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Preface

Aerogels are one focus area of nanostructured materials research since the mid-1970s
and became especially popular in the last decade. Although proceedings of several
aerogel conference series are available and even a handbook on aerogels was published
some years ago, there is no text available still that treats the most important aspects
of synthesis, processing and properties of aerogels in a concise manner such that
a beginner in this research �eld can readlily become familiar with the concepts of
making aerogels and mathematical models describing their properties.

This book emerged from scripts written for �ve summer schools on aerogels which
were organised by the Aerogel Team at the German Aerospace Center, DLR, since
2008 in cooperation with the groups of Professor Irina Smirnova from the Hamburg
University of Technology, Professor Nicola Hüsing from the Paris-Lodron University
Salzburg, Dr Matthias Koebel, the Swiss Federal Laboratories for Materials Science
and Technology (EMPA) Dübendorf and Dr Gudrun Reichenauer from the Zentrum
für Angewandte Energietechnik (ZAE) Würzburg. These schools were open for mas-
ter�s, and PhD students, and postdoctorates and scientists from industry and academia.
The focus of these summer schools was practical exercises in the lab to learn how
aerogels are made and processed, how their properties are determined and how their
microstructures can be described. For all summer schools, a script was prepared giving
background information on aerogels and a detailed list of recipes to be used or cooked
by the students in the lab, and test procedures were described for their characterisation.

Based on these scripts, this book is a basic course in the physical chemistry and
processing of gels which can be converted to aerogels. We will use four different
materials (silica, resorcinol-formaldehyde, cellulose and alginate) to study the mech-
anisms allowing them to form gels either from solutions of monomers or solutions
of polymers, including a discussion of gelation mechanisms in dilute solutions such
as diffusion limited aggregation or polymerisation-induced phase separation. The
processes required to transform them into aerogels, such as ambient, freeze or
supercritical drying, are described and analysed in detail based on thermodynamic
considerations, solidi�cation and crystal growth and critical state theory. Since in
many cases the transformation of a wet gel to a dry aerogel requires an exchange of
the pore �uid to one being miscible with the supercritical drying �uid, problems of
solvent exchange and related issues such as shrinkage are discussed. The physical
background to describe aerogel properties, such as density, speci�c surface area,
porosity, diffusion, gas permeability, thermal and mechanical properties related to
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their nano- to mesoscopic microstructure will also be described in detail, and the
models used are presented and explained.

We hope this book is helpful for master�s and PhD students, postdoctorates as well
as beginners in this fascinating �eld of bulk nanostructured materials: aerogels.

The authors are very thankful for the many discussions they had with Irina
Smirnova, Matthias Koebel, Nicola Hüsing, Gudrun Reichenauer, Wim Malfait,
Falk Liebner, Luisa Durªes, Tatiana Budtova, Cedric Gommes, Aravind Ramaswamy,
RenØ Tannert, Marina Schwan, Maria Schestakow, Ameya Rege, Philipp Niemeyer,
Markus Heyer, Barbara Milow, Kathirvel Ganesan, Fei Wang, Britta Nestler and
Raman Subrahmanyam. We also thank all colleagues for carefully reading the script
in various stages. They all helped us to understand aerogels and provided original data
which we could use for illustration purposes.



1 Introduction

Aerogels are fascinating materials. Place a piece of a silica aerogel into someone�s
hands, and she or he is immediately fascinated, curious, how such a solid, stiff material
can be that light, transparent, and withstand a burning �ame of a welding torch and can
still be held in the hand without any feeling of �becoming hot�. The same experience
is felt if, for instance, you take a cellulose aerogel into your hands: it is equally stiff,
light, white and feels like a marshmallow without having a glueing touch to the �ngers.
A few questions immediately arise: how are such materials made, where is it applied
and why are they called �aerogels�?

In principle, the name says everything: the main component of this material is air
which is embedded into a very �ligree, solid network of very small particles or �brils.
This network can be designed in a way that the resulting aerogels have a density that
is only three times that of air and if evacuated it would be lighter than air.

If an aerogel is given to a chemist, a physicist or a materials scientist, each of them
would discover interesting properties which individually are also observed in other
materials. For example, silica (SiO2) aerogels have a high transparency that is close
to that of glass and a refractive index close to that of air, a thermal conductivity lower
than that of polystyrene or polyurethane foams, or very high speci�c surface areas,
which are also found in activated carbon, a low sound transmission also to be found
in soft polymeric foams. The unique feature of aerogels is the combination of these
physical properties in one material which can have various chemical compositions
ranging from organic to inorganic ones or hybrids of organic and inorganic materials.

1.1 What Exactly Is an Aerogel?

Aerogels belong to the more general class of porous materials. Materials are porous if
they contain cavities, channels or interstices �lled with air or a blowing agent (pentane
or carbon dioxide, for instance). The pores may be regularly arranged as in honey-
combs or zeolithes or metal organic frameworks (MOFs). However, the more common
situation is an irregular pore structure, as obtained by cross-linking of polymer chains,
aggregation or agglomeration of small particles or selective removal of elements of a
solid (e.g., by etching or pyrolysis, chemical bleaching of one phase of a two-phase
material). Porous solids can be further divided into closed-cell and open-cell ones.
A typical foam as made, for instance, by blowing of polystyrene or polyurethane with
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Table 1.1 De�nition of terms used to characterise porous solids.

Term Explanation

Porosity Ratio of the pore volume to the volume
occupied by the particles or �brils

Pore shape Ink bottle, cylindrical, funnel, or slit-shaped (see Figure 1.1)
Pore wall structure Smooth or rough, closed or nanoporous
Pore accessibility Closed, blind or through pores
Micropores Size � 2 nm
Mesopores 2�50 nm
Macropores � 50 nm
Density Skeletal density: density of the solid network

envelope density: mass per total volume
(volume = solid phase + closed pores + open pores)

Closed pore
Slit

Ink bottle

Funnel Th
ro

ug
h 

po
re

Figure 1.1 A schematic of a particle with various types of pores illustrating their de�nition and
understanding.

a suitable gas consists of cell walls separating the pores. In an open porous foam,
all pores are interconnected. An excellent overview about structure and properties of
porous materials is provided in the textbook of Lorna Gibson and Michael Ashby [1].
The physical properties of a porous solid and its reactivity are effectively in�uenced
by the kind, shape and size of the pores and of course the material it is made from.
Some technical terms are de�ned in Table 1.1.

The term aerogel is by no means clearly de�ned in the literature. There are many
de�nitions possible.

1. First, all materials prepared from wet gels by a special drying process, the
supercritical drying technique, were called aerogels irrespective of their
structural appearance and their properties. With the development of new drying
techniques, this de�nition no longer appears appropriate.

2. According to an alternative de�nition, materials in which the typical structure of
the pores and the network is largely maintained while the pore liquid of a gel is
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replaced by air are called aerogels. However, it is not always clear to what extent
the structure was maintained even in the case of supercritical drying.
Rearrangement and shrinkage in the gel body during drying are normal
phenomena!

3. Another de�nition used in this book would be that aerogels are open porous
nanostructured solids obtained from a sol�gel process, irrespective of the way a
wet gel is dried. This de�nition excludes many porous materials, which have
pores in the micro- to hundred micrometer range and excludes porous materials
made by some kind of foaming, templating techniques, formation of micelles and
others. One can make the de�nition a bit more precise by requiring that an open
porous material is only called an aerogel if the majority of pores are in the
mesoporous range, meaning the pores are mostly below 50 nm.

The unique materials properties of aerogels result from the special arrangement of
their solid network, which is schematically shown in Figure 1.2 for a SiO2 aerogel.

The microstructures of aerogels are characterised by well-accessible branched
mesopores and a solid network of nanoparticles or �brils spanning the whole volume,
meaning any branch of the network can be reached from any point. The pore structure
of aerogels can be formed in different way: it can result from the nucleation or
condensation of small (polymeric or colloidal) primary particles with a diameter of
less than 10 nm or by the formation and aggregation of �brils due to rearrangement
of polymer strands or by phase separation in passing during polymerisation (polycon-
densation), a miscibility gap. Usually the formation especially of nanosized particles
and their aggregation and network formation is controlled by a chemical process,
the sol�gel process, and the underlying thermodynamics of the system (solvent and
solute), leading for instance to a time-dependent miscibility gap and a possible phase
separation process.

The sol�gel process is most easily explained by some terms related to it. In a sol,
solid colloidal particles with diameters in the range of 1�1000 nm are dispersed in a
liquid. A gel consists of a spongelike, three-dimensional solid network whose pores
are �lled with another substance (usually a liquid). The pore liquid mainly consists of
water, but it also could be an alcohol or acetone or ionic liquids, salt-hydrate melts and
others. The resulting (�wet�) gels are therefore called aquagels, hydrogels, alcogels,
acetogels etc. When the pore liquid is replaced by air without decisively altering the
network structure or the volume of the gel body, aerogels are obtained. So-called
cryogels or lyogels are formed when the pore liquid is removed by freeze-drying.
A xerogel is formed upon evaporative drying of the wet gels, that is, by increase
in temperature or decrease in pressure with concomitant large shrinkage and mostly
destruction of the initially uniform gel body.

As previously mentioned, aerogels combine properties which make them attrac-
tive for applications: they are lightweight with densities in the range of 0.02�
0.2 g/cm3, have an extremely low thermal conductivity, typically in the range of
0.005�0.1 W/mK, a low speed of sound (typically around 100 m/s), huge speci�c
internal surface area between 100 and 3000 m2/g, can be brittle, but are elastically
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Figure 1.2 A photograph of a silica aerogel block. The typical appearance of such a tile
illuminated from the front is a light blue, stemming from so-called Rayleigh scattering of the
blue part of the light spectrum (looking throuh such a tile, it has a more yellow to orange
appearance, since the blue light is scattered into the backward direction). Part (b)
schematically illustrates an enlarged view of the particle skeleton building the solid network
having itself a further substructure of very small amorphous silica particles in the range of a
few nanometers. The structure of the amorphous silica particles (c) is taken from a �gure of
Lunt et al. [2], reproduced under Creative Commons licenses 4.0
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deformable to a few percent, and certain aerogels can exhibit plastic deformation
without breakage, can be made super�exible like soft rubber, have an adjustable
Young�s modulus, are typically electrically isolating but can be made electrically
conductive like carbon aerogels, are excellent sound absorbers, are permeable to
gases and humidity, can be functionalised in situ and then are especially useful as
sensors or for catalysis or adsorptive �lters. These properties are typically not all
found in all types of aerogels, but they depend strongly on the type of aerogel and the
way of chemical synthesis and drying procedure to get a suitable solid nanonetwork.
Looking at either newspapers or many introductory remarks in scienti�c papers,
aerogels are most often associated with lightweight or low density and especially with
low thermal conductivity. But these properties are not always a preferred feature in
several industrial applications, and it will be shown in this book that �lighter� is not a
property that goes along with, for instance, low thermal conductivity or high speci�c
surface area. The core essence of aerogels is their tuneable properties, and these are
found in a variety of shapes, from small beads, thin �lms to bulky pieces having lateral
sizes in the metre range and thicknesses up to many centimetres.

1.2 Aerogel Classi�cation

Aerogels can be divided into different classes according to their chemistry as
inorganic or organic.

� Typical inorganic aerogels are all oxides, such as SiO2, Al2O3, TiO2, ZrO2,
niobates, tantalates, titanates or mixed oxides such as mullite, but also carbides
such as SiC and SiOC or nitrides such as SiCN [3], and in the last decade even
pure metal aerogels have been developed [4�7].

� The organic ones can be further subdivided into mainly �ve subclasses,
biopolymeric, phenolic, protein based, polyole based and carbon aerogels derived
from them (although they are then, strictly speaking, inorganic ones).
� Biopolymeric aerogels are in the centre of research since just a decade. Typical

aerogels developed are cellulosic ones, chitosan, alginates, starch, pectin,
carrageenan and proteins.

� The phenolic type aerogels are generally based, after their discovery by Pekala
[8] on rescorcinol (a 1,3-dihydroxybenzene) or melamin, called RF and MF
aerogels, but also mixed types such as RMF. At the turn of the millennium
phenolic based aerogels were developed by Gross, Pekala and co-workers [9].

� The protein-based aerogels came recently into the focus, although the
corresponding hydrogels are known since centuries, for instance egg white.

� The polyol-based aerogels are for instance all types of polyurethane aerogels,
developed in the last decade, which are nowadays also industrially available
[10].

� Carbon aerogels are either made directly by pyrolysis of suitable precursors
(RF, RMF, cellulose) or directly from graphene oxide as graphene aerogels.
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Figure 1.3 Scanning electron micrograph of a cellulose aerogel (left �gure) exhibiting a
nano�brillar structure. Cellulose �brils are interconnected yielding a three-dimensional
network that also is able to transmit loads. The right �gure shows a particulate aerogel prepared
from resorcinol and formaldehyde. Courtesy of Ilknur Karadagli and Marina Schwan, DLR

Another way of classi�cation would be based on the micro- or nanostructure. There
are two different structures: a pearl-necklace-like chain of nanoparticles connected in
3D, as shown schematically in Figure 1.2 and in the right picture of Figure 1.3 or a
network of nano�brils in 3D, in which in contrast to macroscopic �bre felts the
�brils at their point of interconnection are chemically well bonded. An example is
shown in the left picture of Figure 1.3. Almost all biopolymeric aerogels belong to the
second class whereas the oxides, carbides, metallic and organic aerogels belong to
the �rst class. There are, however, exceptions, such as whey protein aerogels [11].

Another classi�cation would be the type of sol�gel processing. As mentioned pre-
viously, there are different ways of synthesis of aerogels.

1. One can start from monomers brought into solution, which then react with each
other forming oligomers and particles generally via hydrolysis and
polycondensation, which then connect in 3D to a gel network. This way of
sol�gel processing, let us term it the classical routine, is the basis of all oxide
aerogels and was already used by Kistler in his pioneering work on aerogels
[12, 13].

2. Another way is to dissolve polymers, such as cellulose, carrageenan, pectins etc.,
to their polymeric level and rearranging the polymer strands in the highly diluted
polymer solution to a new 3D structure of a gel by, for instance, cooling or
neutralisation of the dissolving agent or for special processes even by heating.
This unconventional sol�gel synthesis (sol�gel, since a solution is prepared and
gelation induced) is typical for biopolymeric aerogels.

A recently published comprehensive review on all aspects of aerogels is provided in
the Handbook Aerogels [14]. Older, but still enjoying excellent reviews, are the works
provided by Hüsing and Schubert [15] and Pierre and Pajonk [16].

In this book, we concentrate on the chemical synthesis and processing of four
different aerogels: two exhibiting a particulate microstructure (silica and RF) and
two showing a �brillar one (cellulose and alginate). These prototypes also serve to
explain both the chemical synthesis routes valid for many other aerogels. Since the �rst
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critical step in making aerogels is gelation, the formation of a wet gel, we discuss the
experimental techniques to determine the so-called gel point and models of gelation.
As mentioned earlier, the drying of a wet gel leads to aerogels, and therefore all
techniques described in the literature or used industrially to prepare aerogels from wet
gels are thoroughly discussed. The properties of aerogels are sometimes unique and
require a specialised knowledge on, for instance, gas transport in nano- to mesoporous
solids, heat conduction in such materials or their mechanical response. We present an
in-depth discussion of all aspects of the relation between microstructure and properties
such as density, speci�c surface area, porosity, diffusion, permeability and thermal
and mechanical response. Finally we present some well-proven and tested recipes to
prepare aerogels in a chemical laboratory.

1.3 A Brief History of Aerogels

Before we proceed, it makes sense to brie�y review the history of the discovery of
aerogels. Looking at, for instance, the Web of Science or Scopus and asking to look for
aerogels as a keyword, both easily produce a graph with the number of papers having
the term aerogel either in its headline or as a keyword, and it readily is found that
the number of papers on aerogels has increased exponentially in the last decade and a
half. Thus it looks as if aerogels are a modern and recent invention. This is, however,
not true. The �rst aerogels were prepared already in 1931 [12]. Steven S. Kistler,
professor at the College of the Paci�c in Stockton, California, was able to remove the
liquid from a wet gel without damaging the solid component. He discovered the key
aspects of aerogel production and coined the term �aerogel�:

Obviously, if one wishes to produce an aerogel, he must replace the liquid with air by
some means in which the surface of the liquid is never permitted to recede within the
gel. If a liquid is held under pressure always greater than the vapour pressure, and the
temperature is raised, it will be transformed at the critical temperature into a gas without
two phases having been present at any time. [13]

It is not astonishing, that the �rst gels studied by Kistler were silica gels, since they
were known for centuries to produces wet gels easily from a sol of aqueous sodium
silicate. He made attempts to directly convert the wet gels with water as a pore �uid
into dry aerogels by going beyond the supercritical point of water, 374.12�C and 22.1
MPa pressure, but he failed to do so, since supercritical water dissolves silica. He
then tried to exchange water with an organic �uid that was miscible with water by
�rst thoroughly washing the silica gels with water (to remove salts from the gel)
and then exchanging the water for alcohol. Putting the wet gel (now an alcogel) in
a high-pressure vessel and heating up beyond the critical point of the alcohol, which
is for methanol 239.35�C with a pressure of 8.084 MPa, and allowing the alcohol
to escape slowly from the vessel, he was able to prepare the �rst aerogel. The silica
aerogels produced in this way were transparent (see Figure 1.3), had a low density
and were highly porous. Kistler then thoroughly characterised his silica aerogels, and
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already prepared aerogels from many other materials, including alumina, tungsten
oxide, ferric oxide, tin oxide, nickel tartarate, cellulose, cellulose nitrate, gelatine,
agar, egg albumen and rubber. Organic aerogels came into focus especially in the last
decade. Although Kistler already commercialised silica aerogels (he built a factory
in Chicago with huge pressure vessels) and produced aerogel granulates, which were
used in refrigerators but also as thixotropic agents in cosmetics and toothpaste, his
invention of aerogels was forgotten, probably due to two other inventions, the easy and
cheap production of fumed silica, which also is a thixotropic agent and widely used
in industry today, and secondly the invention of polystyrene and poylurethane foams,
which are also lightweight and can have a very low thermal conductivity depending on
the foaming gas used. They are much better suited for large-scale industrial production
than aerogels produced by Kistler�s route.

Therefore, aerogels had been largely forgotten until Stanislaus Teichner at Univer-
site Claud Bernard, Lyon, discovered another way to produce aerogels. His technique
was a major breakthrough and paved the way for sol�gel chemistry to be applied
to aerogels. In his process, he replaced the sodium silicate used by Kistler with an
alkoxysilane, (tetramethylorthosilicate, or TMOS). Hydrolysing TMOS in a solution
of water and methanol produced an alcogel in one step which under supercritical alco-
hol conditions allowed to produce high-quality silica aerogels and not only granules
but also tiles of considerable size (the largest being made years later by Airglass in
Sweden had a size of 90 � 90 � 6 cm3). In subsequent years, Teichner�s group and
others extended this approach to prepare aerogels of a wide variety of metal oxide
aerogels [17].

After this discovery, new developments occurred rapidly, and the �rst aerogel con-
ference was held in 1985 (and proceedings published in 1986, [18]), and new compa-
nies were founded producing aerogels. Since silica aerogels are transparent as glassy
silica but are also open porous with porosities in the range of 90�99%, their refractive
index is much less than that of silicate glasses. Typical refractive indices are in a
range slightly above that of air (n = 1.0003). They are therefore well suited to �ll
the refractive index gap between air (index 1) and most solids and liquids starting at
around 1.3 up to diamond, having a refractive index of 2.4. The refractive index of
silica aerogels depends linearly on their density. Therefore, the �rst large-scale appli
cation and production of silica aerogels was for elementary particle physics detectors.
A so-called Cherenkov counter is used to measure the speed of a beam of elementary
particles. If an elementary particle (protons, electrons, positrons, anti-protons etc.)
passes through a material at a velocity greater than that at which light can travel
through such a medium (this is given by the vacuum speed of light divided by the
refractive index of the material), then light is emitted in a cone whose opening angle
allows determination of the speed at which the particle has passed the medium. Such
a detector requires huge quantities of high-quality silica aerogel tiles. The �rst appli-
cation was at the so-called TASSO detector at the DESY in Hamburg using 1700
L of silica aerogels (TASSO started to search for gluons, the bonding �eld particles
between quarks, in 1979) and one at CERN in Geneva using a 1000 L detector. These
aerogel tiles were produced at the University of Lund in Sweden. Soon afterwards,
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people from Lund founded the company Airglass Corp., which operated its business
until around 2005 and produced silica tiles of around 10 � 10 inches with a thickness
of around 1 inch and variable refractive index using the TMOS technology invented
by Teichner and co-workers.

Since methanol is toxic and its usage underlies severe regulations, several groups
developed processes to produce high-quality silica aerogels using tetraethylorthosil-
icate (TEOS) instead of TMOS and ethanol as a solvent. Replacing also the direct
supercritical drying of the solvent (methanol, ethanol) by replacing �rst the liquid
in the pores with carbon dioxide allowed use in much less hazardous conditions of
supercritical drying, since CO2 has a critical point of only 31.04�C at a pressure of 7.3
MPa. These developments made essentially in the Microstructured Materials Group at
Berkeley Lab in the early 1980s promoted further academic and industrial research.
In the late 1980s, researchers at Lawrence Livermore National Laboratory (LLNL)
led by Larry Hrubesh prepared the world�s lowest-density silica aerogel, which had
a density of 0.003 g/cm3, only three times that of air. BASF in Germany produced
until 1996 a so-called BASOGEL made from sodium silicate and solvent exchange
via supercritical drying with carbon dioxide. In 1992, Hoechst Corp. in Frankfurt,
Germany, also began a program in low-cost granular aerogels also using sodium sil-
icate as a starter. After a restructuring of Hoechst in the mid-1990s, Hoechst sold all
patents on aerogels to Cabot (Boston, USA), and now Cabot produces on the former
Hoechst site in Frankfurt, huge quantities of silica aerogel granulates essentially for
thermal isolation purposes but also as a translucent material in roof windows.

Another breakthrough in the science of aerogels was also made at the LLNL in
1989 by Rick Pekala, who developed an organic aerogel made from resorcinol and
formaldehyde. This aerogel was as light as silica aerogels, but opaque and with an
even lower thermal conductivity. The essential issue, however, was that it could be
converted by pyrolysis under a protective atmosphere to a carbon aerogel, which
then is electrical conducting. Soon after this discovery, carbon aerogels were used
as electrodes for batteries and supercapacitors. They outperform conventional carbon
black. A company was founded around the turn of the millennium, which is now
part of the Cooper Bussmann company. The company still produces carbon-aerogel-
based capacitors. The development of aerogel-based batteries is still an active area
of research.

Another important breakthrough in gel processing leading to aerogels was made at
the University of New Mexico. Jeff Brinker and Doug Smith showed 1995 that one can
eliminate the supercritical drying step by chemically modifying the inner surface of
the gel prior to drying. Their idea was to attach hydrophobic trimethylchlorosilane
groups to the inner surface of silica aerogels. This led to the discovery of the so-called
springback effect, meaning on evaporative drying the gel �rst shrinks, but since the
methyl groups at the pore walls of the gel repel each other, the dry gel elastically comes
almost back to its original shape and then is an aerogel without supercritical drying.

In 2003, Aspen developed a technology to combine a wet silica gel with a �uffy
�bre mat (glass or polymeric �bres) and supercritical drying of the composite gel to
yield continuously produced aerogel �bre mats, which can be handled and used as the
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well-known rock or glass wool in thermal insulation applications, but with a much
lower thermal conductivity of around 0.015 W/Km.

In the last decade and a half, organic and biopolymeric aerogels became popular
and are now a focus of research. Polyurethane and polyimide aerogels were prepared
having exceptional thermal and mechanical properties [19�21]. The starting point for
biopolymers could have been the cellulose aerogels prepared by Tan and co-workers
in 2001 [22]. Their work became well known and was mentioned even in newspapers,
since they measured the impact strength of the cellulose aerogel sheets (5 mm thick)
and could show that although their material had a high porosity, its strength exceeds
that of resorcinol-formaldehyde (RF) aerogels. Since then, aerogels from alginates,
carrageenan [23], starch, pectins and egg white have been synthesised mainly with a
focus on food and medical applications [24 26].

The last decade is characterised by the development of routes to prepare so-called
hybrid aerogels, meaning two different types of gels are mixed, such as silica with
cellulose or pectins, or RF aerogels with silica, chitosan-silica etc. [25, 27�33] to
optimise properties for applications.



2 Chemical Synthesis of Aerogels
from Monomeric Precursors

A wide class of aerogels start from a solution of monomers. They are produced in
three steps: formation of a solution to prepare a colloidal sol, gelation and drying.
Prior to drying, typically always �rst a so-called ageing procedure is necessary which
allows monomers and oligomers not yet built in the solid network to react with it and
stiffen the network. Then, secondly, a washing procedure is necessary to both wash
out the non-reacted chemicals and also to replace the gel �uid with a �uid that can
be exchanged with that �uid used for supercritical drying, most often today, carbon
dioxide. A new way, recently becoming again a focus of research, is performing
gelation and drying in one step using a high-pressure vessel avoiding washing and a
solvent exchange procedure. In the following two sections, we discuss the synthesis of
silica aerogels, the most prominent, classical and standard one and an organic aerogel
discovered 30 years ago, the resorcinol-formaldehyde aerogels.

2.1 Silica Aerogels

Silica aerogels are the most prominent of all aerogels. They were the �rst prepared
by Samuel Kistler [12, 13], the �rst which were and are produced on an industrial
scale either as granules [34] or as a �bre-reinforced felt [35] and they are still inten-
sively investigated, since the process of preparation still has room for improvement,
especially with respect to cost reduction.

Silica, SiO2, is the most abundant material on earth: it is almost everywhere in the
soil, deserts, beaches. It is mostly found in combination with other oxides. Almost
any stone contains silica. How is an aerogel made out of silica? Formally, one could
think of how expanding a piece of amorphous or crystalline silica by a factor of, let
us say, 100 could yield an open porous (nano)structure. This indeed can be done
in molecular dynamic simulations and yields structures which look very much like
silica aerogels, as was shown by for instance Patil and others [36�38]. A real-world
approach, however, does it chemically. Two different experimental routes have been
established yielding aerogels in the last four decades: one starts with water glass,
being already a colloidal solution of amorphous silica, and the second one uses alkox-
ides. Before we describe the reactions and mechanisms leading to silica gels and
upon drying to aerogels, let us summarise in Table 2.1 the typical properties silica
aerogels possess.
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Table 2.1 Important structural properties of SiO2 aerogels

Property Units Range Typical value

Bulk density g/cm·3 0.003�0.500 0.100
Skeletal density g/cm·3 1.700�2.100
Porosity % 80�99.9
Average pore diameter nm 20�150
Speci�c surface area m2/g 100�1600 600
Refractive index 1.003�1.24 1.02
Thermal conductivity W/(m K) in air, 300 K 0.012�0.021 0.016
Modulus of elasticity MPa 0.002�100 1
Sound velocity m/s � 20�800 100
Acoustic impedance kg/(m2 s) 104

The procedures leading to silica aerogels can and were also used to prepare
(semi-)metal oxides, gels and aerogels. Therefore, the chemistry of silica aerogels
outlined in this chapter is prototypic for many other aerogels. Excellent reviews
on especially silica aerogels and certain aspects of their preparation, properties and
applications were written in the past, and any reader is advised to look at them for
more information and a huge list of relevant literature at the time they were published
[14�16, 39�42].

2.1.1 Silica Aerogel Precursors

Two precursors for silica aerogels are used: sodium silicate and alkoxides. Before
discussing both approaches, let us de�ne a few terms:

� The term silane describes chemical compounds having the general formula
SinH2n+2 and that are therefore formally similar to alkanes (in which Si is
replaced by C). The simplest silane is SiH4, but two others are important in
aerogel synthesis: tetramethoxysilane Si(OCH3)4, TMOS and tetraethoxysilane
Si(OC2H5)4, TEOS. These are also called alkoxides, and in principle one can use
alkoxides of higher alcohols such as tetrabuthoxysilane.

� The term siloxane always describes compounds in which there is an oxygen bridge
between two Si atoms, such as �Si�O�Si�.

� The expression silanol describes a �Si�OH group; a hydroxy group is bound to a
silicon atom.

� The term silicic acid simply means Si�(OH)4.

Sodium Silicate as a Precursor
A classical way to make silica gels and therefrom aerogels is the utilisation of water
glass or more precisely sodium silicate. The general chemical composition of sodium
silicates is Na2xSiyO2y+x , which can be taken as a mixture of sodium oxide and
silicon oxide. Typically, sodium silicate is characterised by the ratio of SiO2 to Na2O.
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The classical way to make sodium silicate is to mix quartz sand with sodium carbonate
and heat the mixture in a furnace at temperatures between 1100 and 1300�C, such that
a sodium-silica glass results. Milling the glass to a powder and dissolution in water
at 150�C and at higher pressure, around 5 bars, leads to a colloidal liquid, called
water glass. This typically is alkaline in character and stable under neutral and basic
conditions, since the colloidal silica particles are all negatively charged and therefore
repel each other.

There are many variants of colloidal silica available and produced industrially
in huge amounts. Water glass is strictly speaking not a monomeric precursor for
aerogels, but already a nanosized particle-loaded dispersion, a sol. One of the most
signi�cant problems associated with utilising sodium silicate is the contamination of
silica with residual sodium. There are several methods for separating sodium from
sodium silicate-derived silica as already mentioned by Zsigmondy [43]. According to
him, Graham [44] diluted sodium silicate and reacted it with an acid to make silica and
an aqueous salt solution. The solution is then dialysed to get rid of the salt or cooked
to increase the colloidal silica concentration. Depending on the dilution, the residual
colloidal silica solution can be stable or gels after hours or weeks. The salts may
also be removed by adding an organic solvent to precipitate salt crystals, which are
removed by decanting or centrifugation. Another approach is to feed sodium silicate
into an acid ion-exchange bed which exchanges the sodium ions with protons, provid-
ing an outlet stream of silicic acid. Gelation typically occurs in the ion-exchange resin
at the reaction front, where the strong acid-base neutralisation occurs. Therefore, this
technique is not simple to use, since gelation of silica occurs rapidly when the pH is
lowered to about 6 (as discussed later). In any case, having succeeded in preparing
a silica sol being almost free of sodium allows one to make a gel directly by pH
reduction, adding an acid such as HCl, neutralising the charge on the nanoparticles
and thereby allowing aggregation to take place and forming clusters, which again
can aggregate eventually forming a gel. This gel then can be further treated to yield
an aerogel by either evaporative or ambient drying (see Section 5.1) or supercriti-
cal drying (see Section 5.3); typically, before drying, any acid in the gel �uid has
to be removed.

2.1.2 Monomeric Precurors

As a starting point to make silica gels, one could think to take silicic acid Si�(OH)4.
Silicic acid is a very weak acid which is prone to polymerisation. The solubility in
water is not higher than 120 ppm at room temperature and pH values below 7. With
increasing pH value in the basic regime, up to 1000 ppm are dissolvable. The solubility
depends on temperature and increases from around 100 ppm at 20�C to 350 ppm at
100�C. The polymerisation of silicic acid readily happens, making dimers, trimers
and rings. All these oligomers are in principle siloxanes such as (HO)3Si�O�Si�
(OH)3 for the dimer and (HO)3Si�O�Si(OH)2�O�Si�(OH)3 for the trimer. Imagine
a molecule of silicic acid as a tetrahedron: in its centre is the silicon atom and at the
four corners are OH groups. A dimer is then made of two tetrahedra oriented such
that they are top-on-top and the two OH groups have created a siloxane bond and left
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a water molecule. For a trimer, several corner positions are available on a dimer, in
principle six. A tetramer has even more possible positions, but one that is energeti-
cally favourable is already one which closes a ring of four tetrahedra. Therefore, the
condensation of silicic acid does generally not lead to linear chains of �Si�O�Si�,
but to rings, and from those easily to larger rings and particles, being more or less
compact. Important in these reactions is that always siloxane bonds are formed and
reactive silanol groups are always at the inner and outer surface of oligomers (rings).
Iler [45] made the destinction between an oligomer and a silica particle by de�ning
that particles have in their interior the anhydrous form SiO2 and only at their surface
are silanol groups (in contrast to oligomers).

The polymerisation reaction of silicic acid is strictly speaking a polycondensation
reaction. All silanols tend to produce an Si�O�Si bond, which has as a by-product,
water. In the reaction, formally one might think that not only monomers react with
each other but also dimers with monomers and dimers, trimers with dimers and
monomers, etc. This does, however, not occur. Iler discusses this extensively and
shows that always monomers are added to existing dimers, trimers or oligomers. This
is the classical way of a step-growth polymerisation.

As mentioned in Chapter 1, Teichner and co-workers [17] developed an alternative
route to prepare aerogels from metal or semi-metal alkoxides (in principle he was
not the �rst using alkoxides. Grimaux described the process already in 1884 [46]).
Alkoxides have the general formula R-O· in which R denotes an aliphatic rest, for
instance �CH3 or CH2CH3� for the methyl or ethyl group. In the case of interest here,
the alkoxy group is bonded to a silicon atom, which always means four of the alkoxy
groups are needed. Tetramethoxysilane (TMOS) and tetraethoxysilane (TEOS) are
both liquids at room temperature. Whereas TMOS has a density slightly larger than
water (1.032 g/mL), that of TEOS is slightly below (0.933 g/mL). Both are dissolvable
in organic solvents, especially methanol for TMOS or ethanol or 2-propanol for TEOS.
Addition of water induces a reaction called hydrolysis, meaning the alkoxy group is
replaced by a hydroxy group, such that formally if the reaction would go to complete-
ness silicic acid is produced. We come to this point in more detail later. Instead of four
alkoxy groups at a silicon atom, there are other precursors which have been especially
used in the last decade. These precursors have lower functionality, meaning one or
two of the bonds at a silicon atom are blocked by simply hydrogen, a methyl, ethyl
or vinyl group. Such precursors are for instance methyltrimethoxysilane (MTMS) or
dimethyldimethoxysilane (DMDMS). Figure 2.1 shows structures of these molecules.
Of course, one can replace in MTMS and DMDMS the methyoxy groups by ethoxy
groups and the methyl groups by ethyl ones. Changing the size of the alkoxy group
typically has an in�uence on the reaction rates, for instance the hydrolysis rate might
be lower.

2.1.3 Hydrolysis and Polycondensation

The �rst step of the preparation of gels from alkoxide precursors is their dissolution
in a mixture of water and an alcohol and adjusting the pH value of the solution by
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Figure 2.1 Three-dimensional pictures of the four important alkoxides used for aerogel
synthesis. The central bigger atom in light grey always is silicon, surrounded always by four
dark grey oxygen atoms in the case of TMOS and TEOS with either methyl or ethyl groups
attached to them. In MTMS, three methoxy groups are attached and a methyl group directly at
the central silicon atom. In DMDMS, only two methyoxy groups are bonded to silicon and two
methyl groups directly at the silicon. The hydrogen atoms are coloured as almost white.

an acid or a base. Two effects occur then: hydrolysis and polycondensation leading
to oligomers, particles, aggregates of particles and eventually a cluster spanning the
whole volume (for more details on gel formation, see Chapter 4). The overall process
was excellently visualised with a graphic going back to Iler [45] and is since then
found almost everywhere in the literature on sol�gel processing. We reproduce it in
Figure 2.2, and will then discuss the processes leading to gels.

The �rst process that always occurs once alkoxides come into contact with water is
their hydrolysis, described by the following reaction scheme:

� Si·OR + H2O Õ � Si·OH + ROH. (2.1)

The sequence from the left to the right is the hydrolysis, whereas the back reaction
is called esteri�cation. Once an � Si OH is formed, it can react with any other
alkoxide described formally by the following reaction scheme:

� Si·OR + Si·OH � Õ � Si·O·Si � + ROH, (2.2)

called an alcohol condensation (the reverse reaction could be called alcoholysis).
A third reaction does not lead to an alcohol, but water,

� Si·OH + Si OH � Õ � Si·O·Si � + H2O, (2.3)

and might be called a water condensation. The last two condensation reactions lead to
a siloxane bond. These three fundamental reactions show that the essential step is the
hydrolysis of the silicon alkoxide. There are many factors in�uencing these reactions:

� The pH value (also called in the literature the amount of catalyst)
� The type of molecular precursors used (type of alkoxide)
� The ratio of water-to-alkoxide (Rw)
� The solvent used and more speci�cally the dilution ratio (amount of water +

alcohol divided by the amount of alkoxide)
� Temperature
� Additives, especially surfactants but also salts and other electrolytes
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Figure 2.2 Scheme of the reactions leading under acidic conditions from monomers of, for
instance, silicic acid or silicon alkoxides to oligomers, particles, open networks of particles or
under base conditions to larger particles which also can aggregate to open porous networks or
simply sols of very large particles in the range of 100 nm and above. In this sketch, it is
assumed that the solution does not contain salts, since cations change the reaction processes.
Redrawn from Iler�s original picture [45] with permission from John Wiley & Sons

We are not going through all details but trying to concentrate on a few issues and give
a few examples. The interested reader can �nd many more details in the cited book of
Ralph K. Iler and the newer book of Jeff Brinker and George Scherer [3].

Let us �rst point to a simple issue, namely the solubility of alkoxides in water
and alcohols. As mentioned previously, alkoxides are immiscible in water but are
dissolvable to a large extent in alcohols. Therefore, typically a ternary solution is
prepared (TMOS or TEOS with water and an alcohol, most often TMOS in methanol
and TEOS in ethanol). Unfortunately, not that much thermodynamic data are available.
Only a few research groups experimentally determined the ternary phase diagram
and made an isothermal section through it. A new work of Wang and co-workers
[47] shows in addition to the solubility lines given by Brinker and Scherer [3] that
using pre-polymerised silica changes the solubility considerably. Figure 2.3 shows
an isothermal section through the phase diagram of TEOS-ethanol-water. To imagine
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Figure 2.3 Isothermal section at 25�C of the ternary system TEOS�ethanol�water. A broad
miscibility gap exists. To make a homogeneous solution of the three components, water and
ethanol must be added in huge quantities.

Figure 2.4 Under acidic conditions, a silicon alkoxide is protonated and forms an intermediate.
In the second step, water reacts with this intermediate leading to a replacement of the alkoxy
group at the silicon and the formation of the alcohol. The proton (H+) is again available for
further reactions.

the meaning of the miscibility gap, draw a straight line from the right-lower corner
to the TEOS-water side as sketched with the dashed line. Along this line, the molar
ratio of TEOS and water is constant. Going down the line from the TEOS-H2O side
means a continuous increase in amount of ethanol, and the system stays inside the gap
until it reaches the boundary line at approximately 0.33 mol fractions water, 0.54 mol
fractions ethanol and the rest is TEOS. The shape of the gap reproduces that TEOS
and water are immiscible and ethanol and water are largely miscible (they exactly
build an azeotropic system with an azeotropic point close to pure ethanol). Therefore,
preparing a homogeneous solution of TEOS and water requires use of an amount of
ethanol such that the whole system is inside the miscible region.

As mentioned already, having a solution of water, alcohol and an alkoxide always
initiates the hydrolysis reaction, meaning the alkoxy group on the silicon atom is
replaced by an hydroxy group. Under acidic conditions, the reaction follows the
scheme given in Figure 2.4, and under basic conditions it follows the scheme shown
in Figure 2.5. Under acidic conditions, pH smaller than 7, a silicon alkoxide is
protonated and forms an intermediate in which the oxygen atom bonded to silicon
gets a positive charge and attached are a hydrogen atom and the alkoxy group. In the
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Figure 2.5 Under basic conditions, the alkoxide reacts with the negatively charged hydroxy
group and forms an intermediate, which decomposes into the hydrolysed alkoxide and a
negatively charged alkoxy group.

second step, water reacts with this intermediate leading to a replacement of the alkoxy
group at the silicon and the formation of the alcohol, and the proton (H+) is again
available for further reactions. Therefore, one can also talk about the acid as a catalyst,
since it leaves the reaction unchanged. Under basic conditions, pH larger than 7, the
alkoxide reacts with the negatively charged hydroxy group and forms an intermediate
in which even the valency of silicon is increased. This intermediate decomposes into
the hydrolysed alkoxide and a negatively charged alkoxy group.

The rate of the hydrolysis reaction depends on the concentration of the catalyst,
both under acidic and basic conditions. The rate constant of the reaction decreases with
increasing pH value and has a minimum around pH 7. This means that under acidic
conditions, the hydrolysis rate decreases with increasing pH and increases above pH
7 the more basic it becomes. The reaction can be described as a �rst-order one [3,
p. 123]. There are several parameters modifying the hydrolysis reaction. First there
is steric effect, meaning the reaction rate depends on the length of the alkoxy group.
Let Me denote the methyl group, Et the ethyl group and iPr the isopropyl group. Then
the reaction rate orders such as Si(OMe)4 � Si(OEt)4 � Si(OiPr)4. There is another
electronic or inductive effect on the rate of hydrolysis. The electron density at the
silicon atom varies, depending on the type of group attached to it. If an alkoxy group
is there (�Si�OR), the electron density at the silicon atom is larger compared to an
OH group, and this is larger compared to �Si�O�Si�. Under acidic conditions, this
means that the reaction rate decreases the lower the electron density at the silicon atom
is, and vice versa under basic conditions. As pointed out by Brinker and Scherer [3],
this order has the following effect. With each hydrolysis step (meaning replacement
of one OR by an OH group), the hydrolysis rate decreases under acidic conditions,
whereas under basic conditions each subsequent hydrolysis step occurs more quickly
in as much as hydrolysis (and condensation) proceeds. Another parameter affecting the
hydrolysis reaction is of course the concentration of water, expressed as the molar ratio
of water to Si�(OR)4, Rw. In principle, since water is a by-product of the condensation
reaction, a ratio Rw = 1 would be suf�cient to replace all alkoxy groups by hydroxy
ones, leading to silicic acid. A ratio of Rw = 2 is needed to completely transform
all Si alkoxides to SiO2. In practice, a lower amount of alkoxide, Rw � 1, leads to
more Si�OH instead of Si�O�Si. But even if Rw � 2, not only Si�O�Si is formed, but
mixtures of the kind [SiOx(OH)y(OR)z]n with 2x + y · z = 4. This simply means
that whatever one does during preparation of a gel from a mixture of TMOS or TEOS
and water and ethanol, a silica network made via a sol�gel process will always contain
a certain amount of alkoxy and silanol groups. The Rw ratio has been varied in many
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Figure 2.6 Under acidic conditions, a silicon alkoxide or a partially hydrolysed one is
protonated and forms an intermediate, which then reacts either with a silicon alkoxide or a
partial hydrolysed one building a siloxane bond. Either water or the alcohol is a by-product.

Figure 2.7 Under basic conditions, the silicon alkoxide or a partially hydrolysed specimen
forms an intermediate, which decomposes into a siloxane-bonded silicon and a negatively
charged alkoxy or hydroxy group.

investigations throughout the literature to a large extent, the gel time was measured
and concentrations of the various species Si�(OH)n, Si�(OH)n(OR)m were measured
by nuclear magnetic resonance (NMR). Their time depending variation showed that
the larger Rw, the more rapid is the hydrolysis.

Having hydrolysed species, the formation of siloxane bonds (condensation) takes
place and runs concurrently to hydrolysis, which is evident looking at Eqs. (2.2)
and (2.3). The condensation reactions follow schemes given in Figures 2.6 and 2.7
under acidic and basic conditions. Under acidic conditions, a silicon alkoxide or a
partially hydrolysed one is protonated and forms an intermediate in which the oxygen
atom bonded to silicon gets a positive charge and attached to it a hydrogen atom
and the alkoxy group. In the second step, the intermediate reacts either with a silicon
alkoxide or a partially hydrolysed one and builds a siloxane bond with either water
or an alcohol as a by-product. Also, for the condensation reaction, H+ is unchanged
during the reaction. Under basic conditions, pH larger than 7, the silicon alkoxide or
a partially hydrolysed specimen reacts with a negatively charged silicon alkoxide and
forms an intermediate in which even the valency of silicon is increased. This inter
mediate decomposes into siloxane-bonded silicon and a negatively charged alkoxy or
hydroxy group.

The rate of the condensation reaction also depends on the pH value, and it was
observed that the condensation is a bimolecular reaction of second order. With increas-
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Figure 2.8 Schematic of the pH dependence of the reaction rates for hydrolysis and
condensation of silicon alkoxides in water-alcohol solutions. Whereas the hydrolysis has a
distinct minimum, the condensation reaction slows down at higher pH values due to
dissolution of already formed siloxane bonds.

ing pH value, the rate constant decreases to a minimum around pH 4 and then increases
again until pH 7. The condensation reaction under basic conditions is, as indicated in
the preceding schemes, always accompanied by possible reverse reactions, meaning
here that siloxane bonds formed can also be broken. This is especially important the
larger the pH. At pH values above 8, the solubility of silica increases considerably
until pH 14. This means the higher the pH, the lower the stability of siloxane bonds.
Thus the overall condensation rate does not simply increase in as much as the pH is
increased, but exhibits a maximum around pH 8�9. This contrasts to hydrolysis, which
only has a minimum at pH 7 but increases towards lower or larger pH values. In total,
one can draw a somewhat simpli�ed diagram shown in Figure 2.8.

2.1.4 Growth and Structure

Once dimers, trimers and oligomers exist, the question arises, how do they grow
with hydrolysis and condensation reactions happening simultaneously? The decisive
parameter for growth to larger polymers or particles is again the pH value. Under
acidic conditions, further condensation preferably occurs at the terminal silicon atom,
since the acidity of any hydrolysed species increases with the number of siloxane
bonds formed. A silicon atom surrounded by three siloxane bonds and one hydroxy
group is more acidic than one with two or more hydroxy groups. The consequence
is that once a silicon appears only bonded by siloxane bonds to neighbouring silicon
atoms, any further condensation reaction proceeds away from this at those sites still
having hydroxy groups, and the more reactive they are; see Figure 2.9.

Under basic conditions, condensation preferably occurs at the central silicon atoms.
There is a nucleophilic attack, meaning �rst all hydroxy groups are replaced by silox-
ane bonds, the faster the less hydroxy groups are at a silicon atom. Figure 2.9 has to
read just the opposite of the acid case: the darker a silicon atom is marked, the more
active it is. The result is a clear difference of the microstructure obtained. Under basic
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Figure 2.9 Schematic of the condensation reaction process under acidic conditions. The
condensation takes place at those silicon atoms to which the most hydroxy groups are attached.
The more siloxane bonds are formed, the less active is that site. The activity is schematically
shown with grey colours, the darker the less active.

conditions, one therefore expects that compact structures occur, while under acidic
conditions more open, branched polymeric structures will develop.

This difference was explained by Dale Schaefer [48] on the basis of small angle
X-ray scattering results (see also [3]). In his picture, under basic conditions reactive
monomers add to existing clusters (oligomers, particles) and make a new siloxane
bond. This is in full agreement with the statements made by Iler on the condensa-
tion reaction of silicic acid, as mentioned earlier. This is the so-called monomer to
cluster growth, or MC growth. Under strongly basic conditions in the presence of
large amounts of water, the number of hydrolysed sites at silicon atoms increases. As
the water/silicon ratio Rw drops, hydrolysis is less probable, and the reacting species
have unhydrolysed or blocked sites that resist polymerisation. The growth can still be
represented as a monomer-cluster addition, but not all sites are available. A few are
blocked by alkoxy groups. Although in principle alkoxy groups could also undergo a
condensation reaction, their reaction rate is much smaller than that of hydroxy sites.
This behaviour was called a poisoned-MC growth [49], meaning not all impingements
of molecules onto an oligomer lead directly to a siloxane bond, but several attempts,
such as movements on the oligomer surface or back movements into the solution, are
necessary before a siloxane bond is formed and thus the reaction completed. The result
should be compact particles probably with a rough surface.

Schaefer as well as Brinker and Scherer argue that under acidic conditions, the rates
of the hydrolysis and condensation are somehow reversed: hydrolysis increases with
decreasing pH, and condensation does the opposite. Therefore, reactive monomers,
meaning hydrolysed alkoxides, are produced in a huge concentration. This situation
leads in their picture to a classic realisation of a so-called reaction limited cluster�
cluster aggregation (RLCA) [49]. The structures observed are not compact, bulky
particles with a smooth or rough surface, but polymeric ones. This is in full agree-
ment with the previous statement that condensation proceeds at the terminal silicon
atom. Therefore, polymeric-like structures appear. Let us brie�y sketch a bit better
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the term RLCA. First, �reaction limited� is contrasted by �diffusion limited�. In any
type of reaction, there are two extreme cases: the transport of reacting species through
a medium (�uid, gas) determines the speed of reaction, and if this transport is by
diffusion or convective diffusion, one can say the reaction is diffusion limited. This
has a consequence: the speed of the reaction is then determined by concentration
�eld of the interacting species and the local gradients. In the cases of, let us say, an
oligomer or particle, its growth would be determined by the concentration gradient
at the interface and how it develops with space and time [50]. In contrast to this
situation, �reaction limited� means that there is an energy barrier to overcome between
two reacting species, before they build a new molecule or a molecule becomes part
of another larger molecule or particle [50, 51]. This leads to the situation that the
concentration �eld of the reacting species inside the �uid is not important and can be
modelled as constant, and only the �ux of reactive species across an interface, which
is dictated by the energy barrier, is important. In reality, there are situations possible
in which both extremes mix [52, 53]. Imagine now that not only monomers are in
a solution and react with some oligomers (MC growth), but that the oligomers react
with other oligomers, build at their point of contact a siloxane bond and such clusters
of oligomers react further with other clusters, always sticking together at their point
of contact. The result would then be a very loose structure.

A general scheme of reaction and growth during polycondensation is shown in
Figure 2.10. A silicic acid or a partially hydrolysed alkoxysilane is drawn schemati-
cally as a tetrahedron. Connecting two tetrahedra at one of their tips shall indicate a
siloxane bond. In as much as condensation proceeds, amorphous silica particles are
formed which are loosely packed under acidic conditions and compact under basic
ones. Note that in all cases the inner and outer surfaces of such a particle contain
silanol and alkoxy groups as already mentioned. This is important for all aerogels.
They always have at least hydroxy groups at their surface after drying and are then
hydrophilic or they have to a varying degree alkoxy groups at their surface and are then
hydrophobic. One should also note that these alkoxy groups in dry aerogels undergo
hydrolysis under atmospheric conditions by water vapour. The process takes time,
sometimes years, but it happens. Quite often, therefore, the silanol or alkoxy groups
are burned away by a thermal treatment of the aerogels (typically in a furnace at around
300�400�C for a few hours).

Although the interpretation given in the work of Schaefer [48] and in the textbook
of Brinker and Scherer [3] is intriguing, it is dif�cult to map mathematically the
chemistry and physics of the transformation from a solution to a gel in terms of all the
aforementioned parameters and to make predictions. The real problem with all aero-
gels making solutions is that there are chemical reactions leading from monomers to
oligomers running simultaneously with condensation reactions (and dissolution); the
evolving entities (polymers of more or less compact appearance) undergo stochastic
or nonstochastic motions inside the solution forming clusters by some type of process,
and the clusters and oligomers can aggregate. The processing parameters such as the
pH value, the Rw ratio and the concentration of alcohol affect to a large extent all four
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Figure 2.10 Schematic of the condensation reaction process leading to amorphous silica
particles. The silicic acid or partially hydrolysed alkoxysilane is drawn schematically as a
tetrahedron. Connecting two tetrahedra at one of their tips indicates a siloxane bond. In as
much as condensation proceeds, amorphous silica particles are formed, which are loosely
packed under acidic conditions and compact under basic ones. Note that in all cases, the inner
and outer surface, of such a particle contain silanol and alkoxy groups.

fundamental processes: hydrolysis, condensation and their reverse processes, oligomer
to polymer formation and aggregation to a gel.

In the following we would like to model these effects with a few equations and
leave the processes leading to gelation open, since they are treated in more detail in
Chapter 4.

Let us imagine an oligomer of silica including siloxane bonds, hydroxy and alkoxy
groups and let this be embedded in a solvent having in the case of basic condensation
a concentration of �Si�O· ions, denoted as xSiO determined by the pH value. Under
acidic conditions, the concentration of protonated siloxanes is relevant, denoted as
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Figure 2.11 Schematic of an oligomer with reactive sites, including hydroxy and alkoxy groups
at the silicon atoms. One can construct a radius of gyration and handle the oligomer as if it
would be a particle with a certain radius RG.

xH , which is essentially the pH value.1 Then one can imagine the further growth of
the oligomers is due to their incorporation into the interface and reacting under basic
conditions inside the oligomer nucleophilic with silicon atoms having preferably one
hydroxy group. Let us �rst try to model the growth under basic conditions. In order to
model growth, we construct inside an oligomer a radius of gyration. This is illustrated
in Figure 2.11. The radius of gyration RG is quite often used in polymer physics
[54]. Its square, R2

g , is the second moment around the centre of mass of all connected
molecules. The centre of mass is de�ned as

rc =
1

N + 1

Nÿ

i=0
ri (2.4)

with ri the position vectors of all atoms in the molecule. Then the radius of gyration
is calculated as

R2
G =

1
N + 1

Nÿ

i=0
x(ri · rc)2y. (2.5)

Multiplying with the mass of a molecule, we would have exactly the mechanical
expression of a moment of inertia for a rotation around the centre of mass. x y
indicates averaging over all atoms. The rate of growth is directly proportional to
the local concentration of the �Si�O· ions times the number of active sites xas

1 Let pKa denote the strength of the acid, and Ca the concentration added to a solution in moles. The
molar concentration of H+ is determined from the equation x2

H + KaxH · KaCa = 0. Here
Ka = 10 pKa . Knowing the proton concentration then gives the pH value as pH = log10 xH , if the
activity and the molar concentration are equal.
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(hydroxy groups) being there. Assume that the concentrations of active sites, or better
the concentration of hydroxy groups on alkoxides, follows a �rst-order reaction. The
concentration of hydrolysed sites on existing alkoxy monomers changes with time
proportional to the concentration of alkoxys there, but reduced by the number of
already hydrolysed positions on the alkoxys (which we call here active sites and denote
them by xas). Therefore the rate of change dxas{dt can be written as

dxas

dt
= kH (T ,pH)(xalk · xas). (2.6)

This equation is easily solved by direct integration and yields

xas = xalk (1 · exp(·kH t)) . (2.7)

It says that initially there are no active sites and �nally all sites on the silicon alkox-
ide are hydrolysed and thus are active. The time dependence is determined fully by
the reaction rate constant kH , which depends on the pH value (and temperature).
The growth of oligomers and polymers by a condensation reaction is a bimolecular
one and thus the growth of radius can be described by the following relation [51, 52]:

dRG

dt
= kg(T ,pH)x2

SiOxas(t). (2.8)

Inserting the result from Eq. (2.7), one obtains for the radius a superposition of a
linear growth term and an exponential one (we omit the explicit expression here).
Depending on the ratio of the rate constants, there might be an initial parabolic-like
increase in particle radius always followed by a linear increase in size. If such a simple
picture would be correct, one would obtain compact particles whose growth is dictated
by the concurrent hydrolysis and condensation reactions. The expression derived has
a shortcoming: the particles would grow, and their growth would never stop. This is
de�nitely not real and is due to the single particle approximation used. One can correct
Eq. (2.8) taking into account that the number of monomers is limited. Let �0 be the
maximum volume fraction of silica which would result if all alkoxides would be fully
reacted to SiO2 (this can be calculated from the composition of the solution used;
see Chapter 7). The actual volume fraction �(t) is a product of the number density
n(t) of oligomers in the solution and the volume of the growing particle RG(t) as
�(t) = n(t)4�{3RG(t)3. We then can correct the growth equation in a simple way:

dRG

dt
= kg(T ,pH)x2

SiOxas(t)(�0 · �(t)). (2.9)

Initially the volume fraction of silica polymeric particles is zero and the growth rate
large. In as much as the volume fraction increases, the additional term reduces the
growth rate. The only bad issue in this equation is the unknown number density of
polymeric particles or oligomers that can grow, n(t). Especially for growth under basic
conditions, it is quite often assumed in the literature, that viable oligomers are a result
of a nucleation process; see [3, 45]. Without further asking how a nucleation process
proceeds in silica solutions, we take this idea and propose that under base conditions,
out of a sudden a burst, oligomeric particles appear, which can be described by a
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The polycondensation process under acidic conditions is different from that under
basic ones. Instead of compact particles, rather rami�ed or polymeric structures are
built. In order to construct a simple model, we take into account the fractal nature of
the emerging particles. Fractals are explained in more detail in Chapter 4. Here it
should be suf�cient to note that fractal objects are porous structures which are in
principle self-similar, meaning the structure is the same independent of the magni�ca-
tion they are looked at [55�57]. Real objects are only fractals in a certain size range.
There is a difference between so-called mass fractals and surface fractals. In the �rst
case, an object in 2D or 3D has a rami�ed porous structure; in the second case, the
object might be compact, but the surface only is rami�ed or rough. Both explanations
become clearer using the following de�nitions. Let Nm be the number of monomers
in an object whose radius of gyration is RG. In a fractal object, this number can be
calculated as

Nm = k1

�
RG

a

�df

, (2.13)

with a the radius of the monomers, k1 a numerical constant of the order of unity and df
the fractal dimension. This equation also gives a rule, how to determine the fractal
dimension: measure the number of monomers (or particles) as a function of radius
from an arbitrarily chosen centre and plot log Nm as a function of log RG. The slope
determines the fractal dimension. The radius of the monomer can be calculated from
the molar volume �m and Avogadro�s number NA. The volume of a fractal particle Vp
is then calculated as

Vp =
�m

NA
Nm 9 Rdf

G . (2.14)

If the object would not be a fractal, then df = d, the Euclidian embedding dimension.
In 3D, this means that the volume would be proportional to R3

G. This also tells that for
fractal objects, df � d . If the surface area is also a fractal, the number of monomers
at the surface can be calculated in a similar way:

Ns = k2

�
RG

a

�ds

, (2.15)

de�ning the surface fractal dimension ds . The surface area is then

Ap = a2Ns 9 Rds
G . (2.16)

Again, if the object would not have a rami�ed surface but has a smooth one, then
Ap 9 R2

G and also the surface fractal dimension will be smaller than that of Euclidian
dimension of the surface. Unfortunately the fractal dimension of real objects2 can-
not be predicted by any analytical theory, but has to be determined using suitable
mathematical or numerical models. For a deeper discussion, see also the book of

2 For many mathematical fractals, the fractal dimension can be calculated exactly; see Chapter 4 for more
details on fractals.
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Tamas Viscek [49]. The volume of a particle (being a polymer or oligomer) changes
with time due to the attachment of activated alkoxides (fully or partially hydrolysed;
see Figure 2.6) at the surface:

dVp

dt
= a3Ns�(T )xas(pH ) 9 Rds

G �(T )xas(pH ). (2.17)

In this equation, �(T ) is the attachment frequency of activated molecules which react
with surface molecules to form a siloxane bond. xas(pH ) is the molar concentration
of activated molecules (protonated ones), and thus this concentration is directly pro-
portional to the concentration of H+ and thus the pH value. Inserting Eq. (2.14) gives
an expression in terms of the radius of gyration that can be integrated to yield

RG(t)df ·ds 9 �(T )xas(pH ) ¤ t . (2.18)

If the oligomer, polymer or particle would be a compact object and not a fractal, the
growth would be linear in time. Due to the exponent df ·ds , there is a slight deviation
from linearity. Interesting in this equation is another aspect. If the polymer grows
until the container size is reached, one could argue that then gelation has happened
(spanning cluster). This would mean

tgel 9
1

(�(T )xas(pH ))df ·ds
(2.19)

and thus the smaller the pH value, the larger the concentration of activated molecules
and thus the shorter the gel time. Since one can assume that �(T ) follows an Arrhenius
type relation, with an activation energy for the reaction at the surface, the larger the
temperature, the shorter the gelation time, as it should be. One must, however, take
into account that during growth, both under acidic and basic conditions all particles
move with respect to each other, e.g., by Brownian motion, and thus might collide
and form small clusters, which themselves will change their morphology due to the
curvature-induced solubility (Ostwald ripening or dissolution and re-precipitation).
Under basic conditions, this is more pronounced, since the solubility of silica increases
with increasing pH value.

2.1.5 Gelation

Particles as de�ned earlier as well as oligomers are not �xed in space. They move
either due to thermally activated Brownian motion, sedimentation, if their density is
different from the embedding solvent or by solutal-driven �ows inside a container
driven by local density differences in the solvent. Any such motion will lead to
encounters between particles or oligomers, and then they might become bound to
each other and move further as a particle cluster. Details are discussed in Chapter 4.
Here it is suf�cient to notice that gelation in silica is generally thought to be due to an
aggregation process of nanosized particles, which might have a fractal substructure or
are compact.
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2.1.6 Ageing

There is another process also running concurrently with hydrolysation and polycon-
densation: ageing. Although conventionally this is discussed for gels as a way to
further modify the gel structure, e.g., stiffening, reducing syneresis etc., it was already
pointed out by Iler that the size-dependent solubility of silica leads to rearrangement
of aggregated silica particles, provided they are suf�ciently small [45]. When de�ning
the term �ageing� needs to �rst think about the solubility of silica particles upon their
curvature and second to visualise how this might change the structure of aggregated
particles.

The curvature dependence of solubility stems from the fact that the free energy of a
particle is not only due to the bulk free energy, but there is a surface energy term. The
chemical potential of silica in a solution therefore gets a new term µp = µ0

p + �slH
in which �sl denotes the surface tension of the silica particle in the solution, H is
the mean curvature and µ0

p the reference state for a planar surface. The curvature of
an arbitrarily shaped body can be constructed at an arbitrary point of its surface by
two circles (of different radii) being perpendicular to each other and approximating
at best the curve at that point. Their two radii R1 and R2 de�ne the mean curva-
ture H = 1{R1 + 1{R2. The mean curvature can be positive or negative (imagine a
saddle).3 This means, the chemical potential can be higher or lower depending on the
position on a surface compared with the reference state. For dilute solutions, one can
express the chemical potential in terms of concentration of solute and obtains for the
solubility the expression already given by Iler:

cSiO2 = c0
SiO2

e
�sl�mH

kBT . (2.20)

If the solid-liquid interface can be described as spherical with a radius R, then
H = 2{R. For more details, see the book of Ratke and Voorhees on growth and
coarsening [50]. Iler gave some values which allow us to calculate the radius effect
of solubility for amorphous silica. Typically, the solubility of particles increases from
values around 100 ppm for particles with 10 nm diameter to 200 ppm for particles
with 2 nm diameter.

The effect of this size dependency of solubility is manifold. First, if there is a
dispersion of particle sizes in a solution, the size distribution will change, the average
particle size increases and the small particles dissolve at the expense of larger ones
to which their excess solute is transported by diffusion processes, for instance [50].
Second, if particles are in contact with each other as in aggregates, the radius of
curvature changes from negative at the contacting neck to positive on the way to

3 Let a surface be described by a function g(x,y,z) = C, which is transformable to z = f(x,y). De�ne then
p = Bz{Bx, q = Bz{By, r = B2z{Bx2,s = B2z{(ByBx, t = B2z{By2. Then according to standard
textbooks on differential geometry, the average curvature is calculated by
H = (r(1 + q2 · 2pqs + t(1 + p2)){(1 + p2 + q2)3{2. For a sphere with the general equation
x2 + y2 + z2 = R2, one then obtains after lengthy calculations for the average curvature the result
H = 2{R. This could have also be obtained, for spheres, from H = BA{BV . Note: for a cylinder with
radius R, the average curvature is half the value of that of a sphere.
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the equatorial plane of the particles. This means the higher solubility there leads
to a dissolution of silica and deposits it on the neck area. Provided there is enough
time, a loose aggregate of particles can transform to even a �bril or �brillar network,
as already pointed out by Iler [45] and examples of such a more or less �brillar
morphology are presented in Chapter 6 see Figures 6.2 and 6.5. Third, one should note
that the transformation of a chain of loosely connected particles to a �bril must not
necessarily be the thermodynamic state with the smallest free energy. As pointed out
by Nichols and Mullins [58, 59], depending on the type of mass transport, a cylinder
with wiggles on the surface can become unstable and decompose into particles whose
size depends on the counteracting effects of capillarity and transport by, for example,
volume diffusion in the surrounding matrix or surface diffusion along the surface of
the perturbed cylinder. Therefore, even for prolonged ageing of a silica aggregate in a
solution, a �brillar state must not be the �nal one, but intermediates might be stable
at least on typical experimental time scales of a few hours or days. A fourth point
has to be taken into account: even after the gel point, there are always monomers and
oligomers of different degrees of polymerisation in the solution which will deposit
onto the existing gel network and thereby modify its morphology. Depending on
their concentration, their action might be more powerful than the Ostwald ripening
of aggregates.

The changes in morphology have been carefully investigated and the term �ageing�
was cast into the discussion of such effects. There are numerous investigations avail-
able in the literature concerning ageing of silica. Especially extensive studies were
performed by Mari-Ann Einarsrud and co-workers [60�62]. They studied the effect
of solvent composition (water, TEOS or alcohols), time and temperature of ageing
(leaving the gel in such solutions) on properties of the resulting dry gels, such as
shrinkage, density, mechanical strength, surface area etc. They were able to show that
adding new monomers to an already formed network of silica particles from a TEOS
solution led to a precipitation on the already hydrolysed and condensed network,
with the effect that the shear modulus increased by a factor of 15 and the shrinkage
upon ambient drying was reduced by 30%. A similar observation was made later by
Smitha and co-workers [63], who also showed that adding a mixture of TEOS with
ethanol led to an increase in speci�c surface area, while the bulk density and the
shrinkage decreased. Reichenauer [64] showed that ageing of silica gels in water at
temperatures between 60�80�C increased their mechanical stability, decreased their
speci�c surface area and the amount of microporosity, made the particle size more
uniform and drastically reduced shrinkage, in full accordance with the observations
made by Einarsrud [60]. In a recent study, Iswar and co-workers [65] systematically
investigated the effect of ageing on properties of silica aerogels. The gels were aged
for various times and temperatures in their wet gel �uid, hydrophobised in hexam-
ethyldisiloxane and dried either at ambient pressure or after solvent exchange using
supercritical carbon dioxide. They observed that the speci�c surface area decreases
with increasing ageing time and temperature and attributed this to Ostwald ripening
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processes. Interestingly, they observed a decrease of bulk density with prolonged
ageing time and temperature for ambient dried gels. Supercritically dried ones did
not show such an effect. Therefore, they conclude that ageing increases the ability
of the gel network to withstand irreversible pore collapse during ambient pressure
drying.

2.1.7 Procedures and Results

The wonderful scheme of silica gel evolution under acidic or basic conditions, devel-
oped by Iler and shown in Figure 2.2, directly gives advice on how to prepare gels
with a desired structure. Instead of preparing gels at a �xed pH, it readily was realised
that a two-step routine is optimal: �rst prepare very �ne nanostructured sol under
acidic conditions (small particles and clusters of more or less polymeric appearance)
and then change the pH to basic conditions, using, for instance, ammonia to initiate
fast condensation and gelation. Such a two-step procedure and recipe is described in
Chapter 14.

Silica aerogels are produced industrially in huge quantities. Granulates of silica are
produced using sodium silicate solutions as a starting material and inducing gelation
by adding acidi�ed water (typically with HCl). Cakes of the wet gel are broken into
small pieces, washed with solutions also containing trimethylchlorosilane (TMCS) to
make the surface of the gel hydrophobic and to utilise the so-called springback effect,
which allows drying the wet gel under ambient conditions with minimal shrinkage
(for more details, see Section 5.1 on ambient drying). For more details and their
applications, see either the webpage of Cabot [34] or the article by Cabot in the
Aerogels Handbook [14].

In the last decade of the last century, Aspen developed technologies to produce
�bre felt composites with aerogels [35]. In order to make a composite, a lofty batting
is in�ltrated with a pre-polymerised silica solution (typically a TEOS solution acid-
i�ed and suf�ciently hydrolysed). Just before in�ltration, the solution is mixed with
ammonia to induce the condensation and also a more or less rapid gelation (within a
few minutes). Originally Aspen produced sheets with 5 m length, a metre wide and
around 10�20 mm thickness. At the turn of the millennium, Aspen was able to produce
such �bre-reinforced battings almost continuously, by combining the in�ltration and
gelation step on a conveyor belt and wrapping the wet gel �bre batting. The wet gels
are washed with trimethylchlorosilane and dried supercritically with carbon dioxide.
For reinforcement glass, polymeric and carbon �bre felts are used, leading to different
properties (see also the article of Aspen in the Aerogels Handbook [14]).

Silylation is today most often not performed using TMCS but using hexamethyl-
disilazane (HMDS). HMDS consists of two silicon atoms bonded via an NH group
together. The other bonds of the silicon atoms are made by methyl groups. The overall
formula of HMDS is therefore [(CH3)3Si]2NH. HMDS is a colourless liquid with
a melting point of ·78�C and a boiling point of 126�C (be careful the �ame point
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is at 15�C). Its odour is that of an amine. In the presence of water, it hydrolyses in an
exothermic reaction producing in an intermediate step ammonia and trimethysilanol,
which is unstable and reacts to form hexamethyldisiloxane. This decomposition of
HMDS can be used to make silica hydrophobic, since the trimethysilanol replaces
the -OH group with an -Si�(CH3)3 group. The interesting aspect using HMDS is that
one can avoid using ammonia itself to �nish the aforementioned two-step procedure,
but can catch two �ies with one swatter: making the solution basic and performing the
hydrophobisation.

2.1.8 Silica Aerogels with Lower Functional Silanes

Whenever mechanical properties of aerogels are discussed, the standard statement
found in the literature even today is that they are brittle and have therefore bad
mechanical properties. Although such a statement is generally wrong, as will be
shown in greater detail in Chapter 13, it nevertheless initiated research trying to make
especially silica aerogels somehow �exible or bendable. The �rst results on such
a chemical approach to �exibility was reported by Rao et al. in 2006, in which he
used a trifunctional precursor, MTMS, and could show that aerogels result which
are fully bendable and recover completely elastically after compression [66]. The
idea behind it was to block one bond at a silicon atom by an inert functional group,
e.g., methyl or ethyl, such that hydrolysis and condensation will result in structures
more polymeric chain-like, leading to some intrinsic �exibility. Guo et al. prepared
�exible aerogels from a mixture of tetramethoxysilane and vinyltrimethoxysilane
to which a special organic sul�de was added (bis[3-(triethoxysilyl)propyl]disul�de)
such that disul�de bridges could enhance the elastic recovery after compression [67].
Aravind and co-workers [68] developed nanostructured �exible aerogels derived from
trifunctional alkoxides, MTMS with 3-(2,3-epoxypropoxy)propyltrimethoxysilane
(GPTMS) as a co-precursor. Since aerogel forming solutions using trifunctional
alkoxides exhibit a tendency for phase separation, it is common to suppress this
using surfactants, especially trimethylammonium chloride (CTAC). Optimising the
synthesis procedure allowed preparation of nanostructured �exible aerogels, with
a huge amount of mesoporosity and pores in the range of 10�50 nm, but also
larger ones could be observed in SEM �gures. The materials recover elastically after
compression up to 30% strain. Figure 2.13 shows an SEM picture as an example of
such a material. After the discovery of Rao [66], many other recipes for super�exible
aerogels have been developed. Two recent reviews of various reinforcing strategies
developed in the last few decades to improve or modify the mechanical response of
silica aerogels discuss these recipes [41, 42]. Especially the research group around
Nakanishi and Kanamori [69�74] developed fascinating new synthesis procedures
and a whole bundle of different chemical building blocks to prepare super�exible
and also superhydrophobic silica-based aerogels. They mixed tetrafunctional silanes
with tri- and difunctional ones, especially DMDMS and MTMS, or used only tri- and
difunctional silanes. The procedures to make such super�exible aerogels are very
similar to the procedures described earlier: Mixing of water with acetic acid and urea
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Figure 2.13 SEM picture of an MTMS�GPTMS aerogel after [68]. The microstructure shows
nanosized particles connected in 3D with pores in the range up to 100 nm and more.

Figure 2.14 SEM pictures of an MTMS�DMDMS aerogel prepared according to the route
given in Chapter 14. It demonstrates that such super�exible superhydrophobic aerogels are
mainly macroporous materials. The particle size is in the micron range as well as the pore size.

and adding then MTMS together with a solution of a surfactant (most often CTAC)
yields hydrolysis of the OH groups at the MTMS molecules. After stirring, one can,
but must not, add for instance, DMDMS and let it gel at higher temperature in a
furnace (typically between 70�90�C). The gel can be aged and has to be washed with
water and ethanol to get rid especially of the surfactant. The resulting wet gel can
be dried under ambient conditions. Figure 2.14 show the typical microstructure of an
MTMS-DMDMS aerogel made according to the recipe given in Chapter 14.

These types of aerogels always exhibit an open macroporous structure with parti-
cles in the range of a micron up to a few tens of microns in diameter and a varying
amount mesoporosity. Both, the intrinsic �exibility of the more chain-like molecules
and the larger pores give them an extraordinary �exibility. Depending on the chem-
ical details, how they were made, they can recover from compression even up to
70% fully elastically. One of their features, making them attractive, is their super-
hydrophobicity, which stems from the huge amount of methyl or ethyl groups at
their surface. Hydrophobicity means vice versa oleophilicity and thus these mate-
rials can be used to separate oil from oil�water mixtures. For some recent studies,
see also [75�77].
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Figure 2.15 Scanning electron microscopy pictures of RF aerogels prepared after the recipe of
Pekala [8]. Depending on the synthesis conditions, one can observe a particulate structure
(left) in which polymeric particles of around 10 nm in diameter are connected in 3D to form an
open porous network, or a string-of-pearls-like structure can be achieved (right), giving the
impression of �brils being interwoven in 3D. Parameters of the left �gure: R{F = 0.5,
R{W = 0.014,R{C = 200. Parameters of the right �gure: R{F = 0.5,R{W = 0.014,
R{C = 50, pH adjusted. Courtesy M. Schwan, DLR

2.2 Resorcinol�Formaldehyde Aerogels

In 1989, Pekala and co-workers [8] demonstrated that organic aerogels can be prepared
by a base-catalysed polycondensation of resorcinol and formaldehyde (RF aerogels)
using a sol�gel process followed by drying of the solvent using supercritical carbon
dioxide. Such aerogels were later shown to display an extremely low thermal
conductivity [78]. Resorcinol�formaldehyde aerogels belong to a wider class of
organic aerogels such as melamin�formaldehyde, cresol�formaldehyde, phenol
furfural, polyurethanes and polyimides.

RF aerogels have extraordinary properties such as a porosity of 90�98%, a speci�c
surface area up to 1500 m2/g, a very low thermal conductivity down to 0.012 W/(K¤m),
an envelope density between 0.05�0.3 g/cm3 and a high stiffness and compression
strength compared to silica aerogels. As their inorganic counterparts, however, RF
aerogels are typically brittle in nature, which renders them dif�cult to handle and
process [79]. RF aerogels are not in�ammable, non-toxic and decompose at higher
temperature without fume formation. They can also be converted to carbon aero-
gels by carbonisation under a protective atmosphere. Carbon aerogels are materials
for supercapacitors and batteries, if the nanostructure is designed properly. Carbon-
based supercapacitors are already on the market and there still is an enormous research
activity to tailor the nanostructure of RF and carbon aerogels for optimal performance
in batteries and supercaps.

Although we present some morphologies of RF aerogels in more depth in Chapter 6
on various morphologies that can be observed, we will show here as an appetiser
a few typical microstructures of RF aerogels. Figure 2.15 shows two microstruc-
tures that can be observed in RF aerogels, if resorcinol and formaldehyde react under
basic conditions. A completely different structure results if a strong acid is used as
shown in Figure 2.16. The colour of RF aerogels varies considerably with the syn-
thesis conditions, especially the pH value, as wonderfully written by Job in her PhD
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The higher electron densities at the positions 2, 4 and 6 make these positions
reactive to any molecule that likes to take up electron charges (called an electrophilic
molecule). In a recent molecular dynamic study of crystalline resorcinol, Chatchawal-
saisin et al. [82] con�rmed this charge distribution, especially pointing out that the
carbon atoms at positions 2, 4 and 6 bear a negative charge. Most reactive are positions
4 and 6. Position 2 is sterically hindered for reactions due to the neighbouring OH
groups. Resorcinol is at room temperature a crystalline material occurring in two
polymorphs. It melts at 108.8�C but has a suf�cient vapour pressure even in the
solid state: it smells (our nose is very sensitive). Resorcinol is soluble in water, but
is also solvable in ethanol, acetone, benzene or acetonitril. In all cases, the solubility
of resorcinol increases with temperature from around 10 wt% at 50�C to 90 wt% at
80�C. An overview of properties, compounds and materials made with resorcinol is
given in the book of Durairaj [83].

Formaldehyde is the simplest aldehyde. It consists of the aldehyde group �CHO, in
which the oxygen atom is double-bonded to carbon. In formaldehyde, the remaining
substituent at the aldehyde functionality is hydrogen, giving CH2O as the formula.
Formaldehyde is a colourless gas at room temperature. It is very well soluble in
water, in which it forms a hydrate called methanediol. Since formaldehyde easily
polymerises to paraformaldehyde having the repeating unit -CH2O- and this polymeri-
sation is self-initiated, a commercially available solution of water and formaldehyde
contains not more than 37 wt% formaldehyde and is in addition protected as acetals
by about 10 wt% methanol against oxidation and formation of paraformaldehyde.
Such solutions are typically used to produce aerogels. Formaldehyde is a very reactive
compound due to the strong dipole character of the C=O bond, such that at the oxygen
atom there is a negative charge and a positive one at the carbon.

2.2.2 Reaction between Resorcinol and Formaldehyde

The reaction between resorcinol and formaldehyde in water depends strongly on the
pH value of the solution. If one mixes resorcinol with formaldehyde, the solution auto-
matically has a pH value between 3.9�4.1, decreasing with the amount of formalde-
hyde. Even in the non catalysed solution, resorcinol and formaldehyde react with each
other with an activation energy of around 80 kJ/mol [84]. The classical way to make
RF aerogels is to use sodium carbonate as a so-called catalyst4 in low concentrations
such that the pH value is in the base regime, meaning pH values are larger than 4. Acid-
catalysed synthesis of RF aerogels was developed much later by Barbieri et al. [85]. In
both regimes, the chemical reactions are different and lead to different microstructures
as shown previously. We therefore discuss �rst the reaction in a base medium and then
reactions under acid conditions.

4 The expression �catalyst� for sodium carbonate is not really correct, because it leaves the reaction not
unchanged. It serves in reality as a base and works as a hydrogencarbonate buffer. More correctly, it
would be called an activator. In the aerogel literature, however, it is common to name it a catalyst and so
we do here.
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Figure 2.24 Formaldehyde concentration as it varies with time for a solution with R{F = 0.5,
R{W = 0.008 and four different R/C ratios. The �ts are made with a second-order kinetic
equation.

catalyst to form hydroxymethylated resorcinol (HMR), R + F Ñ HMR. Then the rate
of resorcinol consumption can indeed be written as

·
dcR

dt
= ksubcR(t)cF (t). (2.23)

The concentration of R and F are, however, not independent. We generally have from
mass conservation

cF (t) = cR(t) + (cF (0) · cR(0)) = cR(t) + (c0
F · c0

R), (2.24)

with cF (0) = c0
F,cR(0) = c0

R the initial concentrations. Using this, we arrive at

·
dcR

dt
= ksubcR(t)(cR(t) + (c0

F · c0
R) = ksub

�
c2
R + (c0

F · c0
R)cR(t)

�
. (2.25)

This is a mixture of a second- and a �rst-order reaction. The equation can be integrated
to give

cR(t) = c0
R

(c0
F · c0

R)
cF (0) exp

�
(c0

F · c0
R)ksubt

�
· c0

R
, (2.26)

and equally we have for the formaldehyde concentration

cF (t) = c0
R)

(c0
F c0

R)
c0
F exp

�
(c0

F c0
R)ksubt

�
c0
R

+ (c0
F · c0

R) (2.27)
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known [91, 92]. Paventi has, however, shown that a particular solution is possible for
the scheme even if n consecutive reactions would occur [92]. His special solution is

cF (t) =
s c0

R c0
F

s¤c0
R

c0
F

exp(s ¤ c0
R c0

F kt) 1
, (2.31)

with s the number of active sites on the resorcinol molecule (formally 3, but in reality
only 2). In the case studied in many RF aerogel papers, we have 2c0

R = c0
F , or an R/F

ratio of 0.5. Taking the limit sc0
R Ñ c0

F yields a surprisingly simple result:

cF (t) =
c0
F

1 + c0
F kt

, (2.32)

with an equation looking like a simple second-order reaction kinetic. Performing a
�t to the formaldehyde data of Pekala yields the result shown in Figure 2.23, which
is surprisingly good. The resorcinol concentration should follow the same functional
behaviour, namely cR(t) = c0

R{(1+c0
F kt). It does not, as already mentioned by Pekala.

It decreases more drastically than hyperbolically with time, as the three data points
in the �gure show. This behaviour points to the fact, that free resorcinol or free
anions are consumed readily into branched polymers, faster than the methylation by
formaldehyde.

The R/F ratio is important, but more important is the catalyst concentration, since
besides a few studies, most researchers leave R/F at 0.5. The catalyst concentration
usually is given as a molar ratio:

R{C ratio =
nresorcinol

ncatalyst
. (2.33)

In all cases an increase in catalyst concentration increases the reaction rate, which
either leads to a faster decrease of formaldehyde concentration or an increase in the
rate constant of the substitution reaction. The importance of the catalyst stems from
its action on resorcinol: it promotes the formation of the resorcinol anion by hydrogen
abstraction, as shown in Figure 2.18. At the beginning of the reaction, both uncharged
resorcinol molecules and always a small percentage of charged resorcinol anions exist.
Resorcinol anions are more reactive towards the addition of formaldehyde than the
uncharged resorcinol molecules, as explained previously. Instead of sodium carbonate,
which is readily available and cheap, several other catalysts were tested [93]. In most
cases, just their effect on the �nal aerogel microstructure was looked at and a few prop-
erties measured, such as the speci�c surface area. Unfortunately, the chemical kinetics
was not studied and compared with that of sodium carbonate. The microstructure was
analysed by scanning electron micrographs of the dried materials. The variation of the
microstructure using different catalysts was analysed by small angle X-ray scattering
(SAXS). Although this is a way to somehow understand the effect of a catalyst, it is
problematic, since between mixing of the components to a solution, the reaction of
the dissolved molecules, gelation, solvent exchange and drying might lead to changes
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Figure 2.26 SAXS curves of an R and F solution during curing to a wet gel after [94].
R{C = 25,R{W = 0.125,R{F = 0.5 at room temperature. Reprinted with permission
from Elsevier

in the morphology, which are dif�cult to track back unambiguously to, for instance,
the R/C ratio and more speci�cally the kind of catalyst used. There are only a few
investigations looking with SAXS or dynamic light scattering (DLS) or chemical
methods (e.g., liquid chromatography) into the solution during transformation to �rst
a sol and �nally a gel.

The earliest report on SAXS measurement during the transformation from a solu-
tion to a gel was performed by Tamon and Ishikaza [94]. They prepared RF aerogels
according to the original recipe of Pekala, but let them gel at room temperature, such
that it was easy to follow the evolution of structure by SAXS. As explained in more
detail in Appendix C on scattering, the scattered intensity follows at small scattering
vectors a Guinier behaviour, characterised by an exponential decay of the scatter-
ing intensity:

I (q) = I0 exp
�

·
1
3
R2

Gq2
�

, (2.34)

in which RG is the so-called radius of gyration of the scattering particles and I0 is the
beam intensity. A plot of ln I (q) against q2 should give a straight line, which allows
to determine the radius of gyration. The time evolution of RG should tell something
about particle growth. In the so-called Porod regime, the intensity follows a power-law
behaviour:

I (q) 9 qz, (2.35)

with the exponent z taking in principle various values. For cylindrical objects z = 1,
for disc-shaped ones z = ·2 and for spherical particles z = ·4. Fractional values can
be understood as mass or surface fractal objects (for more details, see Chapter 4).

An important observation of Tamon and co-workers is that during gelation the
shape of the scattering curve changes drastically. An example of a data set is shown in
Figure 2.26. At short times, the scattering curve exhibits a maximum at intermediate
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Figure 2.27 SAXS curves measured during the transformation of RF solutions to RF gel at 298
K with different catalyst species at R{C = 50: (a) K2CO3, (b) KHCO3, (c) Na2CO3 and (d)
NaHCO3. Reprinted from [95] with permission from Elsevier

q-values and then drops off in a power-law fashion with an exponent around 2.6.
With increasing time, the scattered intensity increases, meaning also more scatter-
ing objects are there, and a plateau develops at low q-values. The transition from the
plateau into the power-law region is the Guinier region. The slope of the power-law
decay at larger q-values changes with time. Tamon et al. evaluated the scattering
curves and showed that z increases from values around 2.5 to almost 4. In the
solutions with a smaller amount of catalyst (R{C = 200), they observed at long
times a z-value larger then 4 and attribute this to a surface fractal or rough particles
constituting the gel.

The idea to follow the sol�gel transition with SAXS was taken up by Horikawa
and co-workers in 2004 [95]. In principle, they performed the same experiments as
Tamon, but they changed the R/C ratio from 50 to 1000 and used four different
catalysts (K2CO3, KHCO3, Na2CO3 and NaHCO3). The R/W ratio was 0.037 and the
R/F ratio 0.5, and the solutions were allowed to gel at room temperature. Therefore,
their results are very well comparable with Tamon�s. Figure 2.27 shows four SAXS
patterns obtained with different catalysts. In all cases, the shape of the SAXS curves
change considerably during the transformation from a solution to a gel. Initially there
is almost no clear power-law dependence of the scattering intensity as a function of q.
This, however develops in all cases to almost the same shape: namely a plateau with a
Guinier decay followed by a Porod decay with an exponent very close to 4. Especially
the Porod regime is also observed in supercritically dried RF aerogels and was taken
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as a clear indicator that the aerogels are constituted by smooth spherical particles [96].
Many studies of RF aerogels have con�rmed the original observation and analysis of
Schaefer and Pekala made already in 1993, such as [85, 97�99].

In a study on structure formation during gelation, Gommes and co-workers [100]
also used SAXS to interpret the structures observed, but they followed a different
analysis method and came to important conclusions concerning the formation of a gel
network. They synthesised RF aerogels with an R/F ratio of 0.5, a dilution ratio of
M = 0.175 (see Eq. (2.38)) and an initial pH value of 3.7. They observed that at early
reaction times below 15 min the SAXS curves exhibit a decay at low angles with a
slight curvature, with a �at background at larger angles. Plotting at this time I (q) q2,
named a Kratky Porod plot, shows a clear maximum at very small q values, which
is indicative of a branched polymer. The maximum shifts slightly towards smaller
angles with time. At intermediate reaction times, 20�35 min, �rst the scattering inten-
sity increases by an order of magnitude, which re�ects that more scattering objects
are in the solution. After half an hour, annealing the scattering intensity exhibits a
power-law scaling with an exponent of ·2, which is replaced after longer times by
a power-law decay with an exponent of ·3. Gommes and co-workers argue that the
exponent of ·2 is a strong indication of critical opalescence in a solution transforming
to a gel. Such opalescence indicates that a phase separation takes place starting with
the formation of nanosized droplets everywhere in the sample. This is similar to the
development of water drops in a supercooled, supersaturated water vapour atmosphere
below the dew point. They analysed the scattering intensity with an expression derived
by Ornstein, Zernicke and Debye, namely

I (q) =
I0(t)

1 + �2q2 , (2.36)

in which � is the correlation length, being a measure of the size of the scatterers.
The analysis of the data allowed plotting I0 as a function of time. Figure 2.28 shows
one result. The sharp increase in scattering intensity at around 20 min is due to a
huge amount of small scatterers appearing in the solution, indicating, for example, the
formation of polymer-rich droplets. This effect will be analysed and described later
in Chapter 4 on gelation. The formation of a bunch of droplets could be, for instance
nucleation events occurring once a miscibility gap is reached, or better, the system
developing a gap and after a certain time the whole system moves from a one-phase
�eld into a two-phase �eld. We will discuss this Section 2.2.5 on the thermodynamics
of RF solutions.

Instead of X-ray small angle scattering, Gaca and Sefcik used DLS to study the
processes in RF solutions until gelation [101]. They prepared solutions with an
R/F ratio of 0.5 and R/C ratios from 50�600 using sodium carbonate as a catalyst.
The initial pH value decreased with the increasing R/C ratio from 7.51 (R/C 50)
to 6.11 at R/C 600. The ratio of R/W given in mol/mol was �xed at 0.0164 in
the series of R/C from 50 to 600. They also prepared solutions with R/W ranging
from 0.0328 to R{W = 0.082. The solutions were put into suitable vials for DLS.
The solutions were cured at 55 and 80�C but the measurements of DLS always
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Figure 2.28 Increase in scattering intensity in an RF solution undergoing a phase separation
after [100]. The sharp increase in scattering intensity at around 20 min indicates that a huge
amount of small scatterers appear in the solution, indicating for example, the formation of
polymer-rich droplets. Reproduced under Creative Commons license

performed at room temperature. The gelation time increases linearly with R/C and
also R/W. As explained in Appendix C on scattering, in DLS one measures the
autocorrelation function, which is has a simple shape in a monodisperse solution,
namely an exponential decay exp(·�t), and in a polydisperse solution it is the sum
of such exponentials. The decay rate � is the product of the diffusion coef�cient
and the square of the scattering vector q. Having determined the decay rate by
�tting the measured autocorrelation function with an exponential allows using the
Stokes�Einstein relation (see Eq. (10.15)) to calculate the hydrodynamic radius of
the particles or particle clusters. Figure 2.29 shows some measured autocorrelation
functions as they change with reaction or curing time. Figure 2.30 shows the variation
of the hydrodynamic radius with R/W ratio as a function of reaction time. The
hydrodynamic radius starts with values of around 1 nm and increases to values
of 4�5 nm. In the �gure, we have drawn in three simple models for the time
dependence of the hydrodynamic radius. The solid line corresponds to a simple
linear growth with reaction time, the dashed mimics a diffusive growth, the radius
would then depend on the square root of reaction time and the dotted line re�ects
a cube root growth of the particles. A square root growth would be expected if
diffusion of monomers and oligomers is the time-dependent and thus the slowest
step. A cube root growth would mean a curvature-dependent solubility determines
the change of the morphology (e.g., a coarsening of a spinodally demixed structure;
see Section 4.2.5). Clearly, according to the data of Gaca and Sefcik, growth is
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Figure 2.29 Measured autocorrelation functions. In (a), the R/W ratio is 0.1, R/C �xed at 50.
In (b), the R/W is at 0.5. Curing is in both cases at 55�C. In both �gures, the dashed lines are
calculated from a simple exponential decay. Reprinted from [101] with permission from
Elsevier

Figure 2.30 The hydrodynamic radius increases with reaction time but is almost independent of
the R/W ratio [101]. Note that both scales are logarithmic ones. Redrawn from [101] with
permission from Elsevier

linear with reaction time, and thus growth is determined by a �rst order kinetic
[51]. For all conditions investigated by Gaca and Sefcik, the size of primary clusters
varies on changing concentrations of reactants the R/C ratio. The authors conclude
that their results are consistent with a process of nanoscale demixing, controlled by
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Figure 2.31 Variation of the pH value in an RF solution with R{C = 50, R{F = 0.5 and
R{W = 0.008 after [89].

solubility/miscibility equilibria. They suggest that certain intermediates produced in
resorcinol�formaldehyde polycondensation reaction reach a limit of their solubility
in the solution at a given temperature. Then primary particles or clusters appear,
but the process of polycondensation and shift of the phase equilibrium goes on.
We discuss this brie�y in Section 2.2.5 on thermodynamics and in more detail in
Chapter 4 on gelation.

Effect of pH Value
The dif�culty in all investigations with RF solutions is, that the catalyst and the amount
of catalyst �xes an initial pH value and in principle a solution can then be left alone and
will yield a gel. However, after adding a catalyst, the pH value can be adjusted in both
directions, more acid- or base-like, by using, e.g., nitric acid or sodium hydroxide. We
will in the following discuss a few exemplary investigations which only adjusted the
pH to a certain value. Brandt investigated in his PhD thesis the whole range from acid
conditions using acetic acid and sodium carbonate with different R/C ratios [102].
Schwan discusses in her PhD thesis in detail the pH change during processing using
sodium carbonate and sodium hydroxide with their effect on the microstructure [89].
Ludwig and co-workers [103] presented a detailed investigation of citric acid catalysed
aerogels, and Mulik and co-workers invented a new synthesis routine to produce
nanostructured RF aerogels under strong acidic conditions.

The pH value is not a simple constant during synthesis of RF aerogels. Schwan
[89] measured the pH value in every step of preparation. Her result is shown in
Figure 2.31. The preparation of the solution starts with de-ionised water (1) and
thus a pH value of 7. Adding resorcinol in the second step decreases the pH to
4.6�4.8, since resorcinol reacts with water and makes it slightly acidic. Adding in
step (3) formaldehyde again decreases the pH value to a value slightly above 4, since
formaldehyde in water also has an acid character. Adding sodium carbonate increases
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the pH to a value between 7.5 and 7.7 (step (4)). In the last step, nitric acid is used
to adjust the pH value to 5.5. Then a stirring period of 30 min follows with a small
increase in pH. Leaving the solution at rest but heating it to 80�C, it stays clear until
after 80 min it becomes milky and turbid, followed by gelation after 110 min. Once
the solution turned opaque, the pH value stays almost constant slightly below 5.

The pH value of a solution also depends on the catalyst used. Conventionally in
preparation of resorcinol resins, sodium hydroxide is used, whereas for RF aero-
gels sodium carbonate is most common. The behaviour of the pH value is different
in RF solutions. Schwan measured that for an RF solution catalysed with NaOH
and Na2CO3. She observed that mixing both catalysts in a solution with R{F = 0.5,
R{C = 50 and R{W = 0.008 leads to the following behaviour: the pH value of around
5.5 for both catalysts used changes as a function of stirring time. However, with
NaOH, the pH value remains constant at 5.5 all the time it increases to a value of 6
if sodium carbonate is used. Heating the solution to 80�C leads in both cases to a
decrease. In the cases of the carbonate, it eventually reaches 4.5. In the NaOH case,
it falls down to 3.5. The increase upon the addition of sodium carbonate is an effect
of its buffer capacity and has also the side effect, that the gels contain small bubbles,
especially at the gel surface.

As mentioned, an extensive study of the effect of pH value and R/C ratio was
performed by Brandt [102], who used RF aerogels as precursors for carbon aero-
gels. In his study, he �xed the R/F ratio to 0.5 and varied both the mass fraction,
(see Eq. (2.38)) between 5 and 55 and the R/C ratio (see Eq. (2.33)) from values
between 5 and 2000. For base catalysed aerogels, he used sodium carbonate as a
catalyst, and for acid catalysed aerogels he used acetic acid as a catalyst. The solutions
were gelled 1 day at RT, 1 day at 50�C and 3 days at 90�C and then washed with
acetone and dried 3 days in a drying cabinet at 50�C. These ambient dried RF aerogels
were characterised with standard methods. In this context, it is interesting to note
that gels could not be obtained for all combinations of R/C and mass ratio M; see
Eq. (2.38). He collected these results in an interesting diagram shown in Figure 2.32.
Interestingly, at high R/C ratios (low catalyst concentration) and also low amount of
resorcinol (M-ratio), precipitates form which also can settle (the skeletal density of
RF particles is around 1.5 g/cm3 and thus higher than the density of water). In a
small region adjacent to the sedimentation region, inhomogeneous gels are obtained,
which probably is due to a combined effect of sedimentation of precipitates and their
agglomeration to larger particles.

The effect of the pH value on gelation time was determined by Job in her PhD
thesis [81]. She was able to investigate at constant R/F ratio of 0.5 and a mass ratio of
17.5% the gel time as a function of pH value and could reproduce an old �gure shown
in Durairaj for resorcinol formaldehyde resins [83], namely that the gel time is short at
low and high pH, but has in between a maximum. Her result is shown in Figure 2.33.

For purely acid-catalysed aerogels, Milow et al. [104] determined the gelation time
as dependent on the pH value. They used an R/F ratio of 0.77 and varied the R/W and
R/C ratio using citric acid. Citric acid does not allow varying the gel time over a large
scale, but in the given scale it varies almost linearly with pH as shown in Figure 2.34.
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Figure 2.32 Region allowing to produce homogeneous aerogel after [102] as dependent on the
acid- or base-catalyst ratio R/C and the mass fraction.

Figure 2.33 Gel time in RF aerogels prepared with R{C = 0.5, M = 17.5% as dependent on pH
value adjusted with an acid. Redrawn with the data presented by Nathalie Job in her PhD
thesis [81]

Effect of Dilution: R/W Ratio
In most cases, resorcinol is dissolved in water and then formaldehyde is added as
well as the catalyst. The chemical reactions in such a solution are of course deter-
mined kinetically also by the amount of water used. This typically is expressed as
the ratio R/W. At a �xed amount of resorcinol, a decreasing R/W ratio remarks a
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Figure 2.34 With increasing the pH value of RF solutions using citric acid the gel time increases
linearly with it [104]. The pH-value variation is a larger variation in R/C from 24 to 1500.

higher dilution, and thus for any reactant it takes more time to diffuse to each other
and react if the solution is diluted more and more. The dilution ratio determines many
properties of aerogels, the most simple being the envelope density, as will be described
and calculated in detail in Chapter 7. The dilution ratio also affects the microstructure
and especially the particle size and the porosity. The effect of R/W on the formation
of RF aerogels was carefully investigated by Schwan [105, 106] for base-catalysed
aerogels and for acid catalysed ones by Milow et al. [104].

R{W ratio =
nresorcinol

nwater
(2.37)

which will be a ratio of moles resorcinol to water. Instead of this ratio, a so-called
mass ratio is often used

M =
mresorcinol + mformaldehyde

mresorcinol + mformaldehyde + mcatalyst + mwater
. (2.38)

For citric acid-catalysed aerogels, the gel time looks as if it depends parabolically
on the R/W ratio. A result is shown in Figure 2.35. The gel time increases with the
molar fraction water as expected. Since no gelation model is currently available that
theoretically predicts gel times, one can only state that inasmuch as the solution is
diluted, the diffusion distance between molecules increases, thus the chemical reaction
needs more time to start, and of course, once oligomers and particles have developed,
they need more time to move to each other. One could also argue that if a phase
separation process as discussed brie�y in Section 2.2.5 would be responsible, then
the dilution would shift the state point of the system to the water side, and during
the kinetics of the phase diagram evolution it will take a longer time for the evolving
miscibility gap to pass this state point.
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Figure 2.35 The R/W ratio increases or the dilution of the solution with water the gel time
increases in a simple parabolic manner.

A different approach to look into the effect of dilution ratio was made by Schwan
in a series of papers [105, 106]. She showed that on extreme dilution, gels can be
produced with such a porosity that they become �exible, meaning one can squeeze
them and they come back almost to their original shape. This �exibilisation is very
prominent after supercritical drying, whereas ambient drying yields soft but more
cork-like mechanical behaviour. The microstructure of these RF aerogels still is a
particular one, with chains of bigger particles. The pore size is rather large such that on
deformation the chains can bend freely without restrictions by neighbouring particles.

In�uence of Temperature
As usual for all chemical kinetics, the reaction of R and F is strongly temperature
dependent. The chemical reaction kinetics, however, have not been studied in such
detail, that the temperature dependence and the activation energy of all chemical
process steps are known. Typically, the gelation time is measured instead as it varies
with temperature or the viscosity. Both are presented and discussed in Chapter 4.

2.2.5 Thermodynamics of RF Solutions

Thermodynamics is concerned with equilibrium of phases, caloric properties of mate-
rials, their speci�c heat, heat of melting or vaporisation, relations between enthalpic
and entropic properties, functions describing the state of a material (gas, liquid, solid)
as dependent on pressure and temperature etc. The bad news for RF aerogels is that
there are no experimental investigations available on RF solutions. We are therefore
left with, in a certain sense, speculations or at least reasonable arguments, and we
will try to make some good guesses for RF solutions with the help of well-known
theoretical models for polymer solutions. The most often used model for solutions of
polymers in a solvent is the Flory�Huggins (FH) model. This model is a variant of the
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Figure 2.36 Schematic of a phase diagram of a solvent mixed with a polymer, exhibiting a
miscibility gap. For different degrees of polymerisation the maximum of the binodal line
separating the single-phase �eld (solution) from the two-phase �eld (two liquids) shift to the
left, the solvent side.

more general thermodynamics of solutions. In Appendix A, we discuss the origin of
a miscibility gap, the explanation of terms �binodal� and �spinodal� and the process of
phase separation. The interested reader is advised to take a look at the appendix and of
course standard textbooks on physical chemistry and thermodynamics [54, 107�109].
The Flory�Huggins model is explained in more detail in Appendix B.

Let us summarise one principle result of the FH model: it predicts a phase diagram
for a solvent and a polymer. Such a phase diagram is the two-dimensional representa-
tion of phase �elds and a schematic shown in Figure 2.36. On the ordinate, the tem-
perature is plotted and in the abscissa the concentration of the polymer; most often in
polymer physics, one uses the volume fraction polymer. A phase diagram then shows
regions in which a single phase exists and another region in which two phases are in
equilibrium. The boundary line between the fully dissolved state and a �eld of two
liquid phases is called a binodal line. It covers the miscibility gap. If the temperature
and concentration point is in the two-phase �eld, equilibrium thermodynamics require
that two phases coexist. If, for instance, in such a situation the temperature is changed
(generally increased) the state point can move into the single-phase region and the
two-phase system is transformed into a one-phase system (see Appendix A). Flory
and Huggins have shown, that the shape of the binodal line depends on the degree of
polymerisation, DP. The higher the DP, the more skew-symmetric is the binodal line,
and since this line has a maximum, that maximum shifts towards the solvent side. One
could guess from this behaviour, especially with the experiments described earler, that
RF solutions may exhibit a miscibility gap. The curves shown in Figure 2.36 have a
so-called upper critical solution temperature (UCST) point, meaning above that point
the two components are miscible, below not. There are, of course, systems in which
the curves are just inverted and there is a lower critical solution temperature (LCST)
point. This especially occurs in systems in which the two components (solvent and
solute) form weak bonds, e.g., hydrogen bonds.

There is, however, a principle problem with the polymer solution model of Flory�
Huggins and possibly all other polymer solution models and the application to RF



56 Chemical Synthesis of Aerogels from Monomeric Precursors

aerogels: the phase diagram is of irreversible nature in RF gels. Any thermodynamic
model assumes that the phase boundaries are equilibrium lines, meaning that once
a phase separation has occurred, a change in temperature or concentration can lead
from a two-phase region to a single-phase one and vice versa. In RF gels, this is
never the case. Once the polycondensation reaction has formed polymers of a given
DP, they cannot be dissolved anymore in the solution. Therefore, the application
of thermodynamic models to RF aerogels is outside equilibrium thermodynamics.
We think that in principle one can nevertheless utilise the Flory�Huggins model to
understand certain issues of structure formation in RF gels.

The application of the classical FH model to RF solutions and their conversion to
an RF aerogel looks more complicated compared with conventional polymer solvent
systems, since one has to consider several effects:

1. The degree of polymerisation depends on time, the pH value and the amount of
catalyst. Resorcinol reacts with formaldehyde, and these activated
hydroxymethylresorcinol react, leading to the polymer. Thus DP = DP (t). The
time dependence is de�ned by the polycondensation reaction as described in
Appendix D.

2. There is a time dependence of the volume fraction of polymers �(t), and thus the
state point is not �xed; see also Appendix D.

Therefore, the miscibility gap varies its shape with time and eventually the system
passes either into the region between the binodal, decomposes in a spinodal fashion or
does both in a sequence.

Before we go on, we have to clarify: what if RF solvent systems have a lower
or an upper critical point? Both systems behave in one sense completely different,
and this allows us to experimentally discriminate between them. Figure 2.37 shows
schematically both systems and a state point of an RF mixture indicated by the
black circle. If one would perform a sudden temperature change in a UCST system,
the state point would move into the two-phase regime, whereas in the LCST system the
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Figure 2.37 Scheme of a RF solution with an evolving miscibility gap having an upper or a
lower critical point. The black circle represents for a given time the state of the system being
close to the binodal line. A quench in a UCST system moves the state point into the
two-phase region, whereas the same quench in an LCST system leaves the state point in the
single-phase region. Reprinted from [110] with permission from Springer-Nature
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droplets appear, and their volume fraction will change as well as their size with
time. The solution turns to a suspension of droplets in a polymer-depleted solvent.
We now can ask the question, what happens with the liquid droplets of the second
phase? Looking at the phase diagram, it is clear that they have a volume fraction
of polymers above 30�50% (see also Appendix A). Whatever model of percolation
we apply (site or bond percolation, lattice or continuum), this means the amount of
solid-like oligomers in the droplets is beyond the percolation threshold and thus, once
these droplets form, they transform into a wet gel particle, meaning they immediately
make a percolation transition. The phase separation leads to solid-like gel particles in
a matrix liquid containing still polymers of varying degrees of polymerisation (for an
introduction into percolation, see [111] and Chapter 4, which show that for continuum
or off lattice percolation, the percolation threshold can be rather low, below 15%).
A scheme of the phase separation and a possible percolation transformation in a
system with a lower critical point is also depicted in Figure 2.38 adopted from Fei
Wang et al. [110]. We can conclude that the application of the FH theory with a lower
critical point to RF aerogels would always lead to a situation that a phase separation
in the metastable region of the phase diagram happens �rst. Spinodal decomposition
is possible especially in LCST systems, since the spinodal already is extremely steep
at the solvent boundary for even not too high DPs (see Appendix B).

2.3 Variables and Symbols

Table 2.2 lists some of the variable and symbols of importance in this chapter.

Table 2.2 List of variables and symbols in this chapter

Symbol Meaning De�nition Units

a Radius of a monomer � m
cF (t) Concentration formaldehyde in solution � moles/m3

cR(t) Concentration resorcinol in solution � moles/m3

cSiO2 Concentration silica in solution � moles/m3

df Mass fractal dimension � �
ds Surface fractal dimension � �
f� Phase fraction of � in a solution � �
I (q) Scattering intensity �
kB Boltzmann coef�cient 1 38 � 10·23 J/K
kH Reaction rate constant � 1/s
ksub Reaction rate constant � 1/s
H Mean curvature � 1/m
N Number of atoms in a molecule/polymer �
NA Avogadro�s constant 6 02 1023 mol·1

Nm Number of monomers in an object of
radius RG

�
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Table 2.2 Continued

Symbol Meaning De�nition Units

Ns Number of surface sites on a particle �
n0 Number density � 1/m3

�q Wave vector |�q| = 2�{� 1/ m
�rc Location of the centre of mass � m
�ri Location of a molecule in a polymer � m
RG Radius of gyration � m
Rmax

G Maximal radius of gyration � m
tgel Gel time � s
Vp Particle volume � m3

xspecies Molar fraction of species �
z Exponent in power law � �
� Wavelength � m
�(T ) Attachment frequency � 1/s
µp Chemical potential �
�m Atomic or molar volume � m3

� Volume fraction � �
�s Volume fraction solid � �
�p Pore volume fraction � �
	 Density � kg/m3

	e Envelope density � kg/m3

	s Skeletal density � kg/m3

� Interfacial energy � J/m2

�sl Interfacial energy between a silica particle and
solution

� J/m2

� Dimensionless time � �
� Correlation length � m
� Dimensionless length RG(t){Rmax

G �



3 Chemical Synthesis of Aerogels
from Polymeric Precursors

In this chapter, we present the synthesis of aerogels in which a solution of polymers
dissolved in a suitable solvent is the starting point. In contrast to the aerogels of the
preceding chapter, no polymerisation reaction is �rst necessary, but instead a given
polymer has to be dissolved and then by suitable processing rearranged to form an
open porous nanostructured network. We will discuss two types of aerogels made
from cellulose and in the context of alginate as a model biopolymer as well as a few
other biopolymers.

3.1 Synthesis of Cellulose Aerogels

Cellulose is probably the most abundant natural polymer on our planet. It is produced
by nature in teratons per year, mainly by plants but also some bacteria and fungi.
In plants, cellulose is in �brillar form and coexists with hemicellulose and lignin.
The combination of cellulose and lignin gives plants and their cell walls mechanical
stability. The cellulose �brils embedded in lignin (a phenolic polymer) give excellent
tensile strength, whereas the lignin increases the compressive strength. For commer-
cial applications, cellulose is obtained from cotton, bast �bers, �ax, hemp, sisal and
jute or wood. The extraction of cellulose from plants needs special chemical processes
to separate it from lignin and hemicellulose. The pure cellulose is a biopolymer and
exists in various modi�cations. The macromolecule consists of repeating cellobiose
units, shown in Figure 3.1. Speaking chemically more exact, cellulose is a chain of
1-4-linked 
-D-glucopyranose. The �gure shows the link between two rings made by
an oxygen atom. The repeating rings in the cellobiose units are also called anhydrous
glucose units (AGUs), which are connected by the oxygen bridge. In the cellulose
polymer, each AGU has three OH groups. Two of them are directly located at the
carbon atoms of the AGU, and one is outwards via a hydroxymethyl group. The
cellobiose unit is not a �at molecule, in which all atoms are in a plane, but around
the oxygen bridge the molecule is twisted.

Combining cellobiose units gives a cellulose polymer. The chain of cellulose is
stiffened by various hydrogen bonds, intramolecular bonds and intermolecular bonds.
There is ample literature on how these bonds are arranged. To get at least a sim-
ple picture of a few bonds, Figure 3.2 shows two cellulose chains with interchain
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Figure 3.1 Chemical structure of a cellobiose unit: two 
-D-glucose rings are connected via an
oxygen bridge at positions 1 and 4 in the ring. The full circles indicate the carbon atoms and
the numbering of their position in the ring. Note �rst that not all hydrogen bonded at the
carbon atoms is drawn and, second, that the basic unit of a cellulose polymer contains in its
ring oxygen atoms and of course in the -OH groups. This is important with respect to pyrolysis
of cellulose to produce carbon or graphite.

Figure 3.2 Schematic view of two parallel strands of a cellulose polymer. The hydrogen bonds
between the chains are shown as a bar with stripes.

hydrogen bonds. The order of the chains shown in Figure 3.2 can vary. There are four
modi�cations known: cellulose I, more exactly I� and I
, and II�IV [112]. All plants
produce so-called cellulose I, which means that the polymers are arranged parallel in
sheets and have the same direction. Regeneration after dissolution to the polymeric
level leads to �bres consisting of pure cellulose, but generally as a type II cellulose,
meaning the polymers are arranged anti-parallel in sheets (rayon and viscose process
[113, 114]). Cellulose aerogels are mainly made from regenerated cellulose. Natural
cellulose exhibits different degrees of polymerisation (DP). Cellulose from wood pulp
has between 6000 and 10,000 monomer units (AGU), and cotton between 10,000 and
15,000 [112, 114].

All natural cellulose �bres consist of areas of crystalline order intermixed with
amorphous ones as shown schematically in Figure 3.3. Typically the amount of amor-
phous regions varies in plant cellulose between 40 and 60% [115]. Although cel-
lulose is hydrophilic and considerable swelling occurs in water, it is insoluble in
water and most organic solvents. Since cellulose is chemically a very stable material,
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Figure 3.3 A schematic picture of the fringe-�bril model developed by Hearle [115]. Areas
of crystalline order of the polymer chains are interrupted by areas with no order (amorphous).
Especially in the amorphous regions, water as well as other chemicals can attack and
eventually break the hydrogen bonds.

the production of aerogels from cellulose needs a technology or processing route to
disintegrate the cellulose into the polymer strands (best without degradation of the
polymer or reduction of the degree of polymerisation) and then to rebuild them into
a suitable low-density, open porous gel that can be dried to obtain a mesoporous
microstructure.

3.1.1 Dissolution Agents for Cellulose

If cellulose is a very stable macromolecule, the question arises, how can it be
dissolved? An answer might formally come from a more fundamental question:
What drives dissolution of a polymer in a solvent? Thermodynamically the difference
between the dissolved state of a polymer and the undissolved one is a difference in
Gibbs free enthalpy �G. The Gibbs free enthalpy is built up by two terms: an enthalpic
(H ) and an entropic (S) one, G = H · T ¤ S. The entropic term characterises the
order or the number of states that can be taken by a system, and the enthalpy describes
in a simpli�ed picture the sum of all bond energies (internal energy). The enthalpy
and entropy depend on the composition of the system. If G1 would be the free Gibbs
enthalpy of the system if its components would be completely dissolved into each
other, making a homogeneous mixture and G2 that of the same system in which both
components are not miscible and separated, then the sign of �G = G1 G2 deter-
mines if the components are dissolvable or not. If �G � 0, the components are not
miscible; if �G � 0, the components are miscible in each other and make a solution.

Therefore, if one would like to dissolve a monomer, such as a salt or sugar, there is
much entropy gain by dissolution, meaning the distribution of all monomers in a sol-
vent such as water increases the disorder and thus the entropy. In addition, the enthalpy
changes, since crystalline bonds in a salt or a sugar crystal are broken and new bonds
between the solvent and the solute replace them. If there is also a gain in enthalpy, the
total free energy or enthalpy reduces, leading to the situation that the dissolved state
is energetically favourable compared to the undissolved state. If instead a polymer is
brought into contact with a solvent (polystyrol in cyclohexane or acetone), the gain
in entropy is less, compared to a monomer, since the total number of con�gurations a
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polymer can take in a solvent is less than that of monomers (if the polymer keeps its
degree of polymerisation, or DP). In addition, if the solvent is not able to break the
bonds between the polymers, there is also no gain in enthalpy.

The �rst formal theory of polymer dissolution and the interaction of polymers with
a solvent was developed by Flory and co-workers almost 80 years ago [116]; for a
more in-depth discussion, see Chapter 4 and Appendix B. Cellulose in its native form
with often a very long polymer chain or a high DP has a therefore low solubility since
there is a lack of entropic gain for dissolution. But this is only one side of the coin.
A solvent for cellulose must be able to break the hydrogen bond network between
the polymer chains. A typical hydrogen bond has an energy of around 20 kJ/mol
[117], which is not a big value. A solvent for cellulose should have a higher binding
energy to, for instance, all the OH groups between and along the cellulose polymer
strand and thus it would be energetically favourable to replace the hydrogen bonds
by bonds to the solvent. Olsson pointed out, [118] that for dissolution of cellulose it
is not suf�cient to think about breakage of the hydrogen bond network, but to take
into account that cellulose has an amphiphilic nature [119, 120]. The CH-groups
being essentially perpendicular to the plane of the polymer chain provide in their
picture a hydrophobic interaction between the polymer chains, whereas the OH-groups
provide the hydrophilic hydrogen bonds. Both must be attacked by a suitable solvent
for cellulose.

There are two ways to dissolve cellulose: �rst, make a cellulose derivative, and
second, try chemicals that dissolve it without any further modi�cation. Derivatisation
of cellulose is an old technique. Cellulose can be converted to cellulose acetates, esters
and ethers (methylcelluose is the basis of many wallpaper pastes). The derivatisation
to an acetate is, as an example, achieved by mixing cellulose �bres with glacial acetic
acid and acetic anhydride, a colourless liquid, with sulfuric acid as a catalyst yielding
cellulose triacetate. The reaction is stopped by addition of water, which also partially
hydrolyses the triacetate. Cellulose acetate is a crystal clear, tough, and �exible plastic
and is the most stable cellulose derivative. Methylation of cellulose is performed by
heating cellulose in a sodium hydroxide solution and then treating it with methyl
chloride, leading to a substitution of the �OH groups with a methoxy group. The
degree of substitution can be adjusted.

Another classical way to treat cellulose was discovered in the nineteenth century
and is the basis of the viscose process leading to rayon �laments. The process is
called mercerisation. Cellulose is soaked in a strong alkali solution such that the
crystal structure changes from cellulose I to cellulose II. For cellulose to dissolve
in alkaline aqueous media, it needs to be cooled below room temperature. In a clas-
sical paper, Hirosi et al. [121] were able to present a section of the ternary phase
diagram of the system cellulose�NaOH�H2O; see Figure 3.4. They found that sodium
hydroxide�water mixtures can dissolve low molecular weight cellulose at tempera-
tures below 0�C. The alkali�cellulose solution is mixed with toxic carbon disul�de to
form cellulose xanthate. The resulting very viscous liquid, viscose, is extruded into a
sulfuric acid bath through a spinneret to make rayon. The sulfuric acid converts the
viscose back into cellulose [113, 114].
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Figure 3.4 Section through the ternary phase diagram of cellulose, water and sodium
hydroxide. The shaded region is the concentration and temperature range in which cellulose
is dissolvable in NaOH�water solutions. Redrawn from the original paper of Hirosi et al.
from 1939 [121]. The other areas denote various modi�cations with so-called alkali cellulose.

Other non derivatising solvents were developed in the last decades like
metal-inorganic complexes, salt melt hydrates and ionic liquids, to name a few (for
more details, see [114, 118]). For aerogels, three dissolving agents are widely used:

� NaOH or LiOH water solutions with additions of small amounts of urea, thiourea,
polyethylene glycol (PEG), ZnO and others

� Ionic liquids, most frequently based on N-methylmorpholine-N-oxide (NMMO)
with stabilisers against oxidation

� Salt hydrate melts, such as ZnCl2¤3H2O or Ca(SCN)2¤4H2O (also called
rhodanide)

Recently Budtova and Navard [120] reviewed the dissolution of cellulose in sodium
hydroxide water solutions. They develop hypotheses of the chemical processes of
swelling and dissolution and the effects of various additives which enhance the dis-
solution power of NaOH. Why do NaOH�water solutions dissolve cellulose at all?
The basic idea is that the sodium cation has a solvation shell which can interact
with the hydroxyl groups of the cellulose chains and thereby breaks the hydrogen
bonds; see [120]. Dissolution in NaOH�water solutions means that a lot of water is
present around the cellulose chains. The water molecules and the hydroxyl groups
polarise each other and may thereby induce orientation correlations of species close
to the cellulose chain, such that the alkali cations can interact with the bonds. The
mutual polarisation can explain the in�uence of temperature on dissolution ability
since low temperatures foster polarisation and orientation of molecules as opposed by
thermal energy, which destroys it. This picture was questioned by Medronho, Lindman
and co-workers [119, 122] bringing back into the discussion the amphiphilic nature
of cellulose.
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Figure 3.5 Chemical structure and conformation of NMMO, an ionic liquid used to dissolve
cellulose. The charges on the nitrogen atom and the attached oxygen atom shall show that the
molecule has a strong dipole moment, which allows strong interaction with cellulose.

Ionic liquids are modern dissolution agents for cellulose. Over the last three
decades, ionic liquids were developed to industrially produce cellulose �bres and
yarns (Lyocell or Tencel �bres). Ionic liquids consist of organic cations and organic
or inorganic anions. They typically have a low melting point, a high viscosity and a
good thermal stability. The most prominent ionic liquid used in aerogel production is
NMMO, although many others have been studied in the last decade. Figure 3.5 shows
the chemical structure of NMMO. Interesting here is a ring of six atoms in which on
opposing edges an oxygen and a nitrogen are placed. At the nitrogen atom is a methyl
group bonded and an oxygen atom. The N�O bond bears a strong dipole moment.

NMMO as well as other ionic liquids is complete soluble in water. The high polarity
of the N-O bond allows easy formation of hydrogen bonds with nearby hydroxyl
groups such as are present in water or cellulose. The procedure for dissolving cellulose
in NMMO usually starts with a suspension of cellulose in NMMO to which a large
excess of water is well mixed. The excess water provides low viscosity and thereby
excellent mixing. The excess water is removed from the solution by evaporation above
100�C and reduced pressure until the cellulose is completely dissolved. According to
the phase diagrams of NMMO and cellulose up to approximately 14 wt% cellulose
can be dissolved in a mixture of 10% water and 76% NMMO [123, 124]. NMMO
is also a strong oxidant and sensitive to all forms of impurities in the cellulose pulp.
Therefore, typically stabilising agents are used, such as propyl gallate.

A different class of dissolving agent for cellulose is so-called salt hydrate melts.
If one dissolves an inorganic salt in water and increases the salt content up to the
coordination number of the salt cation a salt-cation-water complex may be formed
which has a uniform melting temperature (such as a congruent melting phase). Typ-
ically, just adding salt at room temperature to water does not help; most often the
temperature has to be increased. For example, if one uses as a salt rhodanide, which is
Ca(SCN)2, one has to increase the temperature up to 120�C, whereas using and ZnCl2
a lower temperature like 70�80 �C is suf�cient. Figure 3.6 shows the phase diagram
of zinc chloride water as determined by Wilcox and co-workers [125]. Wilcox and
co-workers discuss the idea that the salt�water complex behaves like an ionic liquid,



66 Chemical Synthesis of Aerogels from Polymeric Precursors

Mole fraction water

�30

�40

�10

�20

0

10

20

Te
m

pe
ra

tu
re

 [°
C

]

0.8 0 75 0.7 0 65

Figure 3.6 Binary phase diagram of zinc chloride and water as determined by Wilcox et al.
[125]. Important in the context here is the congruent melting phase at 0.75 mol fractions of
water, meaning a complex ZnCl2¤ 3H2O is formed, which is stable below approximately 6�C.
On the right side is a eutectic at 0�C. This diagram also means that in solutions of water and
zinc chloride these complexes exist also at somewhat higher and lower water concentrations
below the melting point of the trihydrate complex. Reprinted (adapted) with permission
from [125]. Copyright (2015) American Chemical Society

Figure 3.7 A sketch of the action of rhodanide (left) and zinc chloride (right) on a cellulose
chain. In the rhodanide case, the calcium cation interacts with the oxygen in the glucose ring
and the hydroxymethyl group [131]. In the zinc chloride case, the zinc cation has a hydration
shell which is completed by the hydroxyl groups of the cellulose molecule. Attached to it is a
tetrahedron of zinc chloride. The right �gure is adapted with permission from [126]. Copyright
(2016) American Chemical Society

being, however purely inorganic [126, 127]. The phase diagram of zinc chloride and
water shows that zinc chloride trihydrate is a congruent melting phase.

The dissolving capabilities of salt hydrate melts were �rst described and success-
fully realised by Philip et al [128]. The idea behind these salt hydrates being able to
dissolve cellulose is mainly that they are able to break the intermolecular hydrogen
bonds [129]. Such a salt hydrate melt system is a solvent for the cellulose system
because of its polarity and acidity and its low melting point being far below the
crystalline amorphous transition point of cellulose�water mixtures at 320�C [130].
Their interaction with a cellulose chain is schematically shown in Figure 3.7 for
rhodanide and zinc chloride.
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Figure 3.8 Experimental phase diagram of cellulose content (measured in weight per volume)
dissolved in a solution of ammonia and ammonium thiocyanate. At low cellulose
concentrations, there is an isotropic solution which transforms to an anisotropic one
(the cellulose molecules are ordered) but the solid line bounds a miscibility gap in which two
phases coexist a gel phase and a solution phase. Redrawn from [132] with permission from
Springer-Nature

The main idea put forward by Sen and co-workers for the case of zinc chloride�
water is that the Zn-cation is surrounded by a �rst hydration shell, and the hydroxyl
groups of the cellulose molecule complete this hydration shell once they are broken.
Attached to such an octahedron of hydrated water is a tetrahedron of Zn-cation on
whose vertices chloride ions are located. This special feature makes ZnCl2¤3H2O an
excellent dissolving agent for cellulose. In agreement with the phase diagram shown
in Figure 3.6 is the experimental observation that a deviation from the trihydrate to a
four hydrate also allows it to dissolve cellulose, if the temperature is chosen properly.

The ability of salt melt hydrates to dissolve cellulose also allows us to experimen-
tally determine phase diagrams of cellulose in such salt�water systems. Figure 3.8
shows an experimental phase diagram redrawn after Frey and Theil [132]. The phase
diagram �rst shows that cellulose can be dissolved in a thiocyanate solution and, more
importantly, that there exists a binodal line below which two phases coexist, a gel
phase and a solution phase. This experimental observation is described by Frey and
Theil theoretically with an extended Flory�Huggins model (see Appendix B). One can
assume that a similar diagram exists for other salt melt hydrates.

In a light microscopic study, Schestakow [133] investigated the action of zinc
chloride tetrahydrate on microcrystalline cellulose. Cellulose samples were taken out
of the hot salt hydrate melt after different times and looked at in a light microscope.
Figure 3.9 shows the dissolution process. After 5 minutes in the solvent, swelling and
ballooning (meaning the amorphous regions swell in the form of balloons constrained
by crystalline areas) can be observed. Ten minutes later there are still balloons, but the
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Figure 3.9 Light microscopy of microcrystalline cellulose in a zinc chloride salt hydrate melt.
Left picture shows swelling and ballooning (meaning the amorphous regions swell in the form
of balloons constrained by crystalline areas) after 5 min, 10 min later there are still balloons
but the crystals dissolve and there seems a core left, and after 24 h ageing in the solution no
microcrystalline �bres can be seen within the resolution of a light microscope. Courtesy
M. Schestakow, DLR [133]

crystals dissolve, always from the periphery to the centre) and there seems a core left.
After 24 h, ageing in the solution no microcrystalline �bres can be visualised within
the resolution of a light microscope.

3.1.2 Gelation of Cellulose Solutions

Making an aerogel from dissolved cellulose requires as a �rst step to transform the
solution into a wet gel. There are at least three ways to gel a cellulose solution. One is
an intrinsic route, one induced by a neutralisation reaction and the third one is possible
in systems with a reversible and thermodynamically stable miscibility gap, namely a
temperature jump.

Gelation by an Intrinsic Mechanism
The intrinsic way to gelation is observed in sodium hydroxide�based solutions: such
a solution tends to form precipitates, which can sediment in a beaker or the solu-
tion spontaneously makes a gel. Gavillon and Budtova [134] studied the rheological
behaviour of cellulose dissolved in sodium hydroxide water solutions using different
cellulose pulps (one with a DP of 180 and one with a DP of 500). They measured
the viscosity and the storage and loss modulus (see Section 4.1.1) at different tem-
peratures, and measured the time a solution converted to a gel, which was de�ned
as the point when storage and loss modulus became equal [135]. In this way they
extracted the temperature dependence of viscosity, which in their presentation depends
exponentially on temperature and also observed that with increasing cellulose content
the gelation temperature decreases. There was no clear trend that the DP had an effect
on the gel time. The effect of increasing cellulose content can be simply understood:
the more molecules are in the solution, the more often they interact and meet and
entangle and thus can build a network. The exponential dependence of gel time on
temperature in the form tgel 9 exp(·�T ), with � a constant is more than astonishing,
since for any thermal-activated process of gelation one would automatically expect
an Arrhenius-type behaviour. Plotting their data as a function of inverse temperature
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Figure 3.10 Comparison of the experimentally determined gelation time as a function of
temperature (data points) and a �t with Eq. (3.1). The �lled symbols belong to solutions
without ZnO. In all cases, the solutions contained 8 wt% NaOH. (1) is 4 wt% and (2) 6 wt%
cellulose. Open points are data with ZnO. (3) 4 wt% cellulose � 1.5 wt% ZnO, (4) 6 wt%
cellulose � 0.7% ZnO and (5) 6 wt% cellulose with 1.5 wt% ZnO. Redrawn and reprinted
after [136] with permission from Springer-Nature

yields also a good agreement, but yields an activation energy of around 300 kJ/mol.
This value is very large compared with the value of the activation energy of the
viscosity, which they determined to be around 25 kJ/mol.

In a more recent study, Liu et al. [136] studied the in�uence of ZnO added to the
solution on the gelation using the same sodium hydroxide solution technique. They
also found an exponential dependence of the gelation time on temperature and also
a dependence on the cellulose concentration as well as the amount of ZnO used to
impede gelation. They suggest an empirical model equation to describe their results:

tgel =
�

A
Cn

cell + BCm
ZnO

�
e·�T (3.1)

�,A and B are constants, and they �t their data with kinetic exponents m = 3.5, n = 9.
A comparison of this model with their experimental results is shown in Figure 3.10.

Gelation by pH Inversion
A classical way to induce gelation of base solutions of cellulose however, is not to wait
until gelation happens by itself but to induce gelation by so-called pH-inversion or
simply a neutralisation reaction. The wet gel is submerged into an acidic regeneration
bath like sulphuric, nitric or hydrochloric acid. For example, using NaOH�water�urea
as a solvent for cellulose, the resulting solution can be directly dripped into aqueous
salpetric or hydrochloric acid [137, 138]. The originally clear solution immediately
after contact with the acid bath turns white, a thin shell builds up and upon further stay
in the bath the wet gel becomes more and more stable. After washing with ethanol,
they can be directly dried supercritically with carbon dioxide to yield �uffy aerogels.

Let us discuss this a bit further. The gelation process of cellulose dissolved in a
base medium (typically at a very high pH value, pH = 14) is different using inorganic
acids (HCl, H2SO4 etc.) or organic acids (acetic acid, lactic acid etc.), which might
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be attributed to the neutralisation reaction, which is mostly complete for inorganic
acids. They have a high pK value and are completely dissociated in water, compared
to most organic acids, which are weak acids, such as acetic or citric acid, and thus
the neutralisation reaction can only proceed in the manner dissociated species are
available, which can be transformed to a salt.

In acid solutions, the neutralisation of a wet cellulose gel leads immediately to the
formation of a solid skin, since the neutralisation reaction is typically very fast. The
reaction rate constant of the neutralisation reaction H+ +OH· Ñ H2O is of the order
of 1011 L/(mol s) if inorganic acids are used and they are completely dissociated; see
[139, p. 503]. Once this skin is formed (making also the gel opaque), the diffusion of
the acid through this porous membrane (skin) determines the process of neutralisation
and gel formation. The neutralisation reaction restores the hydrogen bonds between
the cellulose molecules and gives them the ability to form �brils or entangled polymer
strands. The process might be diffusion controlled. If so, the gel formation could be
estimated, since the characteristic time for a diffusion process of a species into a wet
gel depends on the diffusion coef�cient and a characteristic size of the gel body Lc.
This would yield an estimate for the gelation time as

tgel 9
L2

c
D

, (3.2)

in which D is the diffusion coef�cient of H+ or OH· in the solution. Since in liquids
the diffusion coef�cient is related to the viscosity via the Stokes�Einstein relation
(see Section 10.2), the gel time would increase with the viscosity.

A theoretical description could be made by the following more speculative model.
Let us assume that the neutralisation reaction is not a simple �rst-order reaction with
the rate constant k = k(T ), like

dcH+

dt
= ·k cH+, (3.3)

except that it terminates or is �nished if the NaOH concentration, or more speci�cally
the OH· concentration, is consumed. We then would have a reaction like

dcH+

dt
= ·k cH+ (cm

OH· · cH+ ) (3.4)

in which cm
OH is the maximum concentration, taken as homogeneous inside the wet

gel. Insertion into the diffusion equation (10.7) leads to

BcH+

Bt
= DH+�2cH+ · k cH+ (cm

OH · cH+ ). (3.5)

We de�ne now several new variables

v =
cH+

cm
OH·

(3.6)

k� = k
(cm

OH·)2

�2
m

(3.7)



3.1 Synthesis of Cellulose Aerogels 71

c =
cH+

�m
(3.8)

�r 1 =
�r

Lc
(3.9)

� = k�t (3.10)

with �m as the molar volume of the -OH group. These variables are all dimensionless.
Insertion leads to the equation

Bv
B�

=
DH+

k�L2
c
�2v · v(1 · v) (3.11)

or
Bv
B�

= D��2v · v(1 · v) (3.12)

with D� as a dimensionless diffusivity. Note we rede�ned the concentrations from
moles per volume to dimensionless values. This equation is known in the literature
as the Fisher equation or more precisely as the Fisher, Kolmogorov, Petrovsky and
Piskunoff (FKPP) equation [140, 141]. This equation has fascinating properties. First,
in the 1D case, there exist travelling wave solutions or a propagating front, which
transform an unstable state into a new stable state. The front speed is determined by

� = 2
?

D� =
2
Lc

c
DH+

k� . (3.13)

Network or gel formation as a result of the reaction-diffusion coupling is open for
mathematical research. Nevertheless, assuming a travelling wave as a possible solu-
tion, the time for gelation can be estimated as

tgel 9
Lc

�
= L2

c

d
k�

DH+
(3.14)

and thus the smaller the shortest wet gel body size, the shorter the gelation time.
If such a model can be applied to the pH inversion in biopolymeric aerogels, and
cellulose especially, is an open issue.

Temperature Jump Induced Gelation
Gelation of cellulose dissolved in ionic liquids or salt hydrate melts is different from
those treated in the preceding discussion. As reported by Innerlohinger et al. [142] and
Liebner�s group [143 147] after dissolution of cellulose in NMMO at temperatures
above 100�C gelation occurs upon cooling. The same was observed for cellulose
dissolved in calcium thiocyanate by Hoepfner et al. [148, 149] and for zinc chloride
tetrahydrate by Schestakow et al. [150]. In all these cases, the reversibility of dis-
solution on increasing the solution temperature and gelation on cooling suggest full
agreement with the phase diagram shown in Figure 3.8 that a miscibility gap exists
and gelation could be a result of phase separation occurring by different mechanisms,
such as a sequence of nucleation, growth and aggregation or spinodal decomposition
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[151] or a mixture of both. This will be discussed in Chapter 4 as a mechanism called
polymerisation-induced phase separation (PIPS).

3.1.3 Preparation of Bulky Cellulose Aerogels

We already described in Chapter 2, that aerogels can be produced in the form of bulky
materials, like plates of several inches thickness and lateral dimensions even in the
metre range, but also beads or powders and for biopolymers and especially cellulose
also in the form of �bres, such that in principle yarns and woven and non-woven
fabrics could be made from them [26, 152]. In this section, we review brie�y methods
to prepare cellulose aerogel monoliths and present a few properties. Kistler was the
�rst to produce from a cellulose derivative the �rst cellulose aerogel. His work was
long forgotten, and especially in the 1970s and 1980s it was not taken up by the
scientists working on aerogels. Biopolymeric aerogels became popular since the work
of Tan and co-workers published in 2001. Tan and co-workers published a paper on
cellulose aerogels which became well known and popular, and the main results were
even cited in newspapers [22]. They did not dissolve cellulose as described earlier, but
started from a cellulose-derivative cellulose acetate and de-esteri�ed it. This cellulose
ester was cross linked in an acetone solution using toluene 2,4 di isocyanate. They
could prepare gels if the cellulose concentration was larger than �ve and less than
30 wt%. They used supercritical drying and were able to get aerogels with a speci�c
surface areas of around 400 m2/g and densities in the range of 100�350 kg/m3. They
observed that the smaller the cellulose ester concentration and the larger the cross-
linker amount, the larger the shrinkage. Although cellulose derivatives as starting
materials for aerogel production are still under investigation, as in the work of Pinnow
et al. [153] and Gan et al. [154], the focus of cellulose aerogel preparation is along
the lines outlined previously, either using sodium hydroxide solutions, ionic liquids or
salt melt hydrates to prepare a solution of polymers.

Gavillon and Budtova prepared a material they called aerocellulose dissolving
cellulose in non-polluting solvents, such as aqueous NaOH or NMMO, and dried the
gels after solvent exchange supercritically with carbon dioxide [134, 155]. Their focus
was, however, on the preparation of cellulose aerogels from cellulose�NaOH�water
solutions and looking at the in�uence of the preparation conditions on morphology
and properties. As a starting material, they used microcrystalline celluloses with
degree of polymerisation ranging from 180�950. They �rst let the cellulose swell
at low temperatures in a mixture of sodium hydroxide and water. The cellulose
concentrations were varied between 3�8 wt%. The polymer-water-NaOH solutions
were cast into cylindrical molds of 8 10 mm diameter and 30�40 mm length and
regenerated after gelation with water. The regeneration step led to a shrinkage of
about 10% in volume. The gelation time varied exponentially with temperature as
discussed earlier, meaning at 10�C the gelation takes around three days, at 40�C
it takes only 6 minutes. Before supercritical drying, the solvent was exchanged
with acetone. Gavillon and Budtova observed that the speci�c surface area slightly
decreases as the cellulose concentration increases from 5�7 wt%. Adding a surfactant,
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Figure 3.11 SEM picture of a cellulose aerogel (left) made with 5 wt% cellulose dissolved in
7.6 wt% sodium hydroxide, regenerated in water at 50�C and supercritically dried after
exchange of the pore �uid with acetone. The TEM picture (right) shows that the �brils are built
by tiny particles, after [155].

alkylpolyglycoside, in low concentrations reduced the envelope density from values
of 140 kg/m3 to 60 kg/m3 at 1 wt% surfactant. They attribute this to the formation
of macropores, or, in other words, the cellulose polymer strands made more compact
�brils. Performing the regeneration in water not at 25�C, but at 50�C changed the
microstructure from a �brillar one with large macropores and thick �brils to a mixture
of �brils and particles, which they also could view using transmission electron
microscopy (TEM). One �gure shown in Roxane Gavillon�s PhD thesis is reproduced
in Figure 3.11 together with the SEM picture of the same material. Budtova and
Gavillon attribute the change in pore size and the structure of the aerogels regenerated
at 50�C as an effect of temperature, since this increases the mobility of the polymers
and thus the chance to rapidly entangle instead of building thicker, compact �brils at
lower temperature, where the mobility is reduced.

Jin and co-workers [156] were the �rst to produce high-quality cellulose aerogels
using salt melt hydrates. They prepared a hot solution of calcium thiocyanate and
water with 1:4 mol/mol to dissolve cellulose as described previously. Cellulose dis-
solved in rhodanide or zinc chloride solutions is a highly viscous liquid, similar to
honey. Jin and co-workers therefore spread the hot solution with low cellulose content
(0.5�3 wt%) on a glass plate to form layers of 1 mm thickness. After cooling to
room temperature, which was accompanied by the sol gel transition, the gels were
washed in methanol to extract the salt and regenerate the cellulose. The �lms were
freeze dried after rapid quenching in liquid nitrogen. The densities obtained were in
the range of 20 kg/m3 at 0.5 wt% and 100 kg/m3 at 3 wt% cellulose. The speci�c
surface area increased with increasing cellulose content from around 105�200 m2/g
from 0.5 wt% cellulose to 3 wt%. The microstructure as shown by SEM displayed
an open porous network of cellulose �brils whose network density increases with the
cellulose content.

Hoepfner et al. [148] used the process of Jin [156] to produce monolithic cellulose
aerogels. They dissolved microcrystalline cellulose of a DP of 150 in a rhodanide
hydrate at around 110�120�C. The hot cellulose solution was poured into polyacrylic
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Figure 3.12 SEM pictures of two cellulose aerogels with 2 wt% cellulose (left) and 4 wt%
cellulose (right) prepared using rhodanide as a solvent, ethanol as a regeneration and washing
agent and supercritically dried with carbon dioxide. Courtesy K. Ganesan, DLR

multi-wall sheets with a cross section of 15 � 15 mm with a length of around 100 mm.
The cellulose was regenerated in ethanol with a subsequent step of supercritical drying
with carbon dioxide. The monolithic aerogels were white, soft and easily deformable
by indentation. The envelope varied between 10 and 60 kg/m3 with the cellulose
concentrations varying between 0.5 and 3 wt% and were thus lower than Jin�s aerogels.
This can be attributed to the supercritical drying better preserving the gel structure
than freeze drying does. The properties, such as envelope density and speci�c surface
area, are described in more detail in Chapters 7 and 8. Figure 3.12 shows two SEM
pictures of aerogels prepared according to this route. The picture clearly shows that
the nano�eece consist of cellulose �brils having thicknesses in the range of 20�50 nm.

In a careful study on preparation conditions, Schestakow and co-workers [150]
used zinc chloride tetrahydrate as a solvent system and studied especially several
regeneration bath �uids and their effect on the microstructure. Cellulose aerogels,
concentrations of 1�5 wt% cellulose, were after gelation regenerated in water, ethanol,
isopropanol or acetone. The cellulose aerogels regenerated in acetone had a speci�c
surface area of around 340 m2/g, almost doubling the value of those regenerated in
water. A comparison of the microstructures observed by SEM is shown in Figure 3.13.
There are remarkable differences induced by the regeneration liquid. Although in
principle all four exhibit a �brillar network, the network compared to those shown
in Figure 3.12 is not irregular or random; they instead look always rounded as if
during gelation they would have bent around something. The size of the �brils is in the
nanometer range, according to Schestakow around 10�20 nm. The network becomes
denser from water to ethanol, isopropanol and acetone. The last two also show broken
�brils, which probably come from preparation for SEM.

The third route to prepare cellulose aerogels utilises ionic liquids. Innerlohinger
et al. [142, 157] were the �rst to produce aerogels from cellulose using NMMO as
a solvent. Cellulose was obtained from different pulps having different degrees of
polymerisation ranging from 180�4,600. The process of Innerlohinger and co-workers
started with a dissolution in an NMMO�water mixture, performed a shaping, regener-
ation and washing in ethanol and water, solvent exchange and supercritical drying
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Figure 3.13 Cellulose aerogels prepared with zinc chloride hydrate as a solvent, regeneration in
different liquids and supercritical drying with carbon dioxide. The cellulose content in each
case is 5 wt%. Reprinted from [150] with permission from Elesvier

with carbon dioxide. Their process allowed to vary the cellulose content between
0.5�13 wt%. The bulk, monolithic aerogels were cylindrical with a 26 mm diame-
ter. From their extensive studies, a few results are reproduced here. The envelope
density varied in an almost linear fashion between 50�200 kg/m3 as the cellulose
content changes from 0.5�9 wt%. They reported a total shrinkage of around 40%.
The reported internal surface areas range between 100�400 m2/g. In the line of this
work, the group of Liebner in Vienna studied extensively different ionic liquids and
other unconventional dissolution routes. Liebner and co-workers [143, 144] also use
NMMO as a solvent, but N-benzyl-morpholine-N-oxide (NBnMO) as a stabiliser
against oxidation. They were able to produce dimensionally stable cellulose aero-
gels. The cellulose contents were 3, 5, 10 and 12 wt% and thus in the range of
Innerlohinger�s work. The regeneration was performed with ethanol or a mixture
of ethanol and dimethylsulfoxide (DMSO) in different concentrations. The whole
process of dissolution, regeneration, solvent exchange and supercritical drying with
carbon dioxide could last several days. Their aerogels exhibit densities in a range
from 50�260 kg/m3 and speci�c surface areas from 172�284 m2/g. Liebner and co-
workers studied later [145] aerogels produced by their method in more detail and
especially looked carefully to shrinkage in every step of processing, since shrinkage
especially of biopolymeric aerogels can be rather larger; see Chapter 5. In this chapter,
we �nally would like to mention a careful study performed by Pircher and co-workers
[151, 158] in which they compared different solvents for cellulose and looked at their
impact on the porous microstructure. As a cellulose starting material, they used cotton
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Figure 3.14 Scanning electron micrographs of aerogels derived from solutions of 3.0 w%
cotton linters in TBAF/DMSO, EMIm/DMSO and NMMO and 1.5 w% cotton linters in
caclium thiocyanate octahydrate/LiCl after Pircher [151]. Reprinted under Creative Commons
license CC BY

linters and four different solvent systems, namely mixtures of (1) tetrabutylammo-
nium �uoride and DMSO (TBAF�DMSO); (2) the ionic liquid 1-ethyl-3-methyl-1H-
imidazolium acetate and DMSO (EMIm�DMSO); (3) a salt hydrate melt, calcium
thiocyanate octahydrate, which in contrast to Jin [156] and Hoepfner [148] was mod-
i�ed with lithium chloride; and (4) NMMO. All gels were regenerated in ethanol and
supercritically dried with carbon dioxide. They studied the volumetric shrinkage in
all stages of the aerogel production, explored envelope density, performed small and
wide angle X-ray scattering (SAXS, WAXS) studies and used thermoporosimetry (see
Chapter 9) and mechanical properties in compression tests (see Chapter 13). The SEM
analysis of aerogels prepared with NMMO or Ca(SCN)2 8H2O�LiCl revealed random
networks of cellulose nano�brils. Figure 3.14 shows a few examples. All aerogels
exhibited large shrinkage from gel preparation to the dry state between 23�52 %. The
solvent system used had a pronounced effect. Whereas the ionic liquid EMIm could
lead to a shrinkage of 52%, the rhodanide�LiCl solvent led only to a shrinkage of 23%.

3.2 Alginate: From Solution to Gel

The discovery of alginate can be traced back to the 1880s (Edward Stanford), and its
commercial production commenced in the early twentieth century. As in the past, the
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current industrial production exclusively relies on brown seaweed as a raw material.
Alginate in a certain sense is complementary to cellulose discussed in Section 3.1 as
it plays in seaweeds a role analogous to cellulose in terrestrial plants. Sodium alginate
is the most available salt of alginic acid. Potassium and ammonium alginates are also
commercially available. Sodium alginate and other monovalent alginate salts are white
or yellowish powders, and they are highly soluble in water. Another commercial water-
soluble product is propylene glycol alginate, which is produced by esteri�cation of
alginic acid with propylene oxide. All alginate salts including insoluble calcium algi-
nate are approved food additives (E400�E405) and widely used in the food industry
as emulsion and dispersion stabiliser and gelling agent. Alginate �nds its use in the
textile industry as well as in pharmaceutical and medical �elds for making wound
dressings and dental impressions and as a carrier matrix.

3.2.1 Structure of Alginate

Alginate is an umbrella term for a large family of polysaccharides extracted primarily
from farmed brown algae. Alginate constitutes up to 40% of the seaweed dry matter
providing mechanical strength to the plant as well as acting as a water storing agent to
prevent water lost when seaweeds are exposed to air [159].

Alginate is a linear binary copolymer of 1-4-linked residues of mannuronic (M) and
guluronic (G) acids (Figure 3.15). The residues are arranged in a blockwise pattern
with homopolymeric regions of G residues (called G-blocks) and a homopolymeric
region of M sequences (called M-blocks) interspersed by regions in which the two
residues alternate [159].

Several bacteria produce alginate as an extracellular polymer with distinctly differ-
ent structural features. Unlike alginates from seaweed, alginates of bacterial origin
have a certain degree of acetylation and may contain no G-blocks or at least no
contiguous G residues. Fermentative production of alginate is so far economically
infeasible, and materials from bacterial alginates are available at a small scale.

Alginate both from seaweed and bacterial sources have polydisperse molecular
weight, i.e., molecules with different molecular weights are present in the sample.
If out of total N polymer molecules Ni of molecules have the molecular weight Mi ,
the number-average molecular weight MN is given as

MN =
�

i NiMi�
i Ni

. (3.15)

The number-average molecular weight is thus the ratio of the �rst µ1 to the zeroth µ0
non-central moments of the distribution. The �rst non-central moment is the mean
value and the µ0 is equal to one. Another way to quantify the molecular weight
is to introduce the weight-average molecular weight (MW ), where the averaging is
performed over the weight fractions wi = NiMi :

MW =
�

i wiMi�
i wi

=
�

i NiM2
i�

i NiMi
. (3.16)
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Figure 3.15 (a): Chemical structure of sodium salts of mannuronic (right) and guluronic (left)
acids; (b): chain conformation with two G- and M-block and one GM-block.

The weight-average molecular weight as de�ned by Eq. (3.16) is the ratio of the
second µ2 to the �rst non-central moments of the distribution. The µ2 is the mean of
the squared molecular weight. Commercial alginates have a weight-average molecular
weight (MW ) of approximately 200 kDa1 [159]. The molecular weight of alginate as
present in plant sources is unknown, but is believed to be much higher than that in
commercial samples due to a substantial degradation during the extraction process.
From probability theory, it is known that the variance �2 of a probability distribution
can be expressed through the �rst and second non-central moments as

�2 = µ2 µ2
1. (3.17)

To characterise the breadth of the molecular weight distribution, it is customary to
introduce the so-called molar-mass dispersity DM (see [160]) as the ratio of the
number-average molecular weight to the weight-average molecular weight. Both
the quantities can readily be expressed through the non-centred moments, so the
molar-mass dispersity reads

DM =
MW

MN
=
µ2

µ1

µ0

µ1
=
�2

MN
+ 1. (3.18)

For a monodisperse polymer �2 is zero and the molar-mass dispersity is 1. The molar-
mass dispersity for alginates typically ranges between 1.5�3 [159].

The mannuronic and guluronic acids are structurally very similar; the only differ-
ence is the con�guration at the C-5 atom. Because of this difference, the M and G units
adopt two different conformations of the pyranose rings (Figure 3.15). This gives rise
to �at ribbon-like and �exible chain conformations when mannuronic acid residues
are linked to each other. In contrast, a pair of guluronic acid residues form a buckled
and more rigid structure (Figure 3.15). Another common feature of mannuronic and
guluronic residues is that they each bear a carboxylic group.

1 A Dalton (Da) is the uni�ed atomic mass unit de�ned as the mass of a carbon atom divided by 12.
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At a basic level, the bulk composition is characterised by the fraction of M and
G units in a single alginate chain, FM and FG, respectively. Because FM + FG = 1,
it is suf�cient to provide a single value of the so-called mannuronate/guluronate
ratio FM/FG for characterising the bulk composition. Being the result of complex
biosynthetic pathways along with seasonal variations, the guluronate fraction can
vary over a wide range (0.20 � FG � 0.75) and may even depend on the part of the
plant considered [159].

At a more detailed level, the sequential structure of alginate can be characterised
by fractions of diads, i.e., fractions of four possible pairs MM, MG, GM and GG.
Fractions of triads, tetrads and higher-order multads would be needed for a complete
statistical description of a given alginate chain.

Elucidation of the sequential structure is not a routine task. High resolution proton
and carbon nuclear magnetic resonance (1H-NMR and 13C-NMR), circular dichroism
and Fourier-transform infrared spectroscopy (FTIR), sometimes also combined with
advanced chromatographic methods, are mainly employed [161, 162]. Up to now,
these analytical methods provide access to the the fractions of monads (FM, FG), diads
(FMM, FMG, FGM, FGG) and eight corresponding triads. The degree of polymerisation
of natural alginates is high enough to regard them as having in�nitely long chains.
In this case, not all the fractions are independent, and conservation relations hold, for
example for diads FMG = FGM and FMM + 2FMG + FGG = 1. The fractions have
been measured for alginates separated from a number of species [163, 164], as shown
in Table 3.1, however, such information is only rarely present in the material science
publications.

In a random copolymer, the probability of �nding a given type of residue at a
particular position along the chain is simply equal to the fraction of that residue. As we
go along the chain of a random copolymer, the probability of �nding a given residue
is constant and does not depend on what we just saw in the previous position. Truly
random copolymers demonstrate such kind of behaviour and thus obey Bernoullian
statistics. The probability of �nding a pair of residues is then just a product of the
individual probabilities. For alginate with two residues, M and G, the fractions of
diads would then be given as follows (again assuming a long chain):

FMM = F 2
M (3.19)

FMG = FGM = FMFG (3.20)

FGG = F 2
G (3.21)

A simple calculation with Eqs. (3.19)�(3.21) for data in Table 3.1 shows that FMM
and FGG fractions signi�cantly exceed the Bernoullian fractions for MM and GG
pairs. If Eqs. (3.19)�(3.21) would hold true, the knowledge of the bulk monomeric
composition would be suf�cient to determine the sequential structure of alginate, but it
is evidently not the case. It is out of the scope of this chapter to discuss more advanced
models of the sequential structure of alginate. Further information can be found in the
specialised literature [161, 165].



Table 3.1 Sequential composition of alginate from different species. Data from [163].

Source FG FM FGG FGM, FMG FMM FGGG FGGM FGMG FGMM FMGG FMGM FMMG FMMM NG�1

A. nodosum 0.43 0.57 0.20 0.23 0.34 0.12 0.08 0.12 0.11 0.08 0.15 0.11 0.23 3.5

M. pyrifera 0.42 0.58 0.22 0.2 0.38 0.17 0.05 0.14 0.06 0.05 0.15 0.06 0.32 5.4

L. digitata 0.40 0.60 0.26 0.14 0.46 0.22 0.04 0.06 0.08 0.04 0.1 0.08 0.38 7.5

L. hyperborea 0.68 0.32 0.56 0.12 0.2 0.51 0.05 0.07 0.05 0.05 0.07 0.05 0.15 12.2
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Alginates with a high guluronate fraction FG � 0.7 and an average G-block length
of a few tens of residuals yield stable gels with superior mechanical strength and a
lower degree of syneresis compared to M-reach alginates. Because gelling abilities
of alginate positively correlate with the mannuronate/guluronate ratio FM{FG, or the
M/G ratio for short, industrial alginates are often broadly classi�ed as low-G and
high-G alginates. Thus, it is very desirable to provide at least the M/G ratio when
documenting research work with alginate-based materials.

As no stable gels can be obtained for alginates with strictly alternating . . . -M-G-. . .
sequences, a certain length of the G blocks is required for formation of junctions.
Because every G-block with at least two G residues is terminated by a GGM triad, the
frequency FGGM is a measure of the total number of such G-blocks and the average
length of G-blocks can be calculated as follows [165]:

NG�1 =
FG · FMGM

FGGM
(3.22)

The fraction FMGM in Eq. (3.22) excludes all isolated G residues, i.e., those for which
the G-block length is equal to one. The required G-centred fractions FGGM and FMGM
can be measured by NMR. The average length of G-blocks calculated by Eq. (3.22)
is also summarised in Table 3.1. The data show that alginates with similar M/G ratios
can have very different sequential structure (cf. the �rst three species in Table 3.1).

3.2.2 Degradation and Chemical Modi�cations

The glycosidic linkages between uronate units of alginate are susceptible to cleavage
both above and below pH 7. In a routine work�ow, it is convenient to track the progress
of degradation by measuring viscosity of the alginate solution regularly. To minimise
degradation of alginate solutions and gels, they should be kept close to neutral pH of
6�8 and at limited heating conditions, ideally in a refrigerator at +5�C. Alginates are
also susceptible to chain degradation in the presence of reducing compounds (ascorbic
acid, cysteine, sulphites) at neutral pH values due to formation of free radicals [166].

As we discuss in Section 5.3 on supercritical drying, biopolymer hydrogels cannot
be subject to supercritical drying owing to their hydrolytic lability. Alginate quickly
depolymerises in both subcritical and supercritical water into monosaccharides and
further to a wide range of low-molecular weight products. If hydrolysis is performed
in a tubular reactor with a very short residence time, differences in depolymerisation
kinetics for M�M, M�G and G�G pairs allow isolation of homooligomers as well as
monomeric mannuronic and guluronic acids [167].

Even when sterilised with steam at 120�C, alginate solutions and hydrogels demon
strate a severe shrinkage and irreversible degradation. Instead, alginate solutions can
be sterilised by �ltration through 0.22 µm �lters, but hydrogels should be prepared
from chemically modi�ed alginate to become autoclavable [168].
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In fact, there is a broad range of derivatisation pathways to enhance existing
and introduce new properties in native alginate [166, 169]. Most of the chemical
transformations involve two hydroxyl groups (C-2 and C-3 positions) and carboxyl
group -COOH (C-6 position). Possible reactions include acetylation, phosphorylation,
sulfation, grafting of hydrophobic moieties and cell signalling molecules, among
many others. Regioselectivity, both in terms of selective modi�cation of M vs. G
residues and 2-OH vs. 3-OH, can be controlled in some cases. Derivatisation can
be performed in aqueous solutions, but also in suspensions and gels, i.e., under
heterogeneous conditions.

Derivatisation of alginate and also the processing of alginate materials have been
limited to aqueous chemistry due to complete insolubility of alginate salts and alginic
acid in organic solvents. Only recently, a few aprotic solvents such as DMSO and
dimethylformamide (DMF) have been reported be able to dissolve tetrabutylammo-
nium salt of alginate [170, 171]. For other biopolymers, the use of ionic liquids has
been utilised, e.g., for dissolution of cellulose [172] and other biopolymers [173�175].

Dissolution of alginate and other biopolymers in solvents which can be directly
extracted by supercritical CO2 or its mixtures with cosolvents would have a great
impact on the process scale-up. Already the use of high-boiling nonaqueous solvents
as a gelation medium in a combination with a low-boiling solvent for the solvent
exchange would greatly simplify the downstream separation puri�cation. Gelation
strategies for nonaqueous solutions of biopolymers are still to be developed.

In addition to chemical modi�cations, composition of natural alginates can also
be modi�ed by a set of enzymes (epimerases) which were identi�ed in alginate-
producing seaweeds and bacteria. These enzymes are involved in the in vivo inver-
sion of stereochemistry of mannuronan at the C-5 atom yielding guluronan. Such
epimerases can also be used in vitro to generate speci�c nonrandom epimerisation
patterns [176], e.g., transform homopolymeric blocks . . . M�M�M�M. . . into strictly
alternating . . . M�G�M�G . . . sequences. This approach opens up a speci�c tailoring
of alginate and creating of new M and G patterns along the polymer chain.

3.2.3 Gelation of Alginate

When aqueous sodium alginate is poured in calcium salt solution, a transparent or
opaque gel is immediately formed. If after a few minutes the gel is removed from the
Ca2+ salt solution and cut open, alginate solution that is not gelled will �ow out from
the gel (Figure 3.16). This observation demonstrates that gelation, as an ionic reaction,
proceeds rapidly leading to the formation of a thin gel layer. At a later stage, gelation
becomes diffusion limited as Ca2+ cations have to diffuse through a progressively
growing gel layer.

Compared with other gelling polysaccharides, the binding of di- and trivalent
cations eventually resulting in the gel formation is the most striking feature of alginate
as polyanion. The gelation induced by reaction with cations is called ionotropic
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Figure 3.16 Pouring sodium alginate solution into gelation bath with aqueous copper nitrate
(a) and resulting worm-like Cu-cross-linked alginate hydrogel harvested after a few minutes in
the gelation bath (b).

gelation in order to distinguish it from other types of gelation, which are brie�y
discussed in this section.

In the 1970s, based on a large body of experimental data from circular dichro-
ism, X-ray diffraction, light scattering, viscometric, potentiometric titration and ion
exchange experiments, it was suggested that gelation is a result of metal mediated
parallel association of polymer chains. In this view, calcium, or generally divalent
cations M2+, bind to two polyuronate units of alginate chains. Because such structures
bear a resemblance to a box for carrying eggs, the model is widely known as the
egg-box model.

The detailed quantitative mechanism of metal binding and gelation still remains a
subject of scienti�c debate. At a qualitative level, binding between M2+ and two adja-
cent G units in a single alginate chain occurs at low cation concentrations. The geomet-
rical nest-like con�guration of the G�G block (see Figure 3.15) favours interactions of
M2+ with carboxylate and hydroxyl groups of guluronate. The M�M and M�G blocks
adopt much �atter conformations so that they are involved in the complexation only at
higher cation concentrations. As the concentration of M2+ further rises, dimerisation
of G�M2+-G sites takes place yielding zigzag-shaped junction zones. As a result, the
chains are zipped into clusters by the autocooperative binding and form what is called
�egg-box� junctions (Figure 3.17). Subsequent intra-chain association results in lateral
and coil-like multimers which serve as building blocks for �bril-like structures of the
emerging gel phase.

From this qualitative picture, it is clear that a certain minimum length of the
G-blocks is needed for formation of a junction. Indeed, a body of literature on alginate
gels suggests a correlation between the elastic modulus and the average NG�1;
see Eq. (3.22). Therefore, no gelation is possible for alginates comprised of strictly
alternating sequences [163].

Depending on the cation concentration, M�G local composition and the length
of alginate chains, the intra-chain association can be governed by either hydrogen
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Monocomplex Egg-box dimer

Concentration of calcium cations increases

Intracluster associated multimer

Figure 3.17 Schematic illustration of the multiple-step binding of Ca2+ to alginate according
to the mechanism described by Fang et al. [177]. The calcium cations are depicted as full
black circles.

Figure 3.18 Scanning electron micrograph of the Ca-cross-linked alginate aerogel. Reproduced
from [179] with permission from the American Chemical Society

bonding or by electrostatic interactions, and leads to multimers with different type of
agglomeration: lateral association, chain coiling and entanglement [178]. SAXS and
NMR structural studies suggest that multimers composed of a few tens of polymer
chains form already with substoichiometric amounts of M2+, i.e., when only a small
fraction of G-blocks is occupied. In materials science and in particular in aerogel sci-
ence, gelation is often performed in an excess of cations by dripping alginate solution
into a large batch with metal salt solution (known as diffusion setting method see the
next subsection). Available SAXS studies of Ca-alginate gels under such conditions
indicate that Ca-saturated alginate gels are made up of nanosized �brils of 5�15 nm in
diameter [179, 180].

Remarkably, rod-like scattering behavior detected by SAXS seems to be almost
unaffected by solvent exchange and supercritical drying [179, 180]. Therefore,
according to the current view, the �brillar morphology of alginate hydrogels is
built up at the gelation step and to a certain extent preserved in the alcogel and
the resulting aerogel. A typical �brillar microstructure of alginate aerogel processed
through stepwise solvent exchange and low-temperature supercritical drying with CO2
is shown in Figure 3.18. Estimation of the �bril diameter from the cylindrical pore
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model (see Chapter 9) as 4{SBET 	s gives values in the range of 5�8 nm (for a typical
speci�c surface area of 300�500 m2/g and 	s = 1.6 g/cm3), in a reasonable agreement
with the SAXS results.

In the aerogel literature, it is quite often and unjusti�ably broadly stated that
delicate structure of wet gels is preserved by supercritical drying. Although limited
structural data rather speak for a small effect of the solvent exchange and supercritical
drying on alginate hydrogels, the question arises whether it is generally the case. As
we discuss in detail in Section 5.4 on solvent exchange, biopolymer hydrogels in
general, and alginate in particular, demonstrate a certain degree of shrinkage when
exposed to organic solvents prior to supercritical drying. Although detailed structural
studies are still pending for all intermediate steps from hydrogel to lyogel and further
to aerogels, two boundary cases can be anticipated.

In the �rst scenario, secondary structures such as �brils or primary particles are
formed at the gelation step and only slightly affected at the subsequent solvent
exchange and supercritical CO2 drying. Silica hydrogel discussed in the previous
section is the most common example for such systems. Low shrinkage throughout the
entire process is a macroscopic manifestation of moderate rearrangements in the gel
microstructure.

In the second scenario, gel undergoes substantial changes induced by the organic
solvent or sc-CO2, or both. With some assumption, resins swollen in organic solvents
illustrate this second class of systems. Upon contact with supercritical carbon dioxide,
swollen resin loses the volume but often remains partially swollen up to the complete
extraction of the solvent. Depressurisation causes a progressive drop of the CO2 den-
sity, resulting in a severe shrinkage down to dense nonporous monoliths. Here at each
step the network evolves in response to the changing thermodynamic quality of the
surrounding solvent.

Freeze and evaporative drying (Section 5.1 and 5.2) undoubtedly have a signi�-
cant effect on the gel structure. As for the supercritical drying and preceding solvent
exchange, the question to what extent the structure is retained requires special analysis
for each individual polymer, type and density of cross-linking as well as regimes of
the solvent exchange and supercritical drying.

It seems likely that among biopolymers almost no structural changes occur in gels
composed of building blocks with resistance against buckling (cellulose and chitin
nanowhiskers, bacterial cellulose, chemically cross-linked lignin and globular protein
gels without substantial unfolding). Gels of anionic polysaccharides such as alginate,
pectin and carrageenans are likely to be �mixtures� of locally ordered regions (bundles,
�bres) interspersed by predominantly disordered polymer networks. The fact that
aerogels from all these and similar biopolymers possess �brillar morphology with a
narrow diameter distribution may be a sign of structuring during the solvent exchange
and supercritical drying. Very recently, this view has been supported by SAXS for
chemically cross-linked chitosan [181]: neither gelation nor solvent exchange to
methanol brought about formation of �brillar morphology: both hydro- and alcogels
compose of random walk chains. Surprisingly, the �brillar network was shown to
emerge during low-temperature supercritical drying with CO2. Whether and to what
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extent the supercritical drying is the structure forming step for other biopolymers
remains an intriguing open question.

To induce gelation, metal cations should be introduced into aqueous solution of
alginate salt. The selectivity of the GG-blocks for metal cations depends on the cation
nature. Experimentally and later by quantum chemical modelling the following af�n-
ity scale was determined for doubly charged cations: Pb � Cu � Cd � Ba � Sr �
Ca � Co, Ni, Zn � Mn � Mg [159, 182, 183]. Fragmental data on trivalent cations
are also available in the literature [184]. Although such scales are often used when
interpreting hydrogel properties (especially mechanical and transport ones), caution
should be taken as the scales are only valid at small cation concentrations. Therefore,
low af�nity does not automatically imply impossibility of gelation: both manganese-
and magnesium cross linked self supporting hydrogels can be prepared [164, 185].

To date, there are only scarce studies on properties of aerogels which are cross-
linked with metals other than calcium. Most of the results, especially when target-
ing life science applications, are obtained with Ca2+ due to its nontoxic character
and well-established gelation protocols. Since magnesium alginate is a water-soluble
complex, it is dif�cult to form stable Mg-coordination biopolymeric hydrogels as was
observed with other divalent metal ions.

From a technical point of view, there are two conventional and widely adapted
methods to perform cation-induced ionotropic gelation of aqueous alginate salts: the
diffusion setting and internal setting methods. Based on the character of interchain
interactions, gels can be classi�ed as physical (i.e., non-covalent bonding between
chains) and chemical (or covalent, i.e., chemically cross-linked chains). Metal-cross-
linked alginate gels belong to chemical gels, whereas alginic acid gel is a physical
gel. Alginate gels with more than one type of interactions are also known and often
demonstrate unusual properties.

Diffusion Setting Method
In the diffusion setting method, a solution of alginate salt is extruded dropwise into
a gelation bath with a soluble calcium salt, e.g., calcium chloride or calcium acetate.
Due to rapid gelation in an external layer of the droplet, the spherical shape is usually
preserved. After the rapid formation of the outer layer, gelation is diffusion con-
trolled. The gelled droplets are left in the solution for several hours or days to ensure
complete gelation. Resting time can be shortened if capsules, i.e., gel beads with
a liquid core, are desired, for example as immobilisation matrices. An interesting
reverse implementation of the diffusion setting is also possible and especially useful
for encapsulation purposes. In this case, calcium salt solution with a substance to be
encapsulated and additional components (protecting polymers, buffers, etc.) is dripped
into stirred solution of alginate salt; see Figure 3.19.

At a lab scale, a pipette or burette is used for the extrusion, while at a pilot and
production scale a number of concepts such as mechanical cutting, vibrating nozzles
and electrospraying have been implemented [26] with a throughput up to tens of tons
per hour. To reduce time of the subsequent solvent exchange, the diffusion setting can
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Figure 3.19 Alginate�chitosan gel capsules loaded with yeast cells. The cells in solution
of CaCl2 with additives were extruded into aqueous alginate salt and further reinforced in
chitosan solution. Major unit of the ruler is in centimetres. Figure is taken from [186] and
distributed under the terms of the Creative Commons Attribution 4.0 International
License CC BY 4.0

be performed in a mixed solvent, for example, EtOH�H2O. This approach combines
metal-induced and nonsolvent induced phase separation methods (see �other Gelation
Methods of Alginate�, later in this section).

The diffusion setting method can also be used for preparing hydrogels with mor-
phologies other than spherical: for instance, �bres are produced by forcing alginate
solution through a nozzle into the gelation bath [187]; �lms are prepared by either
spraying onto or in�ltration into a plate followed by gelation in metal salt solution
[188, 189]; and monoliths are produced with cylindrical symmetry. In the latter case,
gelation is performed in moulds connected to the gelation batch through a semi-
permeable membrane. In the simplest case, alginate solution in a dialysis tubing is
immersed in calcium chloride bath and left until complete gelation.

Heterometallic ionotropic alginate hydro- and aerogels can also be processed by
the diffusion setting method using a mixture of two water-soluble salts [164]. In an
alternative approach, hydrogel cross linked with one metal is immersed into a salt
solution of another metal with a higher af�nity towards alginate. Depending on the
contact time, complete or partial substitution may occur, yielding the latter case to
heterometallic gradient hydrogels [190, 191]. Ion exchange ability of Ca-cross-linked
alginate hydrogels is utilised for removal of heavy metal ions.

Internal Setting Method
A complementary gelation method with a better control of the gelation rate is the
internal setting method (see Figure 3.20). In this method, an insoluble precursor is
dispersed into aqueous alginate salt. Cross-linking cations are liberated by a pH drop.
One of the most studied systems for the internal setting is calcium carbonate with
D-glucono-
-lactone (GDL). Here GDL hydrolyses in water, yielding gluconic acid,
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Figure 3.20 Alginate hydrogels of various shapes produced by the internal setting method
from 1.5 wt/vol.% sodium alginate aqueous alginate extracted from Laminaria hyperborea at
Ca2+/COO· molar ratio of 0.27. Reproduced with permission from [192]

which in turn reacts with water sparingly soluble CaCO3 liberating Ca2+ homoge-
neously within aqueous solution of alginate salt, causing gelation. In this method,
alginate solution (pH 6.5 7) and insoluble precursor are mixed �rst, and only then
GDL, either as a solid or freshly prepared solution, is admixed to the suspension.

The internal setting method remedies the problem of the internal setting that the
cross-linking density and alginate concentration are not uniform throughout the hydro-
gel droplet. The choice of GDL is very favourable as it hydrolyses in mild conditions
yielding widely occurring in nature gluconic acid. GDL is registered under the number
E575 in the list of food additives within the European Union.

To balance gelation rate and gel homogeneity, mixed precursor calcium carbonate
with gypsum (CaSO4¤2H2O) has been developed [192]. Moderately water-soluble
CaSO4¤2H2O (»0.015 mol/L ar 25�C), when admixed alone to alginate solution,
leads to inhomogeneous gels due to fast gelation, while alginate gelled by CaCO3�
GDL needs a few hours to set. The use of CaCO3�CaSO4¤2H2O mixture allows to
control gelation rate by varying the molar ratio between these slow and fast dissolving
calcium salts.

Pressurised carbon dioxide is an alternative pH reducing method. In so-called car-
bon dioxide induced gelation, a suspension of metal carbonate or hydroxycarbonate in
aqueous sodium alginate is subjected to pressurised carbon dioxide at 30�50 bar and
room temperature [193, 194]. Since a signi�cant amount of CO2 is dissolved in the
aqueous phase of the gel at the end of the process, controlled depressurisation intro-
duces macrosized voids into the gel. Further processing steps can also be performed
without depressurisation in the same high-pressure autoclave [193].

Introduction of calcium precursors in the form of insoluble salt has the disad
vantage that they sediment over time and thus have to be milled �nely. To achieve
molecular-level homogeneity, water-soluble Ca2+ complexes with chelating agents
such as egtazic acid (EGTA) can be utilised. In such systems, GDL acts as a pH
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reducing agent leading to dissociation of the CaEGTA complex with the concomitant
effect of making the Ca2+ available for cross-linking alginate [195].

When the pH of aqueous alginate salt is lowered below the pKa values of M and G
units (3.4 and 3.6, respectively), so-called acidic gels are formed. Acidi�cation should
be done slowly and homogeneously to avoid precipitation of alginic acid. Similar to
the internal setting method, hydrolysis of GDL or maleic anhydride can be exploited
for pH lowering. Alternatively, alginate salt can be converted into alginic acid gel by
dialysis against diluted acid.

It seems that an intermediate gelation mechanism is realised in alginate hydro-
gels when cross-linked by transition metals. Aqueous solutions of transition metal
salts such as Ni(NO3)2 or CuSO4 have acidic pH due to hydrolysis. When gelled
by the diffusion setting method, a signi�cant fraction of free COOH groups remain
in the hydrogen form after solvent exchange and supercritical drying [196]. In contrast,
the use of Ba(NO3)2 solution, with pH above the pKa of alginate, yields aerogels with
completely sali�ed carboxyl groups.

Regardless of the chosen gelation approach, freshly prepared alginate hydrogels
exudate a certain amount of liquid accompanied with contraction of the gel body dur-
ing the storage. This process is referred to as syneresis. To indicate the fact of ongoing
changes in the physical structure and thus in gel properties, the storage period is some-
times called ageing, analogously to silica and other inorganic gels (see Section 2.1).
Molecular mechanisms of the syneresis in alginate gels are not fully elucidated. It is
generally agreed that the degree of syneresis increases with the fraction and length
of MG-blocks [197, 198], however also depends on the cation nature and cation
concentration in the gel. From a practical standpoint, ageing conditions should be
monitored and documented to ensure reproducibility.

Other Gelation Methods of Alginate
Aqueous and nonaqueous solutions of some synthetic and natural polymers can
undergo so-called cryogelation. In the cryogelation process, the polymer solution
is frozen and kept several degrees below the melting point of the system followed
by thawing. Gels formed under such conditions are known as cryogels. It is very
important to note that in the current literature, the term cryogel often has a different
meaning, designating a solid material formed by the removal of all swelling agents
from a gel by freeze drying (see Section 5.2). In this case, the term does not refer to
any particular gelation method. Because of this ambiguity, the use of the term cryogel
for freeze-dried materials should be avoided when possible.

The mechanism and in�uencing parameters for such systems are relatively well
elucidated [199]. The gelation occurs in unfrozen liquid microphase which is formed
in non deep frozen polymer solutions. The microphase acts as a microreactor, where
polymer chains are greatly concentrated forming physical gels upon thawing. If a
cross-linker is added, it also accumulates in the unfrozen liquid microphase yielding
chemical gels. The pores in cryogels are formed by growing solvent crystals, the
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size of which is determined by the freezing regime and the solvent composition. An
interesting feature of cryogels obtained from aqueous solvents is that they typically
possess a large fraction of interconnected macropores and may even have so-called
gigapores (�10�100 µm), whereas conventional gelation methods usually result in
hydrogels with extended mesoporosity (2�50 nm).

Studies on cryogelation of alginate and other anionic polysaccharides such as xan-
than gum, sodium hyaluronate, carboxymethyl curdlan and carboxymethyl cellulose
began only recently [200, 201]. The mechanism of cryogelation is not elucidated
but believed to be analogous to cryogelation of extensively studied polyvinyl alco-
hol, wherein polymer chains are forced to concentrate, align and associate in liquid
domains between growing ice crystals. The forced associations survive upon thawing,
yielding the cryogel network [202]. What is certainly known is that a successful
cryogelation of alginate and other anionic polysaccharides requires a careful selection
of the pH. It seems that the formation of junction zones through van der Waals forces
and hydrogen bonds between partially protonated (uncharged) alginate chains can be
achieved at a lowered pH (�4.0).

Cryogelation of alginate can be realised as an extension of the internal setting
method where an insoluble calcium salt is dispersed in aqueous alginate followed
by freezing the dispersion [199]. Cryogelation can also be combined with the diffu-
sion setting method. In this approach, alginate solution is extruded into a bath with
a cold solution of calcium salt, so that freezing and cross-linking are not spatially
separated [203]. After a certain resting time in the cold gelation bath, the frozen beads
are �ltered and thawed at room temperature. Alternatively, aqueous alginate can be
�rst frozen and then immersed into aqueous ethanol solution of CaCl2 at 20�C to
induce gelation of alginate [204]. This intermediate case between simultaneous and
spatially separated freezing and gelation has the advantage that the �nal step takes
place in ethanol-water mixture, allowing for the partial elimination of the solvent
exchange step.

Similar to cellulose, aqueous alginate forms a separate phase when the thermo-
dynamic quality of the solvent decreases due to addition of a nonsolvent. The non-
solvent induced phase separation (NIPS) of alginate is performed by its aqueous
solution in alcohols, ketones, dimethyl sulfoxide, dimethylformamide and a few other
organic solvents [205, 206]. It seems that an extended aggregation of polymer chains
takes place in the NIPS process. Macroscopically it is manifested in an appreciable
shrinkage, i.e., the volume of the resulting gel is smaller than that of the starting
solution. As we discuss in Section 5.4 about solvent exchange, polymer�solvent inter-
actions play a very important role in the NIPS process. As a rule of thumb, one
can say that more porous gels will be obtained when the mutual af�nity between
the solvent and nonsolvent is high [207]. The fact that water in gels is substituted
by an organic solvent directly during the NIPS process opens up attractive oppor-
tunities for aerogels processing by supercritical drying without the need of an extra
processing step.
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3.3 Variables and Symbols

Table 3.2 lists some of the variable and symbols of importance in this chapter.

Table 3.2 List of variables and symbols in this chapter.

Symbol Meaning De�nition Units

ccell Concentration cellulose in solution � wt%
cZnO Concentration ZnO in solution � wt%
cH+ Concentration H+ � kg/m3

cOH Concentration 0H· � kg/m3

cm
OH· Maximum concentration OH· � kg/m3

c molar fraction of H+ c = cH+
�m

�
D Diffusion coef�cient � m2/s
DH+ Diffusion coef�cient of H+ � m2/s
DP Degree of polymerisation �
kB Boltzmann coef�cient 1.38 � 10·23 J/K
k Reaction rate constant � 1/s

k� Dimensionless reaction rate constant k� =
�

cH+
cm

OH

�2
�

Lc Size of a gel body � m
r 1 Dimensionless coordinate �r{Lc �
tgel Gel time � s
v Dimensionless concentration cH+

cm
OH

m3

T Temperature � K
� Fit factor � 1/K
�m Atomic or molar volume � m3

� Dimensionless time � �



4 Gelation

Gelation describes the transformation from a liquid or �uid state to a somehow solid
state. Gelation is well known from daily experience, making, for instance, jam or
simply a jelly pudding. How does this transformation occur, and what makes a gel
special? Gels and gelation are studied quite extensively in chemistry and physics (soft
matter), and especially three decades ago theoreticians have discussed the formation of
gels and the relation between structure and properties quite extensively (percolation
theory, fractals). In this chapter, we will �rst discuss the viscosity of solutions and
how it changes during gelation. Then, for an understanding of modern equipment to
analyse gelation, it is important to brie�y discuss viscoelasticity, simple models for
viscous �uids. We then will describe how gelation is measured, from very simple
methods to more elaborate ones. The chapter closes with a survey of theoretical mod-
els for gelation. Anyone not really interested in mathematical models of gelation might
skip Section 4.2 and restart reading in Section 4.3, where these models are applied
to aerogels.

4.1 Viscosity of Gelling Solutions

Viscosity is a material parameter that relates shear stress and a velocity gradient in a
liquid. It is related to internal friction in the �uid. To understand this, make a simple
experiment of your own: take a cup �lled with water and put it on a surface, for
instance, a leaf or a thin sheet of a polymer, and then move it. If you do this slowly, you
can move it apparently without any force. Increasing the velocity requires more force.
The resistance against this movement is the viscosity. Do the same experiment with
honey, and you observe that you need a much higher force: it has a higher viscosity.
Or take a can �lled with water and pour it out. It easily runs into the basin. Do the
same with honey or oil; the same amount of liquid takes much longer to empty the
can. Therefore, from everyday life, one has a certain idea about viscosity. A clear
de�nition can be made by reducing such experiences to its essence: the movement
of a plate on a surface induces in the subsequent liquid layers a �uid �ow parallel
to the plate. The �uid �ow can be measured and even visualised. For the de�nition,
we assume that it varies linearly over the height of the cup (a sketch is shown in
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Figure 4.1 Scheme of a so-called Couette �ow. One plate is at rest, the other moves with a
constant velocity in x-direction. If the movement is at low velocity, a linear velocity pro�le is
established.

Figure 4.1 for this type of so-called Couette �ow). Then the shear stress (tangential to
the water or liquid surface) is empirically related to the gradient of the velocity

� = µ
du
dy

= µ� � = ��, (4.1)

with � the so-called shear rate, most often written as the time derivative of the shear
deformation � as ��. Do not take this as a fundamental law of physics. It is simply an
approach to describe certain types of liquids. If one performs a measurement of shear
stress and measures the shear rate and both are related linearly, then a �uid obeying
this relation is said to be a Newtonian liquid, since Newton used this relation �rst. In
reality, many �uids, especially gelling �uids, do not behave like this. In many �uids,
the viscosity is a function of shear rate itself (where opposing things can be observed,
such as a decreasing viscosity with increasing shear rate and vice versa). The viscosity
might even be history dependent, i.e., it depends on the previous shearing done on the
�uid. Think, for instance, about polymers, then the viscosity is a complex function of
the length of the polymer molecules, their conformation in space (long rods, ravels,
coils, degree of cross-linking etc.).

One more comment on viscosity: from the de�nition given, one can extract that the
coef�cient of viscosity µ determines the amount of energy dissipated in �uid motion,
since the entropy production in a �uid is directly proportional to it [208�210]. The
coef�cient µ is also called dynamic viscosity or shear viscosity. In �uid dynamics, the
coef�cient � = µ{	 (where 	 is the liquid density) is called the kinematic viscosity
and is of eminent importance in scaling analysis of �uid �ow. Theoretical models of
viscosity relate the coef�cient µ to the liquid structure in close analogy to its relation
derived in the kinetic theory of gases [211, 212]. Born and Green [213, 214] have
derived an expression for the viscosity which relates it to the pair correlation function
g0(r) and the interatomic pair potential U :

µ =
2�n2

0
15

c
mA

kBT

� 8

0
g0(r)

BU
Br

r4dr, (4.2)

where n0 is the average number density of molecules, mA the molecular mass and
kB , T have their usual meanings. Therefore, the viscosity is related to the molecular
structure of a �uid, which can be measured by X-ray or neutron diffraction, yielding,
for instance, the pair correlation and radial distribution function of molecules or atoms



94 Gelation

in a liquid. This relation was, however, developed mainly for liquid metals or more
generally for hard sphere �uids. Polymeric solution with long molecules that might
be straight or folded, clumped or bended, will surely behave differently, and therefore
another approach is necessary to describe polymer solutions [54]. Without going into
the details, it is suf�cient to note, that the dynamic viscosity of polymer solutions (and
in a certain sense sols from which aerogels are derived are similar) is related to the
molecular weight Mm by a power law (Zimm model)

µ9 M�m (4.3)

with � a coef�cient in the range from 0.77 to 0.8 (see [54], pp. 239 ff). If we think a
colloidal particle as a clumped polymer, its molecular weight is related to its diameter
and thus the larger the colloidal particles become, the larger is the dynamic viscosity.
We therefore expect that with the ongoing formation of particles, their growth and
clustering, the dynamic viscosity increases. Einstein derived more than 100 years ago
a simple relation between the dynamic viscosity of a pure liquid µ0 and that liquid in
which particles at a volume fraction � are dispersed, namely

µ = µ0(1 + 2.5�). (4.4)

This means, inasmuch as colloidal particles or clusters evolve by a chemical reaction
in the liquid, the viscosity increases. Einstein�s equation is only valid at low-volume
fractions. Extension were made in the literature since then. Most often, the so-called
Richardson�Zaki relation is used to describe empirically the dynamic viscosity of a
dispersion

µ =
µ0

(1 1
2�)5

, (4.5)

which yields Einstein�s result at low volume fractions (� ! 1). Often the exponent 5
in the denominator is also an adjustable constant, and in experiments values between
4 and 5 are �t to data.

In the following, we will give a very brief recapitulation on the theory of viscoelas-
tic �uids and �nish it with a short summary of the viscosity of gelling �uids.

4.1.1 Simple Models of Viscoelasticity

For a solid, we have the simple relation, that shear stress is proportional to shear
deformation � as long as the deformation is fully elastic and small. The constant of
proportionality is called shear modulus G. This is expressed as

� = G� (4.6)

For a viscous �uid, we take the same simple relation, namely

� = µ �� (4.7)
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and do not care for the moment about a possible dependence of viscosity on the shear
rate itself. There are two ideal models to describe a viscoelastic material, the Maxwell
and the Kelvin model.

Maxwell and Kelvin Model
In the Maxwell model of a viscoelastic material, a damping element described by
Eq. (4.7) is added to a spring with shear modulus G. The spring, subscript s, should
be visualised as representing the elastic or energetic component of the response, while
the damping element, most often called a dashpot, subscript d, represents the con-
formational or entropic component in which energy is dissipated. In such a series
connection, the stress on each element is the same and equal to the imposed stress,
while the total strain is the sum of the strain in each element:

� = �s = �d � = �s + �d . (4.8)

Then the total shear rate of such a model is given by

�� =
��
G

+
�
µ

. (4.9)

In the Kelvin model, it is assumed that a damping element and the spring are arranged
parallel such that the stress generated by both elements add to

� = G� + µ ��. (4.10)

Both models have their own dependence of shear rate or strain on time and can
nicely describe stress or strain relaxation experiments, meaning experiments in which
a material is subjected to a constant load and the time evolution of strain is measured,
or vice versa. We are not going to describe or discuss this. Here we are going to
analyse what happens if strain and stress are not constant for some time period, but
vary sinusoidally with time, a situation very often encountered in measurement of
viscoelastic �uid behaviour. Let us take, for instance, a Maxwell solid and assume

� = ��
0 exp(i�t) � = ��

0 exp(i�t), (4.11)

where we have used a complex notation (note: according to the Euler relation, we have
exp(i�) = cos(�) + i sin(�)). Insertion into Eq. (4.9) yields after some manipulations
and introducing the abbreviation � = µ{G

Gi���
0 exp(i�t) =

�
i� +

1
�

�
exp(i�t). (4.12)

De�ning the complex modulus as

G� =
��

0
��

0
(4.13)

gives

G� =
Gi�

i� + 1
�

. (4.14)
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This relation can be put into an interesting form, namely

G� = G
�2�2

1 + �2�2 + i
G��

1 + �2�2 = G1 + iG2. (4.15)

G1 increases from zero to the �nite value G as the frequency increases, whereas G2 is
zero at zero and in�nite frequency and therefore has a maximum in between. A similar
calculation can be performed for a Kelvin solid.

Especially for polymers, these simple models do not describe their mechanical
behaviour accurately. Combinations of a Maxwell solid with another spring in par-
allel (standard linear solid) can be used to calculate the mechanical response or a
Kelvin model with a spring or dashpot in series and even complex models including
in principle in�nite numbers of dashpots and springs parallel or in series have been
suggested to describe the viscoeleastic behaviour of materials not following Hooke�s
law or Newton�s law with a constant viscosity. We are not going to study such complex
descriptions of viscoelastic materials. The interested reader is referred to literature on
viscoelasticity [215].

Storage and Loss Modulus
In the current context, it is suf�cient to note that stress and strain in a viscoelastic
material are still related to each other, but that both are not in phase. In an elastic
solid, strain and stress are always in phase (see Eq. (4.6)), whereas in a viscous
material they are not. To see this, assume � = �0 sin(�t). Then we have according to
Eq. (4.7) � = µ�0� cos(�t) = µ�0� sin(�t + �{2). The stress is out of phase
by 90�. In a viscoelastic solid, being a mixture of viscous and elastic components, the
phase lag between stress and strain will be in between 0 and �{2. If we generalise
these considerations, we can write, using a complex notation for convenience,

� = �0 exp(i�t) (4.16)

� = �0 exp(i
) exp(i�t), (4.17)

in which now 
 describes the phase lag between stress and strain. If we divide stress
by strain, we get a complex shear modulus as

G� =
�
�

=
�0

�0
exp(i
), (4.18)

and using Eulers expansion of complex numbers, we have

G� =
�0

�0
(cos(
) + i sin(
)). (4.19)

The �rst term is called the storage modulus,

G1 =
�0 cos 

�0

, (4.20)
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because it describes the energy stored in the elastic deformation and the second term
describes the damping or energy loss and is therefore called loss modulus:

G2 =
�0 sin 

�0

. (4.21)

If we calculate the ratio of both, we arrive at a term called the loss tangent:

tan 
 =
G2

G1 . (4.22)

In a typical rheometer, all three quantities can be measured as a function of tempera-
ture, time and rotation frequency. We can also use Eq. (4.19) to obtain the value of the
complex shear modulus as

|G�| =
a

G� flG� =
a

(G1)2 + (G2)2 (4.23)

to see that the apparent modulus of a viscoelastic material is a weighted sum of elastic
and viscous contributions.

4.1.2 Evolution of Viscosity during Gelation

Having measured the storage and loss modulus, one can calculate the dynamic viscos-
ity below the gel point:

µ =

a
(G1)2 + (G2)2

�
, (4.24)

where � is the frequency used in a rheometer setup. The schematic dependence on
time is shown in Figure 4.2.

An example taken from a real measurement using an Ubbelohde viscosimeter is
shown in Figure 4.3. The basics of an Ubbelohde viscosimeter is as follows. A long
capillary is dropped into a bath of the liquid and the time is measured that the liquid
needs to rise in the capillary as well as the pressure difference driving the capil-
lary rise. Then the viscosity can be calculated by applying Hagen�Poisseuille�s law
with some corrections re�ecting the necessity to accelerate the �uid. Thiel [216]

Figure 4.2 Schematic dependence of the viscosity and the storage modulus as a function of time
in a gelling system Note not only the increase in viscosity as the system starts to gel, but also
that the storage modulus is zero in a liquid and attains a constant value after gelation has set in
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Figure 4.3 Kinematic viscosity as a function of temperature in solutions that make RF aerogels
(R/F = 1/2, R/C = 1500) [216].

measured the viscosity of RF�gel solutions at various temperatures as time passed
by and determined from such curves the point of gelation and its dependence on
temperature. Figure 4.3 clearly demonstrates that at constant temperature the viscosity
of the solution does not change appreciably with time (there is a slight increase,
which could be explained by the formation of dispersed particles in the solution; see
Eq. (4.4)), but within a short time interval it suddenly rises enormously. Before this
change, the liquid viscosity was in the range of water; after that, it rose by orders
of magnitude. The gel point still is hard to de�ne on the curves of this diagram.
Where does one read it off? One could de�ne it, for instance, at a certain percentage
of deviation from the baseline or a certain value of the dynamic viscosity, meaning
once it is reached, the gel formation has set in. In doing so, one can determine, that
the gel time depends in Arrhenius fashion on temperature. Thiel [216] determined for
the RF�gels, an activation energy of 72 kJ/mol. Such a dependence on temperature
is quite often observed. The gel time determined in this way depends also on other
parameters of the sol preparation. In RF aerogels, it depends on the resorcinol catalyst
(R/C) ratio; the larger R/C, the larger the gel time.

4.1.3 Tilting as a Simple Measure of Gelation

In any type of lab experiment, the simplest approach to determine the time to gelation
is to take a test tube �lled with a gelling liquid and tilt it. If the meniscus moves
during tilting, no gelation has occurred. If the meniscus follows completely the tilting
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Figure 4.4 Gelation of an RF sol. In this sequence (to be read from the upper-left corner to the
bottom-right corner as a time sequence), the catalyst was HCl. Initially there is a clear
solution, which upon shaking the beaker slightly became turbid until it gelled to �rst a white
gel, which became after a short time piggy pink (here a light grey colour).

operation or even if one can turn it upside down without any motion of the material
inside the test tube, gelation has occurred. If one touches such a gel, it feels wet
and soft. One can typically deform it more or less slightly (it depends on the gel;
there are gels that can be squeezed, whereas other gels, such as wet silica gels from
TEOS, cannot be squeezed, but only pressed slightly and gently a bit). If one measures
the time from preparation of the starting solution to the point of gelation (tilting
operation), a gel time can be de�ned and recorded. It might not be precise, but in
many cases it is for aerogels suf�cient, since the gelation time easily varies between
minutes and days. An example of such an observation method is shown in Figure 4.4.
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4.1.4 Rotating Bob Viscosimeter

Another type of viscosimeter is the so-called rotating bob viscosimeter, which was
invented by Couette utilising that the �ow �eld between to coaxial cylinders in which
the inner cylinder rotates at a given angular velocity is a simple shear �eld (or vice
versa, the outer cylinder rotates and the inner one is at rest). The usual construction
employs two concentric cylinders, one on the bob of a torsion pendulum, the other
rotating at constant speed; see Figure 4.5. The viscous drag of the liquid between the
cylinders induces a torque which is measured. From the torque, the rotation frequency
and the geometric layout of the cylinders, the viscosity can easily be calculated. Such a
viscosimeter was used by Vogelsberger and co-workers to measure the time dependent
viscosity of silica sols [217]. One of their results is shown in Figure 4.6. Evaluating the
data by �xing the gel point at a �xed reduced viscosity of 50 and making an Arrhenius
plot yields a value for the activation energy of around 53 kJ/mol.

Most often today, so-called rheometers are available and used, in which the shear
rate and the temperature can be varied in wide intervals. A sketch of the central
element of modern rheometers is shown in Figure 4.5. On a plate, a drop of the liquid
to be investigated is placed and the upper plate is moved downwards onto the
liquid until a prede�ned slit distance between both plates is achieved, such that a
thin liquid �lm establishes between the plates. The movable plate is then set into oscil-
lating movements with a preset oscillation frequency and the angular torque to set the

Rotating piston

Liquid

Fixed plate

w

Figure 4.5 The left picture shows a scheme of a Couette or Searle rheometer. In the Couette
case, the black container moves, while the bob is �xed and vice versa in the Searle case.
The right picture shows a scheme of a rotating disc to measure the viscoelastic properties of
gelling liquids
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4.1.6 Light Transmission and Scattering

In many cases, the transition of a solution to a gel is coupled to a transition from trans-
parent to translucent or opaque. For instance, RF solutions are clear and transparent
after mixing of the components, but as time passes by they become milky, white, piggy
pink or even light brown, depending on the pH value used to catalyse gel formation.
For cellulose, alginate and silica gels, such a transition cannot be observed, as they stay
transparent even after gelation. They become translucent or white after supercritical
drying. For gels showing a transition from transparent to opaque, the change in light
transmission can be observed by the naked eye and therefore used to determine the
time for gelation either electronically with a photodiode or manually with a stopwatch.
An example is shown in Figure 4.9 taken from the work of Hajduk and Ratke [221].
They took RF�aerogel solutions, which are optically clear after mixing, put them into
a paraf�n bath and measured the gelation time using a stopwatch and carefully looking
at the immersed drop. On gelation, the initially clear solution becomes �rst turbid and
then opaque, grey-white. This is shown in Figure 4.9, which denotes two different gel
times. The change from clear to turbid was called the starting of gelation. This time
was recorded as t start

g . The change to opaque was recorded as the �nishing time of
gelation tf in

g . This also is a simple way to characterise the onset of gelation. A plot of
the gelation time as a function of drop volume is shown in Figure 4.10.

We will later discuss these results in more depth in Section 4.3.3. Another way
of measuring gelation, can be done by light scattering. Prior to gelation, many col-
loidal particles nucleate and grow being centres of scattering for light (of the right
wavelength). Illuminating a cuvette with a solution using a laser and measuring the
scattered light intensity as a function of scattering angle yields curves, which initially
focus around the direction of the laser beam but spread out inasmuch as particles
nucleate and grow in size and number. The scattering curve contains much information
about the particle growth, number density and aggregation. This technique can be
used at least for all solutions not turning turbid during gelation but at least translu-
cent. In the case of solutions turning opaque, one could measure the scattering in the

Figure 4.9 The left �gure shows the drop freshly immersed in oil, and in the middle the onset
of gelation can be seen, denoted as tstart

g . At this moment, the drop is turbid or translucent but
still wobbling around and thus deformable like a highly viscous drop. In the right �gure,
gelation led to a drop with a stable size and the material now has become white. This time is
denoted as tf in

g . The picture is from [221] and here reproduced under the terms and conditions
of the Creative Commons Attribution license 4.0
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clusters (DLCA) combined with, for instance, reaction controlled growth or ballistic
aggregation. These models were interesting, and most of them done with numerical
studies, since the aggregated clusters could be evaluated with respect to their fractality
and the investigation of fractals and fractal patterns, after the term was coined by
Mandelbrot [55, 56, 222]. We discuss this also brie�y in Section 4.2.2. Percolation
as well as DLA and DCLA models were always also studied with a very classical
mean �eld approach, developed 100 years ago by Smoluchowski [223] for aggrega-
tion of particles by Brownian motion and used since then in thousands of papers to
describe aggregation in aerosols, clouds, immiscible liquids, dispersions, colloids etc.
[224 226]. We will brie�y recapitulate such mean �eld aggregation models, then
apply them to gelling systems and discuss possible mechanisms of network formation
in aerogels. As also mentioned already several times, the aerogel literature discusses
from time to time if gelation is not a kind of phase separation. This idea is taken up
at in Section 4.2.5, discussing in some detail possible mechanisms of polymerisation-
induced phase separation (PIPS) in aerogel forming solutions.

4.2.1 Percolation and Fractals

The principle of percolation is best illustrated by Figure 4.11. Take a square lattice
and put on a square a quadratic black particle. The location on the lattice is chosen
randomly. Take another one and throw it onto the lattice. If the site is already occupied,
make another choice. With the increasing number of particles on the lattice, there
will be a situation that some black squares make a connection from one side to the
other. The number of black squares needed in relation to the total number of squares

Figure 4.11 Illustration of site, bond and continuum percolation below the percolation threshold
and beyond the threshold, which is characterised by the appearance of a spanning cluster of
black boxes or bonds, reaching from one side of the enclosing box to the other
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in the lattice de�nes an occupation probability, p. The probability once a cluster of
squares is able to connect the borders is called the percolation threshold, and this
probability is named pc and the cluster is said to be a percolating one. Instead of
squares on a lattice, one can also look for the edges of the squares and randomly put
sticks on them. This is then termed �bond percolation�. Once the sticks on the edges
connect opposite sides, the so-called bond-percolation threshold is reached. In both
cases, long before the percolation threshold is reached, clusters of either black squares
or bonds are touching each other but not the border. In contrast to lattice or bond
percolation, one can also perform so-called off-lattice or continuum studies, by just
throwing circles or spheres randomly into square or a box, allowing them to overlap
or not and asking for the area or volume fraction of circles or spheres necessary to
make a path connecting opposite sides. Some of the tasks of percolation theory are
to analyse the threshold; the critical occupation probability pc; the probability that a
site belongs to the in�nite cluster P8(p); the average cluster size and its distribution
before the threshold is reached and after; and the coherence or correlation length of
clusters, as both depend on the site occupation probability p and how they change
in the neighbourhood of the threshold. There are excellent textbooks on percolation
theory, and the interested reader is recommended to read them. See the classical
textbook of Stauffer and Aharony [111], the book of Viscek [49] on fractals and
the book going into all details by Christensen and Moloney [227]. There also is a
Wiki webpage available which summarises results on all types of percolation on any
type of lattice or continuum [228]. The idea to describe with percolation the sol�gel
transition is intriguing, since below the percolation threshold or the appearance of a
spanning cluster, the system would behave like a �uid and above somewhat like a
solid. The simplest model to discuss percolation and perform some calculations is a
one-dimensional model. Take an in�nite long line and divide it into an in�nite number
of units. Then randomly place sticks onto these units. Depending on the number of
sticks one has placed, some sticks will contact and build a one-dimensional cluster.
It is easy to imagine that only if sticks are placed on all units a cluster exits that
connects both ends of the line. Therefore, in this case the percolation threshold is
pc = 1. We are not calculating the size distribution of clusters before this threshold
is reached, but instead look to another analytically solvable case of percolation on a
Bethe lattice (or Cayley tree). Such a lattice is de�ned by the following rule. Fix a
point in space and allow two, three, four or �ve and so on bonds to extrude from this
point. Place on the end of such a bond another point and repeat the procedure with
exactly the same number of bonds per point (site) as for the starting point. Such a tree
of bonds can be imagined as a mathematical description of the formation of branched
polymers, and was so in the 1940s by Flory and Stockmeyer. In our case, imagine
a site to be an activated resorcinol molecule that has three active bond possibilities,
or silicic acid, which would have four active bonds. Figure 4.12 shows two examples
with three bonds and four bonds per site. For such lattices, one can show that the
percolation threshold is dictated by the functionality z, i.e., the number of bonds
extending from each site, illustrated in Figure 4.12 as full circles. The percolation
threshold is pc = 1{(z · 1). This for z = 3, pc(3) = 1{2 and for z = 4, pc = 1{3.
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S(p) =
pc(1 + p)
pc p

9 (pc p)·1 for p Ñ p·
c . (4.26)

The average cluster size diverges at the percolation threshold, since that simply is the
occupation probability where an in�nite cluster appears. Unfortunately, besides one-
dimensional and Bethe lattice percolation, no other system for percolation, such as
site or bond percolation on a square or triangular lattice, or continuum percolation
with spheres or boxes, can be treated analytically, but needs computer simulations and
analysis of the structures created thereby. From such simulations, however, one can
extract scaling laws for the properties of interest. First, the probability that a site or
bond belongs to an in�nite (spanning) cluster P8 is given by

P8 9 (p · pc)
, (4.27)

in which 
 is a universal exponent. For lattice site percolation in 3D, 
3D = 0.417.
The correlation length � being the mean distance between two sites on the same �nite
cluster also has a universal behaviour:

�9 |p · pc|·�, (4.28)

with � = 0.875 on a 3D lattice. It diverges at the percolation threshold. The size of a
�nite cluster also diverges and scales as

S(p) 9 |p · pc|·�, (4.29)

with � = 1.795. The size of a characteristic cluster or the typical size of the largest
cluster is

s�(p) 9 |p · pc|·1{�. (4.30)

The size distribution of clusters being composed of s sites, ns(p), has the form

ns(p) 9 s·�f ((p · pc)s·�), (4.31)

in which � = 2 + 
{(
 + �) and � = 1{(
 + �). Here f (z) is a lattice independent
scaling function, which cannot be derived analytically but has to be derived from com-
puter simulations. The only point that can be said is that the function has a maximum
and, looking to simulation results, it looks in many cases like a skewed Gaussian
distribution. The percolation threshold values vary largely for 2D or 3D, lattice, bond
or continuum percolation; see [228, 229]. Here we would like to summarise a few
results being important for aerogels: if spheres are cast randomly into space, the
critical volume fraction is �c = 0.2895; if cylinders with spherical caps are cast
into a box, the percolation threshold depends strongly on the aspect ratio. If height
to diameter has a ratio of 1, �c = 0.2439, it decreases to 0.06418, and if the aspect
ratio is 200, it decreases to 0.007156. For particulate aerogels, it looks as if large
volume fractions are needed to make a percolating network, whereas for cellulose
aerogels, in which typically the aspect ratio of �bril length to diameter is around 10,
comparatively low volume fractions are suf�cient. Looking a bit deeper into percola-
tion theory, one also �nds that the transition at p = pc is not a sharp one, especially
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in continuum percolation, when spheres, circles or cylinders also have a radius or
aspect ratio distribution. It also is well known that in �nite systems the percolation
threshold is continuous around the value of the in�nite systems (as discussed later).
Such a behaviour would support the observations that around the sol�gel transition,
the viscosity does not change abruptly but exhibits a smooth but strong increase.

Another important aspect of percolation models is that the structures of the clusters
below and above the threshold are rami�ed, meaning they are not smooth, compact
objects, but so-called fractals. In all classical, compact geometrical objects, their vol-
ume is always related to the cube of a characteristic length, V 9 L3. This is not the
case for fractal objects. Their volume is related to a fractional power df , and this
power always is smaller than the embedding Euclidian dimension (in 3D, it is just 3).
We then have Vf 9 Ldf . Let us explain the concept of fractals coined by Mandelbrot
[222] with two mathematical examples in two and three dimensions. The �rst is a
so-called Sierpinski carpet: take a black square and divide it into nine equal-sized
squares. Take out the central one. Then divide the remaining eight squares again into
nine subsquares and take out the central one. Repeat the procedure ad in�nitum. One
is then �rst left with a carpet full of holes. Secondly, one can enlarge the carpet to
any magni�cation and it looks the same. This is one aspect of mathematical fractals:
self-similarity. The other aspect is: how does the area fraction of black squares change
with the magni�cation or the length scale L of a square (the area fraction also could be
termed mass)? For the Sierpinski carpet and many other mathematical fractals, one can
give an exact answer; see [55, 56]. The Sierpinski carpet is a two-dimensional fractal
object. The same procedure can be done in 3D, and is then called a Menger sponge.
Figure 4.14 shows the carpet and the sponge to visualise a mathematical fractal.
In both cases, the area or the volume converges to zero after in�nite subdivisions,
whereas the surface area goes to in�nity. For real objects, one has to state that they
are, �rst, not exactly self-similar (only in a statistical sense) and they typically exhibit
fractal behaviour only in an interval of their length scales. How can one measure that
an object like a percolation cluster is a fractal? Several methods are available. For
instance, in a computer simulation on a square lattice, one can vary the lattice size and

Figure 4.14 Two mathematical fractals The left panel shows a Sierpinski carpet and the right
one its 3D analogue, the Menger sponge.
























































































































































































































































































































































































































































































































































































































































































































































