon nanotubes is determined by their shape, characteristics of 

chemical composition and grafts, as well as interphase properties between pores and 

leaves. [36]. 
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Liu et al. [37], synthesized graphene-based superelastic and multifunctional aerogel by 

interfacial reinforcement with graphite carbon. An interfacial reinforcement approach 

was designed. Heat treatment was applied to grapheme oxide sheets to convert this 

material to graphene, integrating it with turbostratic carbon graphite. Mechanical and 

functional properties of these materials are satisfactory, in addition to excellent shielding 

against electromagnetic interference from electrical conductivity, low density, reversible 

compressibility and resistant to stress. These materials hold great promise for various 

applications as previously described. Future development of this technology may lead to 

the production of new intelligent and safer technologies. 

5. Future applications of inorganic aerogels 

Inorganic aerogels are solid structures that have pores in the nanometer scale, resulting in 

a percentage of 90 to 99.8% of internal voids. As a consequence of these peculiar 

characteristics, they present specific surface area and pore volume which may vary from 

400 to 900 m? g? and 0.25 to 1.25 cm® g”, respectively. In addition to these 

characteristics, these materials have low thermal conductivity of approximately 0.012W 

mK"! and reduced specific mass from 0.06 to 0.103g.cm™ [38]. Due to their physical 

characteristics, inorganic aerogel structures enable applications in several areas, such as 

cell electrodes, water filters for effluent treatment and thermal insulation as the main 

applications used until today [39]. 

There are three types of aerogels: inorganic, organic and hybrid. In the case of inorganic 

aerogels, several substances may form these products, for example silicon dioxide (SiOz), 

aluminum oxide (Al2O3), transition metal and lanthanide oxides, calcogenide metals, 

organic and inorganic polymers, and carbon [38]. The most common types of inorganic 

aerogel are made using silica, carbon and metal oxides, but silica is the material most 

often used in experimental applications. Silica should not be confused with silicon, which 

is the semiconductor used in microprocessors, while silica is a glassy material commonly 

applied in thermal insulation [40,41]. 

5.1 Inorganic aerogels used as fuel cells 

Fuel cell applications for the production of more economical and high performance cars 

are a possibility of using carbon aerogel. The use of condensers to transform them into 

supercondensers may also be considered for the use of this type of aerogel. Another 

application that presents a possible solution to social drinking water problems is the use 

of carbon aerogel for water desalination, making it suitable for human ingestion [42]. 
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The use of inorganic aerogel could help to boost green technology because of its high 

energy storage capacity, but the impasse that currently exists for the use of these 

materials is their high production cost, which prevents large-scale production of the 

material. Therefore, it is necessary to carry out studies to reduce production costs to make 

it more accessible and consequently enable the emergence of new technologies [38]. 

5.2 Inorganic aerogels used as catalysts 

Inorganic aerogels can be produced from metallic structures and are applied in reactions 

of substance transformations. Other applications include the production of carbon 

nanotubes for use as sensors for medical diagnostics and treatments. Inorganic aerogels 

can also be found in the area of explosives production. Metal aerogel can have magnetic 

characteristics, which also offers the possibility of several other practical applications 

[43-45]. 

The brilliant color range differentiates metal oxide aerogels (iron oxide and chromium 

oxide) from the most well-known silica aerogel. When transformed into aerogel, iron 

oxide has a metal characteristic rust color. On the other hand, chromium oxide aerogel 

has a blue or dark green color. Each type of structure results in different color [46-49]. 

The silica aerogel is bluish in color due to the characteristic of its molecules (larger size 

in relation to the wavelengths of light). This material spreads shorter wavelengths of light 

more easily compared to larger wavelengths. For this reason, the blue and violet colors 

reflect more compared to other shades in the visible spectrum. Human vision perceives 

wavelengths in the form of colors, and blue wavelengths are more noticeable than violets 

[38, 40]. 

Conclusion 

Prospects for future applications of aerogel focus on the synthesis of functional foods, 

medicines, impact absorbing materials, catalytic supports and aerospace components. 

These applications highlight the importance of these structures as an alternative for the 

production of materials through natural resources, providing indispensable tools to 

different research and industry segments. Although studies indicate such applications, it 

is necessary to emphasize that the elaborated products must be subjected to more rigorous 

tests in order to guarantee their quality. In addition, it is necessary to know the largest 

number of specific characteristics according to the assigned purpose, especially with 

regard to the food shelf life, the medicines validity period and the useful life of 

accessories and equipment. 
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Abstract 

Aerogels possess low density, large surface area, and high porosity, as a result these are 

considered as the fascinating materials of the 21‘ century. Aerogel materials have a broad 

range of extraordinary properties and, therefore, have a remarkable number of 

applications. Several industrial applications of aerogels are under advance development, 

like particle detectors, catalysts, and thermal insulators. As the researchers realized their 

peculiar and extraordinary properties, newer applications of aerogels started emerging. 

There are technical and scientific applications, besides increasing industrial applications 

of aerogels. This chapter addresses the recent patents on aerogels. 
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1. Introduction 

Aerogels are the most important and interesting materials of the 21% century. The 

exclusive synthesis approach develops materials possessing low density and thermal 

conductivities, high specific surface area, porosity, and dielectric strengths. Because of 

such properties (Fig. 1) [1], aerogels are used in sensors, coatings, aerospace, energy 

generation, energy storage, implantations, and biomedical instruments. Aerogels are the 

lightest solid materials known and produced nowadays on an industrial scale. They are 

low density (typically <0.2 g/cm*), high-porosity (>90% v/v) nanostructured solids 

obtained by drying almost any kind of wet gel under conditions that preserve their 

volume. The gels can be formed as monoliths or particles of different shapes and sizes. 

Depending on the type and mechanical stability of the gels, different drying processes can 

be used. Usually, the solvent filling the pores is converted or exchanged by supercritical 

fluid and subsequently vented out, eliminating the capillary forces that would collapse the 

nanostructure during a simple evaporative drying. However, sometimes, this effect can 

also be achieved by freeze-drying or even evaporative drying if the gel structure is strong 

enough to withstand ice crystal growth or capillary forces. Additionally, gels with 

modified surfaces may exhibit a spring-back that allows for evaporative drying without 

significant pore collapse [2-4]. 

The first aerogels were developed by S. Kistler in the 1930s [3]. He utilized various 

materials like alumina, silica, derivatives of cellulose, and rubber to synthesize aerogels. 

The manufacturing process developed by him is still active today. Initially, a hydrogel 

was developed, which undergoes several solvent exchange steps to replace the water with 

an organic solvent to produce an organogel. Aerogel is formed after processing and 

drying of organogel under a supercritical atmosphere to retain extremely high porosity. It 

follows that aerogel is a highly porous material composed of many pores that may be 

empty or filled, or partially filled, with gas (usually air) [5]. 

In the literature, a broad range of aerogels have been recorded, developed from carbon, 

silica, chromia, alumina, and tin oxide. Additionally, metal oxides, resins, biopolymers, 

and chalcogenides are some materials that are used to produce aerogels. Aerogels are 

employed in the nanotechnology field, integrating a range of nano-substances in the 

matrix of aerogel to develop composite aerogels. Aerogels are a fascinating synthesized 
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solid material and their appearance attracts attention, the way light is dispersed through 

the material, giving them a translucent and smoke appearance similar to that of glass with 

silica aerogels. Some such as aerogels prepared from biopolymers look like soft, thin 

foams, while others such as carbon-based aerogels look like crunchy black bodies. They 

feel fragile and light to the touch because they are formed by up to 90-99% of gas or air 

[5-10]. 

Since the early 2000s, because of the rapid development of processing techniques, new 

compositions, structural reinforcement strategies, drying methods, and the sustainability 

of their synthesis, aerogels have become an emerging class of material with great 

potential of advanced technological applications [11-13]. The field of aerogel is 

exploding; most recent potential applications of aerogels are tabulated in Table | [14- 

30]several patents have been granted in diverse applications of aerogels throughout the 

world, which are listed in Table 2 [31-59]. 

Properties of Aerogels 

Thermal |)p@nosity) optical acoustic’ Mechanical ‘Blectrcal 

v 

Insulating — solid, 

Transparent, High 

Temperature, 

Light weight 

Homogeneous, tae pemacive | See acess 

High SA, Multiple Se solid. sound } Elastic light ee is igh composition, Transparent, : rare e " ris : e . 

Lightest synthetic Multiple Ee a iach: I, 

solid ee | igh surface are 
compositions 

Building 

insulating | Sensors, Lightweight 

material, space | catalysts, optics, special 

vehicle and | sorbers effect optics 

detection 

Sound Energy Dielectric, 

absorption absorber, vacuum 

material, hypervelocity, __ electrode, 

Speakers particle trap Supercapacitor 

Fig. I Properties of aerogels with applications [1, (A.C. Pierre, A. Rigacci, SiO2 
aerogels, in: M.A. Aegerter, N. Leventis, M.M. Koebel (Eds.), Aerogels Handbook, 2011, 

Springer, New York, NY, pp. 21—45)]. 
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Application Aerogel type Decisive application Reference 

Thermal insulation in | Silica aerogels, carbon Thermal conductivity [14-16] 
form of monoliths; aerogels, biopolymers and Higher mechanical 

; aerogels such as pectin, stability, 
Eisuiatioa wee for alginate, and ies é 
textiles, pipelines, 

winter apparel; 

Drug delivery Biopolymer aerogels such as | Higher surface area, [17, 18] 
chitosan, cellulose, pectin, 

starch 

Tissue engineering Biopolymer aerogels Biocompatibility; meso [19, 20] 

and macro porosity in 
same material 

Medical implant Natural biopolymer Porous structure; liquid [21-23] 
aerogels, polymer (polyurea) | stability; 
crosslinked aerogels, biocompatibility; 
alginate-starch aerogels 

Cosmetics Silica particles Higher absorption [24] 
capacity; amorphous 
backbone aerogels 

Biosensors Gold nanoparticles/carbon Surface functionalization | [25-28] 
aerogels, silica aerogels, to ensure the selectivity 

graphene and its derivative | to target molecules, open 
aerogels porosity 

| 
Bio catalysis Silica aerogels Enzyme compatibility; [29, 30] 

pore size adjustments ie | 

Table 2 List of patents in the different areas of aerogel applications [31-59]. 
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PCT/US2003/0277 

2) 

PCTUS/2003/0277 

30 

PCT/US2007/0686 

92 

aerosols 

Aerosol generating 

device and method of use | 43 

thereof 

Aerosol generating 

devices and methods for 

generating aerosols 

having controlled 

September 

6, 2002 4] 
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6, 2002 [35] 
40 

PCT/US99/26799 

PCT/US2005/0003 
49 

PCT/US 1998/0006 

02 

EPapl5 3202 

EP 1503204 
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particle sizes 

anit oe : May 31, as 

- propellants in plastic 2006 

aerosols 

Aerosols comprising November [37] 

nanoparticles drug 12,1998 

Ormosil aerogels 
a1 te la Vis January 6, 

containing silicon [38] 
2004 

polymethacrylate 

A method for on-line 

analysis of polycyclic January 

a00gis4 aromatic hydrocarbons in 3 29, 1997 Sg. 

aerosols 

Aerosol hazard 

characterization and 
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Detection and analysis of 

chemical and biological 

aerosols 

[40] 2005/45 
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Ee 2000 
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April 23, 
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[41] 
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2. Applications 

The peculiar aforementioned physical properties derived from their microstructure and 

composition, and the possibility of controlling these properties by regulating the synthesis 

parameters during preparation, has introduced aerogels as highly efficient versatile 

materials that can be outstanding alternatives to materials that are commonly used today. 

Some of the applications are, however, in the development phase, and their use on a large 

scale is still limited. However, there are a few commercial technologies based on aerogels 

that make use of their super-insulating properties and thus reduce energy losses (Table 3) 

[59]. The capture and/or catalysis of gases or liquids can also be carried out by aerogel 

systems with an aim at capturing or neutralizing pollutants by controlling the composition 

of surface and structure. Systems based on aerogels have also been developed for the 

cleaning of water as chemical/ physical adsorbents and clarification of sea and brackish 

water by adsorption and capacitive deionization. Some compositions of aerogels have 

also been studied as advanced materials for life science and biomedical applications. In 

this context, aerogels can be designed from the molecular level to their macroscopic 

structure to be used, for example, as scaffolds in bone tissue engineering, absorbable 

implants for controlled release of drugs and substances, and as biological sensors. The 

most important applications of relevant aerogels are in energy savings, environmental 

remediation, and tissue engineering [59]. 

2.1 Patents on aerogel generators(WO 2004/022242 Al) 

There are various fields in which aerogels are having many applications. These fields 

cover medicinal and nonmedicinal fields. While talking about uses of aerogels in 

medicinal fields, the use of medicated liquid in the aerogel form may serve as an 

example. An aerogel generator is used for producing aerogels, which then get inhaled 

into the patient's lungs. Besides above, dispensing insecticides, air fresheners, lubricants, 

and paint delivery may be cited as the use of aerogels in nonmedicinal fields. 

In addition, the devices of different sizes were also designed for the development of 

variable size aerogels. Since the application of aerogels varies according to their size. For 

instance, suppose we have to monitor the drug delivery in human lung, in this case, the 

desired mass median aerodynamic diameter (MMAD) of an aerogel should accord to that 

portion of the lung where the drug has to be delivered. MMAD reveals that at a particular 

diameter, the 50% of the particles by mass are larger and remaining are smaller. Usually, 

the aerogels of smaller MMAD are more effective compared to that of larger MMAD, as 

the aerogels are of smaller MMAD can cause extreme lung penetration as compared to 
the other ones [34]. 
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Table 3 Insulation branches where aerogel products have economic relevance [59]. 

Application | Installation cost 

Aeronautics | Overall design is simplified; 

Reduction in size; 

Light production; 

Lesser material cost 

Appliances 

and Apparel 

Significantly more complex 

than standard technology. 

3. | Building More elaborated due to lack 

insulation of experience; 

Comparable to conventional 

insulation; 

4. | Cryogenic Easier installation; 

Smaller overall pipe 

diameter or exterior 

dimensions 

agate High- | Smaller overall pipe 

temperature | diameter; 

insulation Exterior dimension; Easier 

installation; 

Offshore 

gas and oil 

Low weight; Fewer trips; 

More pipes per installation 

round trip; Smaller pipe 

diameter; 

Operating costs Economic | 

potential 

Smaller gross weight | High 

and ensuing additional 

capacity or fuel saving 

Energy saving 

increased thermal 

comfort for 

lightweight extreme 

performance clothes 

Decrease of cooling or | High 

heating energy and 

larger usable space 

Increase energy, 

lifetime, and building 

spaces; Decreased 

sensitivity to 

cryoembrittlement; 

Lower radiation losses 

Decrease area per unit 

length; Enhanced 

resistance and lifetime; 

Superior lifetime; 1 

Enhanced degradation 

resistance 

Some aerogel generators have a heated tube that can vaporize the liquid e.g. U.S. Patent 

No. 5,743, 251 discloses an aerogel generator having a tube with an open end and a 

capillary sized fluid passage. This tube can be heated up to a temperature so as to get 

liquid vaporized. This vaporized liquid spreads out from the open end of the tube and 

combines with the ambient air resulting in aerogel. The heater which is connected to a 

power supply, is arranged near the tube. The tube also has an inlet end from which the 

liquid material can be introduced [60]. 
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Other exemplary aerogel generator, includes a heated tube for vaporizing liquids to 

produce a condensation aerogel, are disclosed in commonly assigned U.S. Patent: 

Application No. 6234167 and in normally assigned U. S. Patent Nos.10/003437 filed 

December 6, 2001, and 09/956,966 filed September 21, 2001. Another US patent 

application number 2003270321 also discloses a method of generating aerogels in 

controlled particle sizes with the help of aerosols generators [61, 62]. 

2.2 Aerogel blanket and its production (PCT/US2014/022919) 

Insulative materials having low thermal conductivity and density are very useful. These 

materials are formed from aerogels. More particularly, silica aerogels are the best for 

making insulative materials. Those aerogels can either be mixed with some other 

materials like foams, fibers, and adhesives or sometimes can themselves be used as an 

insulating material. Using some techniques like solvent substitution combined with 

ambient pressure drying or via supercritical drying techniques, these aerogels are 

produced. While some silica aerogels are typically hydrophilic; however, the use of a 

specific treating agent can turn them as hydrophobic. 

An insulative aerogel blanket fabrication process is as follows. This method is effective 

in producing an insulative aerogel blanket with improved properties like lower 

corrosivity, a uniform and consistent construction, reduced levels of dust, and improved 

thermal insulation. These insulative aerogel blanket is known as wet-laid aerogel 

blankets. During the wet-laid process the particles in the blanket or the fibers are 

suspended in water. In these processes, optional materials such as pacifiers and fibers, 

aerogel particles are as well flocculated (floe).By developing a two-phase system i.e., the 

supernatant of substantial water and flocculated aerogel particles, the floe can be 

separated from the solution very easily. The blanket can be formed from the flocculated 

materials having an even distribution of the different particles. This uniform composition 

results in a stable aerogel blanket in which the distribution of the particles is consistent 

everywhere. This aerogel blanket is very useful in those applications where the 

temperature range is very high (650°C or even higher). Thus, under various standard 

conditions suitable for industries, including the above temperature, these aerogel blankets 

generate reduced or sometimes even no dust. The aerogel blanket produced in this 

manner may be noncorrosive and also have very little shrinkage at the high-temperature 

range. These kinds of aerogel blankets may sometimes be rigid or adaptable to various 

conditions and come in various shapes. 

Some other kinds of aerogel blanket can be made up of aerogel particles having a low 
density. These low-density aerogel particles have been gelled previously and dried. In 
this way, a single blanket having numerous types of aerogel can be formed. This method 
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of development of aerogel blanket can eradicate the problem arises during the formation 

of aerogel on a fibrous matrix. For making these aerogels blanket, a hydrophobic aerogel 

is being mixed with other additives like opacifiers, fibers, etc. or rather it can be mixed 

with a combination of different aerogels. The aerogel blanket can be formed without 

getting aerogel gelled and dried if fibers are getting mixed to hydrophobic aerogel. 

Usually, the aerogels can be produced using alumina. However, silica also has an 

important place in the formation of aerogels. Silica aerogels are always preferred over 

any other material in view of their thermal insulation properties. Further, silica aerogels 

are very light and also have poor thermal conductivity. These silica aerogels can be 

turned to hydrophobic by treating with certain agents as mentioned earlier and thus 

producehydrophobic silica aerogels that are very beneficial for the insulating applications 

as they are immune to moisture. In addition, there is no need for any additional treatment. 

These aerogels particles are found in the unbounded form. Sometimes these unbounded 

particles are bound by using some additional material or an adhesive or a substrate or by 

using a network of fibers. These aerogels are further having many applications in 

industrial processes as they can withstand high temperatures. Also, these aerogel blankets 

are best suitable for wherever there is a need for insulation in industrial application like 

pipe insulation, chemical processing equipment, machinery, a further example could be 

insulation for aircraft and its parts, aerospace insulation, insulated glass unit, building 

insulation, automotive insulation, and daylighting etc. [63]. 

Wet laid processes are very useful for inserting aerogel particles into an insulation 

blanket. U.S. Patent Nos, 7635411 [64] (both of which are incorporated by reference 

herein), describe wet laid processes. As per this described process, an aqueous slurry is 

used to disperse the various additives, aerogel particles, and fibers. A layer of various 

additives, aerogel particles, and fibers is formed by dehydrating the slurry. This layer can 

be dried and thus resulting in a nonwoven aerogel blanket. 

2.3. Cellulose aerogels PCT/GB2010/051542 

Till now, there are number of aerogels have been developed using different materials like 

carbon, silica, chromia, alumina, and tin oxide etc.Recently, due to biodegradable and 

renewable properties, cellulose has been utilized for the manufacturing of aerogels. Tan 

and co-workers [65] produced the first cellulose aerogels. These aerogels displayed a 

specific surface area of 300 m?/g with bulk densities in the range 0.1-0.35 g/cm’, whereas 

other aerogels displayed specific surface area between 600 and 000 m?’/g with bulk 

densities in the range 0.004-0.500 g/cm? and porosities up to 99%, Different 

manufacturing processes, along with different starting materials, result in different 

structural properties of aerogels such as a sound insulator, catalysts, support for catalysts, 
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particle filters, thermal insulators, storage for gases, and many more. Especially, cellulose 

aerogels have discovered as a useful material in the pharmaceutical and medicinal field, 

due to biocompatible and biodegradable properties. 

Cotton may be used as a natural source of cellulose. The amount of hemicellulose, lignin, 

and natural waxes/oils varies from species to species, with cotton being almost purely 

cellulose. Cellulose is fibrillar and is a semi-crystalline polymer where the crystalline 

sections have nanosized dimensions. There are two distinct regions observed within 

cellulose, the crystalline and amorphous. In the crystalline regions, the chains of B-D- 

glucopyranosyl units are held together in a highly ordered array by van der Waals and 

hydrogen bonds. The remaining amorphous regions display randomly arranged cellulose 

chains and act as structural defects. 

The acid hydrolysis of native cellulose under controlled conditions yields cellulose 

nanoparticles by preferential hydrolysis of the amorphous regions. The hydronium ions 

penetrate the amorphous regions in the cellulose and hydrolytically cleave the (1 - 4) 

glycosidic bonds. Mass transfer control (diffusion limitations) dictate the hydrolysis of 

amorphous regions before the crystalline ones. Therefore, under controlled conditions, 

such as temperature, time, and acid strength, preferentially, the glycosidic bonds in the 

amorphous regions are hydrolytically cleaved, leaving the crysialline sections mostly 

intact. Acids such as sulphuric acid may be used as catalysts to catalyze the production of 

cellulose nanoparticles from cotton. The hydrolysis of cotton typically yields high-aspect- 

ratio nanoparticles that are highly crystalline i.e. > 70% crystalline by weight of cellulose 

nanoparticles. The dimensions of the crystals can vary significantly depending on, the 

time of hydrolysis, source of cellulose, and the location of cellulose bearing plant growth. 

The dimensions of the nanoparticles can be controlled by varying the source material of 

cellulose and the hydrolysis conditions and duration [5]. 

The surface of the nanoparticle bears many hydroxyl functions. When the cellulose is 

hydrolyzed in sulphuric acid, a fraction of these hydroxyl functions is converted to sulfate 

groups. The hydroxyl groups enable network formation by hydrogen bonding. The 

deprotonation of the sulfate groups can cause some repulsion of the nanoparticles, and 

stable dispersions of the nanoparticles is formed. 

2.4 Some miscellaneous patents 

The modified aerogel’s production processes and their use (WO1996022942A 1): 

The discovery is mostly inclined towards the manufacturing process for reformed SiO2 
aerogels [66], which includes the following steps: 

a) Production of silicatic lyogel 
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b) Solvent exchanging of produced Silicaticlyogel to give another organic solvent 

c) The reaction of gel received from the first two steps with one chlorine-free 

silylation agent 

d) Subcritical drying of the gel obtained in the third step and use thereof. 

Method for producing organically modified, permanently hydrophobic aerogels 

(EP0946277A2): The discovery is mostly inclined towards the manufacturing process for 

originally reformed aerogels having permanent hydrophobic surface groups [67], which 

includes the following steps: 

a) Providing of a lyogel 

b) Washing of provided lyogel with an organic solvent 

c) Silylation of the gel surface obtained in the second step 

d) Drying of silylated surface gel 

A disiloxane of the formula (1) R3Si-O-SiR3 is used as a silylating agent in the third step 

where the radicals’ R mean individually, being the same or different, either an H-atom or 

a non-reactive organic linear, cyclic, branched aromatic/heteroatomic, 

saturated/unsaturated radical. 

Organically modified aerogels, a method for their production by surface modification of 

the aqueous gel without previous solvent exchange and subsequent drying and the use 

thereof (WO1998023366A1): The present creation is related to the manufacturing 

process for originally reformed aerogels [68], which includes the following steps: 

a)Providing a hydrogel 

b) Modification of provided hydrogel surface 

c)Drying of the modified surface of hydrogel obtained in the second step 

d) Drying of silylated surface gel and use thereof 

The present invention also relates to novel organically modified wet gels, a method for 

the production and the use thereof. 

Organically reformed aerogels preparation process with alcohols, wherein the 

resultant salts are precipitated (WO1997018161A1): The present discovery is related 

to the manufacturing process for originally reformed aerogels [69], which includes the 

following steps: 

Silicic acid sol production from an aqueous solution of K2O3Si utilizing at least one 

organic and/or inorganic acid 
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a)Polycondensation of produced silicic acid to develop SiOz gel, by adding a base 

b) Washing of produced gel by an organic solvent (water content in the gel must be < 

5 wt%) 

c)Surface modification of gel obtained in the third step by one C1-C6 alcohol at least 

d) Drying of surface-modified gel 

The process is distinguished by the fact that at least one acid is formed by the potassium 

silicate cation salts which is insoluble in the silicic acid sol. The resulting salts are 

difficult to dissolve and are precipitated out before the second step and isolated from the 

sol of silica acid. 

Method for preparing lignocellulose aerogel by using ionic liquid (CN102702566B): 

Utilizing ionic liquids prepared lignocellulosic aerogel method, relates to a process for preparing 

lignocellulosic aerogel. This method is developedto overcome the problems arises in the 

conventional method where the aerogels are prepared by directly using the timber e.g. 

problems arises due to direct use of timber and problem related to the disposal of raw 

materials [70]. 

The steps involved in this method are as follow: 

a)Pulverisation and sieving of timber to obtain the fine powder 

b) Heating and stirring of mixture of ionic liquid and wood powder to obtain the mix 

solution 

c)Freeze drying (-196 to -20°C) of mix solution followed by its melting at ~40°C for 

~10h 

d) Repetition of third step for ~9 times to obtain the lignocellulose gel 

e)Critical point drying of obtained gel to produce the lignocellulose aerogel 

Aerogel composite with fibrous batting (CN1306993C): Having a bulky batt 

reinforced aerogel composite material, preferably in combination with one or two types 

of short microfibers and each conductive layer of randomly oriented, which exhibit one 

or all of the following improved properties: flexibility, drape ability durability, seizure 

resistance, thermal conductivity XY, XY conductivity, RFI-EMI attenuation, and/or 

burnthrough resistance [71]. 
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Abstract 

The term aerogel is used for the cluster of materials, which exhibits definite geometry 

and certain properties with no set chemical formula. The astonishing physical properties 

such as non-toxic, high porosity with a large surface area, comparatively lightweight with 

other solids, inflammable insulation material. The sol-gel process implies the synthesis of 

aerogel. The composition of aerogel is controlled by some factors such as starting 

material, catalyst, and conditions of the preparation method. The physical and chemical 

properties of aerogel make it an interesting material for textiles, aerospace engineering, 

construction material and especially for energy-efficient retrofitting opportunities of 

residential buildings. In this chapter preparation methods of aerogel, state-of-the-art 

properties, and preparation of aerogel and future perspective of aerogels are discussed. 
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Aerogel, Nanoporous, Sol-Gel Process, Thermal Insulation, Surface Modification. 
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1. Introduction 

Aerogel is a broad term that is used for a group of materials used in space travel since 

1960 but now its availability increases in industries because of new findings related to 

these materials [1]. The superior characteristics of aerogel such as high porosity, the 

three-dimensional network structure of connected particles simulating a pearl necklace, 

with pores containing 99% air volume, is considered as the ‘marvel material for the 21* 

century [2]. Their remarkable physical properties make them more attractive among 

scientists and research centres. These are non-toxic, inflammable thermal insulation 

material with lightweight nanoporous solids containing fine, open-pore structure resulting 

in low density in the range between 0.003 and 0.15 kg/m? with high porosity and the 

large surface area of approximately 500-1000 m?/g. Mostly aerogels are known for their 

extraordinarily lightweight. Aerogels are considered to be one of the lightest materials 

synthesized in the laboratory, including the silica aerogel that is only 2-3 times heavier 

than air and could get even lighter by removing the air from its pore structures as shown 

in Fig. 1 [3]. This unique arrangement of a solid particle in network structure gives 

aerogels the status of the lowest density solid materials with an unlimited range of 

applications and finding their way in different branches such as thermal insulation, 

kinetic energy, filtration, paints and cosmetics, electronics, optics, nanotechnology, 

sensing, radiators in Cherenkov detectors, carriers, and biomedicine among others [4-7]. 

A variety of different terms used for aerogel including frozen smoke, solid smoke, solid 

air, solid cloud, and blue smoke owing to its translucent nature and the light scattering 

properties of the material. It feels like delicate expanded polystyrene to touch and is 

extremely light. The illustrative structure of aerogel is shown below. 

251 



Aerogels |: Preparation, Properties and Applications Materials Research Forum LLC 

Materials Research Foundations 84 (2020) 250-271 https://doi.org/10.2174 1/9781644900994-11 

Fig.l Explanatory structure of the aerogel [3]. 

To describe an aerogel a lot of different definitions have been discussed in the last few 

years. According to the terminology of the IUPAC, aerogels are gels comprising 

nanoporous solids in which the diffused phase is a gas [8]. The term aerogel is not used 

for a single material, but is used for a group of a material that exhibits definite geometry 

and certain properties with no set chemical formula and the physical properties of 

aerogels do not resemble with their name since it may be related to materials which 

compose aerogel. Recently, aerogel has become a material of attraction to scientists 

because of its exclusive physical composition that gives it the capability to improve 

technologies in a variety of fields [9]. The synthesis of these materials came in identity at 

the beginning of the 1930s, and since that time, many products have been produced, 

mainly using silica as a starting material. The aerogel first synthesized by Kistler in 

1931and who first used the term “aerogel” because of the liquid component of the wet gel 

exchange by the air without denting the solid microstructure [10]. Silica aerogel is the 

first synthesized aerogel by the sol-gel method using NazSiO; as a precursor of silica but 

saw little development for several decades. After the development of inorganic aerogel, 

including SiOz, AlzO3, WO3, Fe2O3, SnO2, and other inorganic oxide aerogels have 

become one of the most studied compositions. Further improvement comes up with a new 

method to replacing alcohol by liquid CO2 before the sample undergoes the supercritical 

drying process to avoid the dangerous path by heating pure alcohol at high temperature 

and pressure above its critical point and allow for the separation of liquid from the gel 

using supercritical-extraction process [11]. In 1980, Pekala [12] expanded the class of 
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aerogel by developing organic and carbon aerogel using the sol-gel process from organic 

polymer resorcinol formaldehyde. Since the early 2000 easy and cheap methods, new 

composition, structural reinforcement strategies are developed for their synthesis and 

aerogel becomes an emerging class of material with great potential of advanced 

technological application [13]. Organic aerogel exhibits higher mechanical properties as 

compared to inorganic aerogel [14]. The superior characteristics of the physical and 

chemical properties of aerogel make it an interesting material for clothing, aerospace 

application, construction material and especially an insulating material in residential 

buildings for retrofitting purpose, still, there is a lot of scope to application of aerogel in 

other technological application [15]. In the current development of new insulating 

materials, aerogel can be a promising alternative. The aerogels are deemed as one of the 

most promising families of materials for the insulating application because of their high 

thermal insulation properties [9]. Specifically, silica aerogel is the most studied aerogel 

because of its unique physical and mechanical properties, such as the lowest density 

among all aerogel and high thermal insulation. Traditionally, the synthesis process of all 

aerogel takes place through three steps: gel formation, aging, or solvent exchange and 

drying. Additional procedures can be combined to influence the arrangement and 

properties of the final product. A range of methods is involved in the synthesis of silica 

aerogel. 

2.1 Synthesis of aerogels 

The most common procedure used for the synthesis of silica aerogel is the sol-gel 

method. There are various parameters such as the activity of metal alkoxide, pH of 

solution, temperature, and nature of the solvents which can influence the sol-gel process. 

By varying these parameters, the material with a different functionalized surface can be 

obtained. Various salts, oxides, hydroxide, alkoxides, and amines are used as precursors 

provided these are soluble in a solvent. The main precursor for silica aerogel is silicon 

alkoxide. The sol-gel structure starts from the chemical breakdown of precursor in the 

presence of water and subsequent condensation reaction as shown in Fig. 2 [16]. The 

gelation is carried out by the addition of a catalyst and may take several days. To 

decrease the gelation time from several days to an hour; acid or base catalyst is added 

during this reaction [9]. The gelation is achieved when a continuous network structure is 

formed, and the solution no longer flows under the influence of gravity [16].The sol-gel 

reaction can be summarized according to the scheme where the breakdown of the 

compound takes place because of the reaction with water and condensation occurs 

parallel. 

253 



Aerogels |: Preparation, Properties and Applications Materials Research Forum LLC 

Materials Research Foundations 84 (2020) 250-271 https://doi.org/10.21741/9781644900994-1 1 

Hydrolysis 

R3M—OR + H20 <R3 —M—OH + R—OH 

Water condensation 

R3M—OH + HO—MR3< R3M—O—MR3+ H20 

Alcohol condensation 

R3M—OR + HO—M R;3 <* RsM—O—M R3+ R—OH 

After the sol reaches to the gel point, the silica spine contains several unreacted alkoxide 

groups, which can hydrolyse and condense for further strengthening of the network. The 

continuous process of chemical bond formation and hardening because of additional 

condensation reactions so as to change the physical state of matter is called aging. Drying 

is an essential step in the aerogel production, and relies on the extraction of the solvent 

from the matrix without disturbing the gel network producing a highly porous solid 

material with unaffected size and shape [17]. During drying, the break-down of the gel 

network occurs due to the capillary forces which arise because of intramolecular forces 

between the liquid-vapor interfaces set up in the narrow pores. This small diameter of the 

pores generates a large solid-liquid interface, which makes interfacial capillary forces 

capable to collapse the microstructure. The evaporation of solvent from wet gel to get the 

final product is the most crucial step. There are several drying techniques used, such as 

supercritical drying, ambient pressure drying freeze-drying. Supercritical extraction is the 

first and most effective process used for the preparation of aerogel. In this process, the 

liquid components of the wet gel are transformed into a gaseous state in the absence of 

surface tension and with minimal structural changes [13]. The supercritical CO2, the 

liquid state of carbon dioxide is used as a drying agent to replace the organic solvent in 

the aerogel with various advantages such as the recovery and reuse of pure solvent and 

supercritical CO2 can be expanded to the gaseous state avoiding unwanted phase change 

from liquid to gas. In contrast, when the solvent is removed from the gel using other 

traditional methods like evaporation under normal non-supercritical conditions, the 

product is known as xerogel. In this drying process, it may keep its original structure but 

often cracks because of the extreme shrinkage caused by intramolecular forces between 
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the vapor-liquid surface. In the supercritical drying process, controlling the heat and 

pressure at the critical point of the drying medium is very difficult and expensive. So, in 

recent years, ambient pressure drying has become popular in the scientific community. 

Many hydroxyl clusters present on the surface of the gel, which is responsible for the 

hydrophilic behaviour of the wet gel. These hydrophilic groups absorb moisture and 

because of the absorption of moisture, a large amount of attraction generates between the 

groups present on the surface area which damages the brittle 3-D composition of the wet 

gel. To maintain the composition of the wet gel, surface modification should be 

performed to change the hydrophilic behaviour of the wet gel. 

| Hydrolysis 

| Condensation 
> 

gelation 

Supercritical 

extraction 

Fig. 2 Preparation of aerogel [16]. 

The classification of aerogel is based upon their appearance, preparation method and 

chemical structure and classification based on the chemical structure can be further 

divided into single element aerogel and composite aerogel as given in Fig. 3 [18]. The 
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single element aerogel includes inorganic aerogel such as silica-based aerogel and 

organic aerogel. The composite aerogel contains organic-inorganic hybrid aerogel and 

described as the material in which organic fragments are incorporated within the 

structural component of inorganic materials. The primary purpose behind this 

combination (organic-inorganic aerogel) is to improve the properties of aerogel. 

Classification of aerogel 

On the basis of prepration 
method 

On the basis of 
chemical structure 

On the basis of 

appearance 

a. Monolith 

b. Powder 

a. Aerogel . Oxide 

b. Xerogel . Polymer 

c. «Film c. Cryogel . Hybrid 

Composites 

Fig.3 Classification of aerogel [18]. 

3. State-of-the-art of aerogel 

Since their first synthesis in 1930, aerogel has undergone tremendous advancement and 

changes throughout the years. Continuous development to synthesized numerous type of 

composite aerogel with extraordinary features increase their potential application in the 

various field especially in the building to make sound insulation rooms, air purificator to 

remove indoor contaminants, aerogel blankets and also open the door to the new ranges 

of opportunities in other fields like textile, electronics, aerospace, coating, and so on [19]. 

3.1 State-of-the-art properties of aerogel 

Since the development of aerogel, various methods, precursors, and techniques have been 

used to improve their thermal, mechanical, and physical properties. Traditionally 
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synthesized SiOz aerogel has poor mechanical properties and is difficult to use in thermal 

insulation and energy storage. Wang and co-workers [20] synthesized 

polyvinylpolymethylsiloxane aerogel with improved thermal conductivity and high 

surface area through free radical polymerization and hydrolytic polycondensation 

process. This silica aerogel holds up with an organic component that exhibits better 

mechanical strength with a high specific surface area. This doubly crosslinked polyvinyl 

polymethylsiloxane (PVPMS) aerogel resolves the brittleness of silica aerogel and 

inhibits cracking during the drying process [21-23]. Usually, silica aerogel has poor 

mechanical properties that limit its application commercially. The various processes 

developed to improve its mechanical properties [24-26] include the combination of fibers 

with aerogel [27-29], nanomaterial [30], changing precursor content [31,32], crosslinking 

by isocyanates [33-38] and polystyrene [39]. However, the main drawback of using fibers 

with silica aerogel is the dust drop due to the diameter difference between aerogel and 

fibers so fiber surface cannot be covered with silica aerogel and creates a void which 

increases the thermal conductivity of aerogel [40]. Safi and co-workers [41] developed a 

new method by impregnating silica gel on the composite of silica aerogel and glass fiber 

to improve its mechanical strength and heat insulation property. The group used silica gel 

particles for binding and improved the strength of the network of siloxane among the 

fibers by formulating a chemical bond with silica aerogel through the hydroxyl group of 

silica gel surface. The cavities formed between the silica aerogel and glass fiber 

composites were filled with silica gel, which not only improves its mechanical properties 

but also gives low thermal conductivity. The characterization of synthesized silica 

aerogel is done by using scanning electron microscopy (SEM), fourier transmission 

infrared (FTIR) spectroscopy, universal tensile testing machine, and thermal conductivity 

is measured by thermal constants analyzer. These synthesized aerogels possess excellent 

mechanical properties with super ultra-low heat insulation. Resorcinol formaldehyde 

(RF) aerogel is the most popular organic aerogel synthesized by sol-gel polycondensation 

of resorcinol and formaldehyde [42,43] and possess higher mechanical strength than 

silica aerogel. These properties are also influenced by the molar ratio of resorcinol, 

formaldehyde, and catalyst. The cross-linking of aerogel using cross-linking agent 

isocyanate is one way to improve its mechanical strength. The three-dimensional porous 

network of aerogel is mainly formed by primary particle and their size lies between 7-10 

nanometres. By the aggregation of these particles spherical shaped secondary particles 

formed. The compression forces broke the interconnected network of secondary particles 

while the primary particles do not affect by these forces. To enhance the strength of these 

particles, the aerogel is cross-linked with isocyanate, which leads to stronger aerogel. 

Aghabararpour and co-workers [35] prepared isocyanate cross-linked RF aerogel and 

used two different methods in situ and ex situ for cross-linking. During the in situ 
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process, the isocyanate which is responsible for crosslinking was added during the 

preparation of sol while in ex situ method, the wet gel was placed into the solution of the 

crosslinking agent. In the course of in situ process water is present in formaldehyde, 

which is responsible for the formation of urea linkage besides urethane groups. The urea 

linkage is stronger than urethane and forms a more robust aerogel in comparison to the ex 

situ process in which only the urethane linkage is present. Aerogels are excellent thermal 

insulator but their application in many fields restricted due to their poor mechanical 

properties. Researchers are continuously working in the direction to improve the 

mechanical strength of these materials. Aghabararpour and co-workers (2019) [44] 

investigated the effect of various crosslinker molecule structures on the mechanical and 

thermal properties of RF aerogel. In an earlier study; Aghabararpour [35], the researchers 

used only one crosslinking agent isocyanate to study the mechanical properties of RF 

aerogel but in the present study [44] three crosslinking agent were used: 1) crosslinking 

reaction by the addition of isocyanate, 2) crosslinking via the reaction of mono ethylene 

glycol(EG) and isocyanate groups(NCO), and 3) crosslinking by the reaction of 

glycerol(GL) and NCO groups. The sequencing of the addition of the crosslinking agent 

is the major difference between the two studies. In the previous study crosslinking agent 

is added in the wet gel after the step of aging, while in the present report, the process of 

crosslinking is carried out on final dried aerogel. In this process, the crosslinking agent 

disperses into the sample quickly and determination of mass diffusion is possible 

quantitatively but in the other studies, the diffusion of the crosslinking agent in the wet 

gel takes several days and only a qualitative analysis of a diffused mass is carried out. 

The morphology of synthesized aerogel is characterized by using SEM analysis and 

Brunauer-Emmett-Teller (BET) theory. Several organic components are used for the 

surface modification of the inorganic aerogel which is hazardous for the environment 

[45]. Organic aerogels derived from biocompatible and renewable materials have attained 

large interest in recent years. The nanocellulose based aerogels have drawn great 

attention in the research area. The high thermal and chemical stability and 

biodegradability make cellulose nanofiber-based aerogel good heat insulator. Zhou et al. 

[46] synthesized polyvinyl alcohol/cellulose nanofiber (CNF) aerogel/gelatin crosslinked 

hybrid organic aerogel by freeze-drying which is an eco-friendly method and studied the 

mechanical performance and thermal stability. The crosslinking is one of the appropriate 

ways for increasing the mechanical strength of aerogel. In this study gelatine, a biobased 

nontoxic and inexpensive material was used as a crosslinking agent and combined with 

the polyvinyl alcohol and cellulose nanofiber through hydrogen bonding. The freeze- 

drying technique is used for the drying process to avoid the collapsing of the network due 

to capillary pressure and it is an inexpensive and environment-friendly process for 
preparing CNF aerogel as compare to the supercritical drying method. The mechanical 
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properties, thermal conductivity, density morphology examined. The composites 

provided outstanding properties and will have considerable applications as a thermally 

insulating material. 

3.2 State-of-the-art of preparation of aerogel 

Aerogel has attracted the attention of the researcher community after 1980; since then 

different material has been used for the synthesis of numerous aerogel composites. 

Nowadays, to develop a highly porous material of aerogel, several types of chemical 

components are used which are dangerous for living species and removal of these 

components from the environment is very difficult [47]. The development of a green 

method for preparing silica aerogel with excellent mechanical features has remained a big 

challenge. 

Hu and co-workers [48] developed a green route for the synthesis of an ant inspired 

superelastic silicone aerogel. The robust network of this aerogel is carefully planned by 

regulating the hydrolytic condensation of the SiH, group. The properties of developed 

aerogel depend on precursor and reaction conditions [49,50]. The synthesis occurred by 

the sol-gel procedure in which methyltrimethoxysilane (MTMS) — and 

dimethyldimethoxysilane (DMDMS) were used as a precursor with the presence of acetic 

acid in trace amount..Kwon et al. [51] prepared and characterized spherical polyimide 

aerogel microparticles where polyimide (PI) used as a precursor for the development of 

aerogel with high mechanical strength and chemical stability. Polyimide based aerogel 

widely studied as an organic aerogel because of tremendous electrical and thermal 

properties with good mechanical strength and wide application [52-55]. PI aerogel 

microparticles have a convincing application in insulation, medical implants and catalyst 

support over film-shaped aerogel. However, after further studies, Lee et al. [56] 

introduced a new swelling method based on a spherulitic formation mechanism to 

synthesize spherical polyimide aerogel with tunable pore size. The group focused on the 

development mechanism of thermally treated polyimide aerogel as a semi-crystalline 

spherical polymer. They studied the changes in the formation mechanism of polyimide 

aerogel and also the effect of the swelling method on the properties of the newly 

synthesized polyimide aerogel such as pore size and shape. The concentration of 

polyamic acid and interaction between the solvent and polymer is affected by the 

swelling agent and thus modified the lamellar arrangement. 

Cellulose-based aerogel has become a hotspot in research in proposing great features 

such as sustainability, biodegradability, renewability, reactive surface, high surface area 

and porosity. Cellulose is an abundant natural resource and seems to be an excellent and 

novel oil adsorbent. Shi et al. [57] fabricated pomelo peel-based aerogel for usage as an 
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adsorbent for the extraction of lubricant and organic components. Different fibers and 

natural material act as a precursor to synthesized aerogel. The attractive feature of aerogel 

such as low density, three-dimensional network structure contributes majorly to the 

adsorption properties. The major motivation behind the intensive study on the 

development of cellulose aerogel because of eco- friendly, low cost, renewable properties 

make them potential alternative adsorbent [58]. To achieve the adsorption properties of 

aerogel, hydrophobic surface modification is a necessary step and can be done via 

esterification, nanocoating, carbonization, and salinization, etc. Pomelo peel used as a 

starting material which is pectin- rich fruit found in south-eastern Asia and it contains a 

rich amount of insoluble polysaccharide and lignin [59]. In this work, researchers 

prepared pomelo- peel based sponge aerogel via high-speed diffusion, along with the 

freeze-drying process, and silanization CH3Si(OCH3)3 and surface modification is taking 

place to convert into hydrophobic sponge aerogel. This aerogel was synthesized by the 

simple method without any harm to the environment. The morphological study is done by 

scanning electron microscopy and energy dispersed X-ray microscopy and FTIR and 

energy dispersive X-ray spectroscopy (EDX) techniques used for the identification of the 

chemical composition of the aerogel surface. The adsorption capacity, reusability, 

thermal properties, and wettability were also studied. Ye et al. [60] synthesized 

reticulated SiC aerogel using a template method and studied mechanical and thermal 

properties. The SiC skeleton is a deposit in the 3-D network porous structure of carbon 

foam which functions as a template and silica aerogel deposit into the SiC network. The 

commercially available grade malemain foam (MF) acts as a precursor of carbon foam by 

pyrolysis at high temperature for 4 hours, lower density carbon foam template obtained 

with the retention in 3-D opening network with highly porous structure. The deposition of 

an ultra-thin layer of SiC takes place on the outer space of the carbon foam by the 

chemical deposition method. The density of starting material malemain foam is 7.73 

Kg/m* and it is reduced to 6.8 Kg/m? of carbon foam skeleton. The silica aerogel is 

synthesized by using the sol-gel method. The Si/C aerogel composite is acquired by using 

the ambient pressure drying method. The carbon foam which is synthesized by pyrolysis 

of starting material MF is elastic and easily collapsed by shrinkage of silica aerogel. So, 

to prepare SiC skeleton MF used as a template that converts carbon foam into the SiC 

network and SiC coating is uniformly dispersed on the 3-D open skeleton of carbon 

foam. The morphology of SiC/ aerogel is investigated by SEM and X-ray diffraction 

(XRD). Thermal and mechanical properties study shown that the ultrathin net-like shape 
SiC skeleton remarkably improved compressive properties without affecting the heat 
insulation properties. The application of synthesized material may be increasing in the 
thermal insulation system. Wu and co-workers [61] developed fluorescent aerogel based 
on chemical bond formation between nanocellulose and carbon dots for the optic sensors. 
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Cellulose nanofiber offers various properties with low mechanical strength and 

hydrophilic nature which make aerogel structure collapse in water [62]. These drawbacks 

limited the application of nanocellulose based aerogel; so surface modification is one of 

the efficient approaches by using a crosslinking agent to react with the surface-active OH 

group of the nanocellulose to improve the poor mechanical properties of aerogel but most 

of the crosslinking agent are organic solvents and toxic which affects the nanotoxicology 

of the nanocellulose fiber (CNF) aerogel. In the following study novel and facile method 

is applied to synthesized nanocellulose based aerogel. The hazardous solvent-free 

fabrication path which depends on two natural bio-nanomaterial carboxylated cellulose 

nanofibers and carbon dots with an amino-modified surface was used to develop 

fluorescent aerogel. Cellulose nanofiber is an abundant natural material that is used as a 

precursor for the fabrication of aerogel and carbon dots are an appropriate fluorescent 

source to replace toxic metal-based quantum dots and organic dyes because they are 

biocompatible material and do not give photo-degradation reaction the presence of light 

[63-65]. There is covalent bonding that takes place between the carboxyl group of 

cellulose nanofiber and amino clusters of the carbon dots by a condensation reaction 

which gives structural stability to the aerogel. Carbon dots work as the fluorescent source 

and crosslinking agent which maintains the high porosity structure of the skeleton and 

improves the mechanical strength of aerogel by forming a three-dimensional network 

structure. Organic citric acid used as a source of carbon to produce carbon dots by 

hydrothermal treatment. The cellulose nanofiber aerogel was fabricated by the sol-gel 

process and subsequent freeze-drying process which is placed with amino-modified 

carbon dots aqueous suspension to form covalent bonding by a condensation reaction 

between the carboxyl group of carbon nano cellulose and the OH clusters of the carbon 

dots. The reaction started by the N-hydroxysuccinimideand N-(3-dimethylaminopropyl)- 

N’-ethylcarbodiimide hydrochloridecatalyst for one hour. Purification of aerogel takes 

place by washing with water 4-5 times to remove free carbon dots molecules and after the 

freeze-dried aerogel labels as fluorescent aerogel. The fabricated aerogel is highly 

sensitive to detect the NOx and aldehyde group as an optic sensor with excellent 

characteristics such as a lightweight, high surface area with a highly porous structure. 

The morphology of cellulose nanofiber and carbon dots was observed by transmission 

electron microscopy. Fluorescent properties of cellulose nanofiber and carbon dots were 

detected on a UV spectrophotometer. When the pure cellulose nanofiber is placed in the 

UV radiation and day sunlight it does not display fluorescence. After the modification 

with carbon dots component, all the aerogels exhibit clear blue fluorescence, which 

proved that the fluorescence properties of aerogel are maintained during the formation of 

a covalent linkage between CD and CNF components. Lu et al. [66] synthesized resilient 

SiC nanowire aerogel with high-temperature stability. The researchers developed a novel 
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method for preparing SiC nanowire aerogel (SiCNWAGs) in large amounts with the 

desired shape and low density. Recently few different ceramic aerogels developed from 

flexible nanostructure using various bottom-up methods, such as recoverable SiC 

nanowire fabricated by chemical vapor deposition method [67], boron nitride nanobelts 

aerogel developed by the freeze-drying method [68] and so on. But the complicated 

synthesis procedure and high-cost of raw material made their synthesis difficult at the 

commercial level. For the development of SiC nanowires, the microstructure of carbon 

fibers skeleton works as a three-dimensional space. Then the removal of carbon fiber 

skeleton is carried out using thermal-oxidation etching, which results in the formation of 

SiC nanowire aerogel. The aerogel possesses a high porosity, lightweight, good 

mechanical strength, high-temperature stability, and SiC nanowire are interconnected 

with each other. The thermal conductivity of bulk SiC material is 490 Wm''K" in SiC 

nanowire aerogel. 

4. Future prospective of aerogel 

Aerogel can be considered as a special form of solid that can be combined with a variety 

of components to produce a different type of composite aerogel such as silica, oxide, 

polymer, carbon, nanomaterial, and so on. Because of their ultra-low thermal 

conductivity, acoustic properties, low refractive index and dielectric constant and low 

density among all solid, it is an excellent material with many applications in different 

fields and these properties are generated by choice of precursor; the method used for the 

fabrication and optimization techniques. The addition of new materials into the aerogel 

will enable them to be used in new technological developments like a new 

supercapacitor, biosensor, antimicrobial coating, oil spill absorbing pads much more, The 

drying process is very delicate for aerogel to remove the solvent from nanopores without 

disturbing its structure is achieved by different methods [69]. The supercritical drying is 

an expensive and complicated process so the ambient pressure drying techniques can be 

an alternative that will undoubtedly make industrial production of aerogel much cheaper. 

Some factors affect the structure of aerogel such as a starting material of preparation, 

catalyst, and conditions of preparation method. Aerogel structure, properties, and the 

application can be changed by changing these factors. Silicon dioxide aerogels have some 

physical and environmental advantages in comparison with other materials available in 

the market. The researchers continuously work on the design and development of next- 

generation aerogels with superior properties to overcome limitations of the application of 

these materials in various fields such as biomedical technology. To remove this gap 

recent development of scientific-technological networking, take an initiative to assemble 
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various international experts and researchers to discuss the more effective and 

commercially available approach for the development of aerogel [70]. 

4.1. Thermal insulation 

Aerogel can be deemed as the “future of thermal insulating material “of the new era. 

Ultra-low thermal conductivity with optical transparency is one of the exciting features of 

aerogel, which is 1-10% of a solid and allows its application in roofs, windowpanes, solar 

collector covers. As the porous media have a composition in both solid and gas phases, 

therefore the process of heat transfer could be subdivided into heat transfer through a 

gaseous phase and heat transfer through a solid medium. The conduction of heat in the 

gaseous phase is caused by different mediums, such as a collision between the gas 

molecules [13]. Silica aerogel considers as one of the promising materials for the 

insulation in the building. However, intensive work will reduce the manufacturing cost of 

the silica aerogel to make it commercially available. An aerogel blanket is a combination 

of silica aerogel with fibrous material to strengthening the aerogel and improves poor 

mechanical features into a durable, flexible and hydrophobic material, suitable for 

building envelopes, inside or outside and it manufactured and sold in various countries 

[71]. In recent years, some aerogel products used to remove indoor air pollutants and 

clean-up of the outdoor environment [72]. 

4.2 Drug delivery 

Aerogel is a lightweight solid with high porous structure and surface area, biocompatible 

material that enhances the attention of researchers as a component of drug delivery 

vehicles [73-75]. Earlier, synthetic polymers such as polyethylene, polypropylene, and 

polydimethylsiloxane have been used for drug delivery systems; however, non- 

biocompatibility of these polymers is challenging. The polysaccharide is considered a 

natura! polymer and considered for a drug delivery system. 

4.3. Energy storage device 

Increasing environmental pollution draws the attention of researchers to develop 

alternative renewable energy sources that provide clean energy. The supercapacitor 

batteries are a good source of energy storage with eco-friendly and renewable properties. 

Especially carbon material is frequently used as an electrochemical capacitor because of 

its lightweight structure, high electrical conductivity, and high surface area [76]. Carbon- 

based aerogel can be an attractive material because of its superior characteristics. Aerogel 

is a three-dimensional nanoporous skeleton that can store more electrical energy than a 

conventional capacitor because of a large specific surface area, Many aerogel composites 
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are developed to be used in energy storage devices like in lithium-ion batteries; the high 

surface area of aerogel provides many reaction sites for lithium-ion batteries to improve 

energy storage capacity [77]. Graphene is an outstanding electrical and thermal 

conducting material with a 2-D structure, has great energy application but to improve its 

active sites, three-dimensional graphene aerogel is developed which becomes a promising 

material for the energy system because of its hierarchical structure [78]. 

There is a wide range of applications of aerogel like in tissue engineering, cosmetics, 

construction material, space application, separation technology, and sensing. It may 

increase in the coming years with the development of new methods and different 

aerogels. 
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