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5.1
Introduction

Gels are fragile materials with high liquid content so that it is quite a challenge to
dry themwithout significant loss of product quality. Thefirst question to be answered
is why dry gels are so desirable that they are worth this effort. Therefore, the chapter
starts with a summary of the advantages of the sol–gel process and the resulting
extraordinary physical properties and possible technical applications of dry gels.
Most of their quality features are a direct result of the gel structure, with the main
features being high porosity and small pore and particle dimensions. In the next
section, experimental methods are presented, which can be used to characterize this
structure – before, after and even during drying – in order to assess the changes, and
often damage, caused by this production step. As will be seen, standard character-
ization techniques for porousmedia also face problems due to the fragility of the gels.
Then, different drying methods are presented in the light of how high is their risk to
the gel structure. Theoretical considerations help one to understand why convective
drying is bound to damage the gel by capillary forces, causing shrinkage and/or
cracks, but also why even freeze-drying and supercritical drying present a consid-
erable risk to the gel structure. In the following section, recent efforts are presented
that aim at substituting the most successful process of supercritical drying by the
cheaper and safer alternatives of, among others, convective and freeze-drying.
Different strategies are chosen to prevent structural damage, and often a direct
comparison is given between dry gels obtained by different methods; a new
possibility to create product quality by freeze-drying is also shown. The last section
is dedicated to recent theoretical approaches to convective drying with the goal to
define the drying conditions and gel structures that are favorable for preservation
during drying. The overall goal of the chapter is to provide a sound background and a
comprehensive overview over the past two decades of research in the field of gel
drying, with a focus on structural damage. Recent developments in sol–gel chemistry
in terms of materials and synthesis conditions are, however, beyond the scope of
the chapter.
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5.2
Gels and Their Applications – Quality Aspects

By gelation, technical porous media can be produced in the wet state. Several liquid
precursors are mixed and – by reactions at the molecular level – particle nucleation,
particle growth, and particle aggregation occur, finally leading to a sample-spanning
solid network. This wet route has many advantages over other production methods
such as the sintering of (ultra-)fine powders: different components can easily be
mixed, ensuring a homogeneous product; due to the high mobility of the disperse
solid in the liquid, self-assembly techniques can be used to create special structures;
structure formation can be controlled by process parameters, either favoring growth
or aggregation of the primary particles; porosity is mainly determined by the
concentration of precursors in the mother liquor and can, therefore, be tuned over
a wide range, including very high values; furthermore, no high temperatures are
required to form the solid network; and finally, gels can be produced in a wide range
of geometrical shapes bymolding techniques, fiber drawing, dip and spin coating, or
even by impregnation of the inner surface of a material that contains large pores.

The remaining challenge – before use in technical applications – is to remove the
liquidwithout altering the solid structure by interfacial forces. Before addressing this
drying step in great detail, important aspects of producing wet gels, as well as the
extraordinary physical properties of successfully dried gels and their high-tech
applications are presented in this section.

5.2.1
Preparation of Wet Gels

From the plethora of inorganic and organic gels, two widely spread representatives,
namely silica gels and resorcinol-formaldehyde (RF) gels, will be briefly introduced to
discuss the major mechanisms of gel formation and to illustrate possibilities for
engineering gel structure. Whereas highly porous dry silica gels were successfully
prepared back in the 1930s (Kistler, 1931), dry organic RF gels are a relatively recent
material (Pekala, 1989).

5.2.1.1 Silica Gels
Silica is an attractive material for inorganic gel applications because it is non-toxic,
non-flammable and easy to dispose of. Dry silica gels have a translucent, bluish
appearance. For gel synthesis at lab-scale, a tetraalkoxysilane Si(OR)4, commonly
tetramethoxysilane (TMOS) or tetraethoxysilane (TEOS), dissolved in the respective
alcohol ROH, acts as the silica source. When water is added, two chemical reactions
occur: the first, hydrolysis,

:Si-ORþH2O $ :Si-OHþROH ð5:1Þ
prepares the individual molecules for the second, condensation,

:Si-OHþHO-Si: $ :Si-O-Si:þH2O ð5:2aÞ
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:Si-ORþHO-Si: $ :Si-O-Si:þROH ð5:2bÞ
which interlinks individual molecules, resulting in particle growth and aggregation
(H€using and Schubert, 2006). The relative rates of these two reactions determine the
structure of the forming solid network and can be adjusted by the pH of the solution.
To put it simply, under acidic conditions, condensation is the limiting step and occurs
favorably at terminal silicon atoms resulting in a polymer-like network of small
particles (typically < 5 nm) that are connected by wide necks, as in Fig. 5.1a. In
contrast, under basic conditions, hydrolyzed molecules immediately condense with
no spatial preference so that rather dense particles are formed; these particles can
grow (typically > 10 nm), before aggregation occurs with relatively narrow necks, as
in Fig. 5.1b (Boonamnuayvitaya et al., 2006). In practice, a two-step process with a
change of pH is often used, offering more possibilities to engineer the gel structure.
Not only the size distribution of particles and pores, but also the porosity can be
adjusted, simply by changing the silica concentration in the starter solution.

Controlled aging of the wet gel is used to strengthen the network: hydrolysis and
condensation reactions are to some extent reversible, and solid can be dissolved from
thermodynamically unfavorable regions to condense at more favorable places.
During this Ostwald ripening, small pores are filled and solid bridges grow, thereby
reducing curvature – and area – of the solid/liquid interface (H€using and
Schubert, 2006).

When the gel is aging, new bonds can also be formed between neighboring
branches of the network, which are brought into contact by thermalfluctuations. As a
consequence, the gel not only stiffens, but also shrinks linearly by a few percent and
expels some of the pore liquid; this is called syneresis (Scherer, 1999). The described
synthesis and post-processing of silica gels is performed at (or slightly above) room
temperature.

For commercial silica gels, water glass Na2SiO3 is used as a cheap silica source;
then, before the gelation step, sodium is ion-exchanged from the aqueous sodium
silicate solution to get a silicic acid (Schwertfeger et al., 1998).

5.2.1.2 Resorcinol-Formaldehyde (RF) Gels
RF gels are probably the most intensively studied organic gels with high porosity
applications. Dry RFgels are dark red and transparent (H€using and Schubert, 2006);
by pyrolysis in an inert atmosphere, they can be converted into electrically conducting

Fig. 5.1 Two major types of gel networks: (a) polymer-like and (b) colloidal.
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carbon gels (black and opaque) making them suitable for applications complemen-
tary to those of silica gels.

The two steps of gel synthesis are sketched in Fig. 5.2: in an aqueous (or organic)
solution of resorcinol and formaldehyde (molar ratio 1: 2), an addition reaction is
catalyzed by sodium carbonate to form hydroxymethyl derivatives; subsequently,
these are interlinked by methylene (–CH2–) or methylene ether (–CH2OCH2–)
bridges in endothermic condensation reactions (Al-Muhtaseb and Ritter, 2003).
Historically, sodium carbonate is referred to as a catalyst, although its only role is to
tune the pH value (Job et al., 2004).

Gel structure can be tuned by the molar ratio between resorcinol and catalyst
(R/C), which controls the relative rate of the necessary addition reaction; the
reasoning is analogous to the silica gel case: low R/C favors the addition reaction
so that polymer-like gels are formed (Fig. 5.1a); for high R/C, emerging hydro-
xymethyl derivatives are immediately consumed in the condensation reaction,
leading to colloidal gel networks (Fig. 5.1b). Again, the amount of solvent
determines the porosity of the solid network.

Common post-processing of the wet gel includes curing at elevated temperature
(�80 �C) and aging in a dilute acid, both for several days. This increases the degree of
crosslinking andhence strengthens the gel network, fortunately, without the negative
effect of shrinkage.

Besides the silica andRFmodel systems, there is a large variety of further technical
gels. Other material classes are metal oxide gels, such as alumina gels, which can be
pure or serve as a carrier formetal compounds (catalytic sites); and inorganic/organic
hybrid gels, which can combine the positive properties of both species. Doping or
modification of gels is mostly done in the wet state, but also by impregnation of the
dry gel (H€using and Schubert, 2006).

5.2.2
Properties of Dry Gels

First, a list of outstanding physical properties of highly porous dry gels will be given,
all of which are determined by solid structure. In numerous research projects all over

Fig. 5.2 Synthesis of RF gel: addition and condensation reaction (simplified from Lin and
Ritter (1997)).
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the world, a large amount of knowledge has been accumulated on how the structure
can be engineered by setting the process parameters for gelation and subsequent
aging. The challenge is, therefore, to preserve the structure during liquid removal.
Historically, the only successful techniquewas supercritical drying (see Section 5.4.3)
and the resulting dry gels were named aerogels. Note that the term aerogel is often
used for highly porous gels, no matter the chosen drying route; in this text, however,
we will use it for gels dried under supercritical conditions. Alternative routes are
reflected in the names for the dry gels: cryogels are the result of freeze-drying, xerogels
are prepared by convective drying or, in a wider sense, evaporative drying.

The following properties (Hrubesh, 1998; H€using and Schubert, 2006) only apply
to gels with low solid fraction, that is, to porousmedia that cannot easily be created by
other production routes:

. Extremely high porosity/extremely low density: Dry gels can have the highest
porosity and the lowest density of all solid materials but the actual values can vary
over a wide range, depending on the choice of the gel system and its synthesis
conditions. For silica aerogels, the most extreme values have been reached with
bulk densities as low as 0.004 g cm�3 and porosities higher than 99% (Tillotson
and Hrubesh, 1992).

. High specific surface area: Gels are built from primary particles that can be
approximated bymono-sized spheres. The specific surface area of such structures
scales with the inverse of particle size, which is in the nanometer range (typically
5 nm), so that values around 600m2 g�1 are typical formost aerogels, organic and
inorganic.

. Extremely low thermal conductivity: In porous media, heat transfer has contribu-
tions from solid and gas conduction and from radiation. Gels with low solid
volume fraction show little solid heat conduction. Additionally, according to
Knudsen, heat transfer by gas molecules in voids is significantly reduced as
compared to the unconfined gas if the pore size is less than (or about) the mean
free path (�70 nm for ambient air); this insulation effect is enhanced in vacuum.
Radiation also depends on the pore size if the pore walls are opaque; then, for
small pore size,many absorption–emission steps are needed formacro-scale heat
transfer, just as in a super-insulator. At room temperatures, the thermal conduc-
tivity of silica aerogels is typically below 0.02Wm�1 K�1 (air: 0.026Wm�1 K�1);
for RF aerogels, 0.012Wm�1 K�1 have been reported (Lu et al., 1992), and for
evacuated silica aerogels, values as low as 0.01Wm�1 K�1 are possible (Scheuer-
pflug et al., 1985). At high temperatures, that is, in the infrared range, silica does
not absorb well, but special opacifiers, such as carbon black or titanium dioxide,
can be incorporated in the solid network during gelation (Lu et al., 1992).

. Optical transparency: If the solid phase itself is transparent, as for silica gels, light
can be transmitted through the dry gel with little interaction since the structural
units of gels are much smaller than the optical wavelengths. Only structural
inhomogeneities at the nanometer scale lead toRayleigh scattering and the typical
blue appearance (against a dark background), and surface inhomogeneities at the
micrometer scale blur the view through aerogel plates (Wang et al., 1992), making
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the gel a translucent, rather than transparent material. Typically, 84% of light is
transmitted, which is only a small reduction from the 89% transmission for bulk
silica glass (Sakka, 2005).

. Low refractive index: Compared to bulk solid materials such as silica glass, which
has a refractive index of around 1.5, typical silica aerogels exhibit values very close
to unity (Bellunato et al., 2007), meaning that the speed of light is only slightly
reduced. The refractive index can be tuned in the range from 1.007 to 1.25 by
adjusting the density of the aerogel (Wang et al., 1992; Kharzheev, 2008).

. Low dielectric constant: In aerogels, the dielectric constant is well below 2, and the
value depends on the gel density so that it can be tuned by synthesis conditions
(Geis et al., 2000). Other solid materials have a dielectric constant (usually much)
greater than 2, for example, quartz glass has a value of 4.

. Low sound speed: The velocity of sound in silica aerogels is very low for a solid
material; typical values are around100m s�1, as compared to 5000ms�1 in quartz
glass (Daughton et al., 2003).

. Mechanical properties: Even for very porous materials (99%), the stress–strain
curve shows perfect elastic behavior, and the conchoidal fracture morphology
indicates that thematerial is brittle, like a conventional glass; however, elastic and
rupture moduli can be 10 000 times lower than those of silica glass (Woignier
et al., 2005). Under compression, at increasing strain, the network exhibits yield,
densification and plastic hardening (Woignier et al., 2005). Typical silica aerogels
have a compressive strength of 0.15–0.3Nmm�2 with an elastic compression of
2–4%; their tensile strength is about 0.02Nmm�2 (H€using and Schubert, 2006).
Of course, these values depend on the connectivity in the solid network which is
determined by the preparation conditions.

. Hydrophobicity: Silica aerogels are hydrophilic because of the silanol groups
(:Si-OH); in a humid atmosphere, adsorption and capillary condensation occur
and capillary forces can destroy the fragile structure. To achieve long-term
stability, hydrophobation is necessary, for example, by trimethyl silylation of the
wet gel (Shewale et al., 2008).

5.2.3
Applications of Dry Gels

It is clear that highly porous gels have a great number of interesting potential
applications (Hrubesh, 1998; Sakka, 2005; H€using and Schubert, 2006) because of
their previously described extraordinary properties. Some specific applications are
already reality; many others are still awaiting improvements in the economy and
safety of production for their commercial breakthrough. In the following, the most
important applications of dry gels are listed:

. Thermal insulation: Large commercial potential lies in applications coupling
thermal insulation with transparency, especially in the building sector, where
monolithic silica aerogels might be used as transparent windows (Jensen
et al., 2004); layers of granular aerogels where diffuse lighting is acceptable or
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desired (Schmidt and Schwertfeger, 1998); and aerogel coatings for insulation of
solar heat collectors, where both transparency to sunlight and the confinement of
generated heat are essential. Of course, there are also numerous thermal
insulation applications where transparency plays no role, for example, in high
or low temperature storage. In space technology, opacified aerogels serve as
lightweight thermal insulation, for example, in the exploration of Mars where
electronics have to be protected from the 100K temperature difference between
night and day (Jones, 2006).

. Sound insulation: Sound absorption in buildings or, more specialized, in anechoic
chambers, opens another promising field of applications. Unlike for other materi-
als, good absorption is also observed for the low frequency range. While suitable
bulk aerogels are not yet available, respective composite materials containing
aerogel particles can already be produced (Schmidt and Schwertfeger, 1998).

. Electrodes for example, for supercapacitors or water treatment: Monolithic
carbon aerogels are very suitable electrode materials because of their low electric
resistance and high specific surface area. One possible application is in super-
capacitors where the voids of the gel are filled with an electrolyte. If voltage is
applied, energy is stored by charge separation in the electrochemical double layer.
High energy density and high power densitymake the device suitable for bridging
short power failures. In other electrode applications, harmful contaminants are
removed from industrial wastewater, or seawater is desalinated by (easily revers-
ible) capacitive deionization during the passage by and through a stack of
alternately polarized electrodes (Farmer et al., 1996, 1997).

. Cherenkov detectors in high energy physics: The velocity and, hence, energy of a
charged atomic particle is measured by Cherenkov detectors. They contain a
medium with a speed of light lower than the selected range of particle velocities.
When traveling through such amedium, theparticle produces an electromagnetic
shockwave; from the cone angle, the particle velocity is obtained. Here, aerogels
with tuned density are able to cover a velocity range for which the previously used
compressed gases or liquidswere not suitable; additionally, they aremuch safer to
handle. These detectors are large (>1m3), and significant amounts of aerogel
have already been produced for this application (Fricke, 1986).

. Optical coatings: The losses of optical devices canbe reducedby coating themwith
an aerogel of (matched) low refractive index (Hrubesh and Poco, 1995; Hru-
besh, 1998); in this way, more sunlight can reach the active surface of a solar cell
and, in fiber optics, light collection at the fiber entrance and signal propagation
efficiency can be improved.

. Catalysis and chromatography: These are obvious applications for aerogels with
their tunable microstructure exhibiting high internal surface area and large
pore volume. Concerning catalysis (H€using and Schubert, 2006), the sol–gel
process allows good dispersion of the active component and aerogels can be
prepared from most relevant oxides. However, some problems arise from the
low permeability and the poor thermal conductivity; here, the deposition of
aerogels on macroscopic structures offers a solution. In high-performance
liquid chromatography, silica monoliths with bimodal pore size distributions
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are used to combine good permeation and high binding capacity (Lubda
et al., 2005; Nunez et al., 2008).

. Space science: During the Stardust mission (1999–2006), an aerogel array was
used to capture cometary and interstellar particles. The particles stayed largely
intact when they were smoothly slowed down by the small filaments of the gel
network and could be returned to earth for analysis (Jones, 2006).

For all these applications, the pore structure and high porosity of the aerogel are
very important, even if the geometrical shape may vary from large monoliths to
particulatematerial, and tofilms. After gel synthesis, it is therefore crucial to preserve
the solid network during the drying step.

5.3
Structural Characterization of Gels – Quality Assessment

Before addressing the drying step itself, a brief overview will be given of the
techniques by which the structure of gels can be characterized, and some non-
standard techniques will be discussed in greater detail. This will allow assessment of
the quality of gels that have been dried by different routes. And, in some cases, it will
allow direct quantification of the quality loss during drying.

5.3.1
Characterization of Wet Gels

The structural features of a gel are typically in the range of a few nanometers; and
direct 3D visualization of wet gel structure is not possible: X-ray microtomography
(m-CT) has a spatial resolution of about (or just below) one micrometer; electron
microscopy (in transmissionmode, TEM, or in scanningmode, SEM, for the surface)
has a substantially higher resolution, but works only on dry gels. Therefore, indirect
methods, such as scattering of X-rays, are used to characterize gel structure and also
to investigate the sol–gel transition.

5.3.1.1 Small Angle X-Ray Scattering (SAXS)
In the following, small angle X-ray scattering (SAXS) will be briefly introduced
(Roe, 2000; Brinker and Scherer, 1990). As depicted in Fig. 5.3a, the X-ray beam
hits the sample and the scattered signal is detected at a range of small angles.
Structural units that are very large compared to the X-ray wave length (0.154 nm
for Ka1 emission from Cu) do not significantly scatter the X-rays and, therefore,
cannot be detected; with decreasing size of the structural features, the corre-
sponding scattering angles increase and structural information can be extracted
from the spectrum, which is commonly plotted as signal intensity over wave
vector. The interpretation of such spectra is a research field of its own (e.g., Sinko
et al., 2008). The most common characteristics extracted from SAXS spectra are
particle size and fractal dimension, but other properties such as specific surface
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area may also be accessed (Berthon et al., 2001). Here, only some elements of
interpretation will be discussed for an illustrative example, the spectrum of a
suspension of aggregates shown in Fig. 5.3b. For very small angles, in the
Guinier regime, the signal intensity is highest and, from its decay with increasing
wave vector, the aggregate size can be computed. For wave vectors corresponding
to smaller sizes, the spectrum contains information about the inner structure of
the aggregates. The absolute value of the negative slope in the log–log repre-
sentation equals the fractal dimension, if it is less than 3; slopes between �3 and
�4 indicate surface fractal structures. The Porod regime, with a slope of �4,
indicates compact particles with a smooth surface. If these particles are mono-
disperse, regular oscillations in intensity are observed which are characteristic for
particle size (Berthon et al., 2001). The transition between different regimes
marks critical length scales of the system. In this example, the radius of primary
particles r indicates the transition from dense to fractal geometry; whereas the
radius of the fractal aggregates R is determined by the transition to the Guinier
regime. It should be stressed that SAXS spectra of real systems may deviate
significantly from this example. For instance, in fractal gels, there is no marked
upper size limit except of the system size so that the Guinier regime can neither
be clearly identified, nor can it be used for a straightforward analysis as above. If
larger structural features are investigated, light scattering provides a suitable
technique due to the greater wavelengths; by a combination of light scattering
with SAXS, it could be proven that gels are fractal over several length scales
(Schaefer et al., 1984).

In a traditional way, SAXS is used to investigate the correlation between synthesis
parameters and the resulting gel structure, for example, the dependence of the
fractal dimension of silica gels on TEOS concentration in the starter solution (Vollet
et al., 2008). Time-dependent SAXS has been applied to study sol–gel transition, in
terms of particle growth and change in fractal properties in the forming structure
(Tamon and Ishizaka, 1998). But the method also works on dry gels and, for
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Fig. 5.3 Small-angle X-ray scattering (SAXS): (a) measurement principle and (b) typical spectrum
for a dilute suspension of fractal aggregates built from dense primary particles.
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example, has helped to characterize long-term restructuring of silica–alumina
aerogels (Sinko et al., 2008).

Berthon et al. (2001) performed SAXS measurements on gels in the wet state and
after supercritical drying. They proved that for polymer-like RF gels formed in
acetone and with acid catalysis, the structure is not fully preserved by drying with
supercritical CO2. TheSAXS spectra forwet anddry gels, replicated in Fig. 5.4, showa
significant change in slope from�2.6 (indicating fractal geometry) to�4 (indicating
compact smooth particles) for largewave vectors. This suggests that fractal structures
at small length scales have collapsed into dense particles (� 3 nm in size) during
drying. For the high porosity (88%) sample �AA200/5�, the dry gel consists of fractal
aggregates of particles; for the �AA200/20� aerogel, no fractal features are visible. The
authors attribute the evolution of gel structure rather to solvent exchange (CO2 for
acetone) than to drying itself. For base-catalyzed (R/C¼ 200) gelation in water or
acetone, for which colloidal gels are expected, SAXS spectra suggest non-fractal
structures that are preserved during drying.

5.3.1.2 Thermoporometry
Another suitable method to characterize the pore structure of wet gels is thermo-
porometry (Brun et al., 1977). It uses the fact that the melting temperature of ice is
reduced with decreasing crystal size due to the increasing curvature of the ice/water
interface (Gibbs–Thomson effect). In the characterization experiment, the sample is
either gradually frozen or slowly heated from the frozen state in a differential
scanning calorimeter (DSC). The enthalpy flow released or required for the phase
change at a given temperature is recorded. It is proportional to the pore volume that

Fig. 5.4 SAXS spectra for RF wet gels and aerogels: both types have been prepared in acetone
solution with acid catalyst (R/C¼ 200); the mass fraction of RF in the starter solution was 5% for
�AA200/5� and 20% for �AA200/20� (taken from Berthon et al. (2001)).
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freezes/melts at the corresponding undercooling DT. This undercooling can be
converted into the pore radius for water as pore liquid by (Brun et al., 1977)

rp nm½ � ¼ 0:57þ 64:7
DT ½K� ; for 0 < DT < 40 K ð5:3Þ

Hence, the pore volume distribution of the gel can be computed from the DSC
thermogram. Thismethod is only suitable for pore radii of 1–30 nmbecause liquid in
smaller pores does not freeze and, for larger pores, the undercooling is too small for
reliable measurement. Scherer (1993) interprets the freezing of a gel as the pene-
tration of ice into progressively smaller pores as the undercooling DT increases (see
Fig. 5.5) and, therefore, sees thermoporometry as an analogue of mercury porosi-
metry for saturated porous media. If the material is not rigid, but compliant, liquid
may flow out of the pores instead of ice penetrating them, resulting in gel shrinkage
(see Section 5.4.2) and a shift of the pore size distribution to smaller values.

Figure 5.6 shows the results of recent literature work, in which thermoporo-
metry was applied to silica gels synthesized with ultrasound-assisted hydrolysis
(Vollet et al., 2008). For higher dilution of the TEOS starter solution, the gel

Fig. 5.5 Ice penetrating into a pore during freezing (ice considered as non-wetting).

Fig. 5.6 DSC thermograms for silica gels with porosities from 78% (R¼ 4) to 88% (R¼ 16);
R indicates the molar ratio of hydrolysis water to TEOS (taken from Vollet et al. (2008)).
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porosity was increased and the mean pore radius shifted, approximately from 10
to 25 nm. Besides the peak resulting from nanoscale pores (<0 �C), the thermo-
grams for gels of high porosity show a second peak (>0 �C), which the authors
attribute to macropores. Following Scherer�s argumentation, this signal might
also result from water that has flown to the gel surface during freezing.

Thermoporometry has also been used to assess structural changes during the
drying step: Yamamoto et al. (2005) have prepared RFgels, exchanged the pore liquid
for tert-butanol and subsequently dried the gels by convective or freeze-drying. The
pore volume distribution of the wet gels was measured by thermoporometry, that of
the dry gels by nitrogen adsorption. The results, depicted in Fig. 5.7, clearly indicate
that nanoscale pores shrink during convective dryingwhereas the gel structure canbe
preserved by freeze-drying.

5.3.2
Characterization of Dry Gels

5.3.2.1 Nitrogen Adsorption
On dry gels, standard characterization techniques for porousmedia are used, several
of which have been described in Volume 2 of this series: helium pycnometry for pore
volume determination (Section 6.3.1.2) as well as nitrogen adsorption at 77 K for
surface area (Section 6.3.2.2, BET method), for microporosity (Section 6.3.3.2,
Dubinin–Radushkevich method), for pore size distribution (Section 6.3.3.3, BJH
method), and for total pore volume (Section 6.3.3.4). When characterizing gels
by nitrogen adsorption, other methods are also used for data interpretation, for
example, the t-plot method for microporosity (Lippens and de Boer, 1965) and the
Dollimore–Healmethod (Dollimore andHeal, 1964) orBroekhoff–deBoer theory for
mesoporosity (Lecloux, 1981).

Fig. 5.7 Pore size distribution of wet RF gel (R/C¼ 200, R/W¼ 0.5 g cm�3) by thermoporometry,
and of corresponding dry gels by nitrogen adsorption (taken from Yamamoto et al. (2005)).
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An additional technique to measure pore size distributions, which will be briefly
introduced later, is mercury porosimetry. It uses the successive intrusion of
mercury (non-wetting) and – due to the high surface tension of mercury and small
pore size –involves high compressive pressures. Therefore, special attention has to
be given to deformation effects that occur when dry gels with low mechanical
stiffness and strengths are characterized. However, shrinkage and/or cracks may
not only happen during mercury porosimetry, but also during nitrogen adsorption
(Scherer et al., 1995a).

In nitrogen adsorption, as the relative pressure rises, pores of increasing size are
gradually filled by condensing nitrogen; consequently, the interface tension between
nitrogen and vapor (0.00885Nm�1) exerts capillary forces on the aerogel and may
lead to significant volumetric shrinkage. As the relative pressure approaches unity,
the liquid/vapor interface becomes flat and the gel may expand to its full original
volume, if no plastic deformation has occurred. Subsequent desorption is analogous
to slow atmospheric drying; it is accompanied by shrinkage and a sudden expansion
at low relative pressure since a small liquid volume in the capillary bridges can hold
the sample under compression (Scherer et al., 1995a). In Fig. 5.8, part of the
adsorption–desorption cycle for a compliant gel is given: instead of showing a
horizontal asymptote at saturation, the sorption curves reflect expansion and
shrinkage of the (saturated) sample. For gels with different mechanical behavior,
Reichenauer and Scherer (2000) have measured the sample dimensions during the
sorption experiment. The compliant gel characterized in Fig. 5.8 underwent irre-
versible shrinkage; another, sintered gel was stiff enough to recover to its original
size, both at full saturation and after complete desorption. For both gel types, pore
volume information is obscured by shrinkage, resulting in underestimation of pore

Fig. 5.8 Nitrogen adsorption-desorption cycle for a silica aerogel with 93% porosity (taken from
Reichenauer and Scherer (2001a)).
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size; an advanced characterization method has been proposed by the same authors,
which uses dilatation and sorption data to obtain the bulk modulus and pore size
distribution of the gel (Reichenauer and Scherer, 2001b).

Besides contraction of the sample, insufficient equilibration times may lead to
wrong interpretation of nitrogen adsorption data (Reichenauer and Scherer, 2001a):
because of incomplete filling of pores, the total pore volume is underestimated. In
Fig. 5.8, two identically prepared aerogel samples have been characterized with
different total duration of the cycle to prove sufficient equilibration.

5.3.2.2 Mercury Porosimetry
Whereas from nitrogen sorption data a size distribution can only be extracted for
mesopores (with pore diameter 2 nm< dp< 50 nm), standard mercury porosimetry
is used to obtain complete pore size distributions in the pore diameter range from
7.5 nm to 150 mm. During the characterization experiment, the sample is first
surrounded and then progressively intruded bymercury, as the pressure is increased.
Experimental results are commonly plotted as invaded pore volume versus applied
pressure (see Fig. 5.9a). The Washburn equation describes at which (capillary)
pressure a cylindrical pore of diameter dp is invaded

P ¼ 4s cos q
dp

ð5:4Þ

wheres¼ 0.48Nm�1 is thesurface tensionandq¼ 140� thecontactangleofmercury,
that is, 196MPa corresponds to dp¼ 7.5 nm. If the porous structure withstands these
high pressures, as for some RF cryogels (Kocklenberg et al., 1998), Eq. 5.4 allows
conversion of pressures into pore sizes and easy computation of the pore size
distribution (see Fig. 5.9b). More typically for gels, however, the structure collapses
during characterization due to its weak compressive strength; or, depending on the
conditionsof thegel synthesis,dryingandoptional thermal treatment, someintrusion

Fig. 5.9 (a) Mercury porosimetry data for dried copper hydroxide precipitate, pure intrusion case,
(b) pore volume distribution by Eq. 5.4 (taken from Job et al. (2006a)).
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may be observed after a first part of densification. Job et al. (2006a) discuss how these
three different behaviors – pure intrusion, irreversible shrinkage, shrinkage followed
by intrusion – can be distinguished and how mercury porosimetry data can be
interpreted in each case (see also Pirard et al. (2005)).

Weighing of the sample before and after the porosimetry experiment can quantify
the mercury which has intruded pores and is subsequently entrapped within the
sample. In the case of pure intrusion, the full detected mercury volume remains
within the sample, as revealed by the depressurization branch in Fig. 5.9a. If no
mercury is found in the porous solid after porosimetry, the volume change of the
samplemay bemeasured (bymercury pycnometry as explained below) to confirm the
assumed extent of irreversible shrinkage.

An example of irreversible shrinkage during mercury porosimetry is given in
Fig. 5.10a. The shape of the curve reflects a progressive increase in mercury volume
penetrating into the measurement cell, in contrast to the characteristic sudden pore
volume jumps which occur during mercury intrusion at pressures corresponding to
prevalent pore sizes. Such densification during mercury porosimetry has been
reported for various dry gels, among them silica aerogels (Ali�e et al., 2000; Scherer
et al., 1995b), RF xerogels (Job et al., 2004, 2005; L�eonard et al., 2005a, 2008), aerogels
and cryogels (Job et al., 2005), and carbon xerogels (Job et al., 2004). Evidently, the
Washburn equation must not be used to determine pore size distribution in this case.
Pirard et al. (1995) showed that the densification is due to a hierarchical collapseof pores:
the largest pores collapse first at the lowest pressure values; then, as the mercury
pressure increases, poresofdecreasing size are successively andcompletely eliminated
by crushing. Based on thatmechanism, he proposed an appropriate relation to analyze
mercury porosimetry data, which links pore size, down to which crushing occurs, to
applied pressure

dp ¼ C �P�0:25 ð5:5Þ

Fig. 5.10 (a) Mercury porosimetry data for monolithic silica aerogel, irreversible shrinkage case,
(b) pore volume distribution by Eq. 5.5 (taken from Job et al. (2006a)).
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Here, C is a constant for material stiffness that needs to be determined experi-
mentally. Figure 5.10b shows the pore size distribution obtained using this equation.
It should be noted that densification curves may also be used to determine the bulk
compression modulus of silica aerogels (Scherer et al., 1995b).

Figure 5.11a shows mercury porosimetry data for a silica xerogel with mixed
behavior: the material first shrinks (full circles) up to a critical pressure Pcr beyond
which its small, uncollapsed pores are intruded (open circles). The critical
pressure is identified by a sudden change of slope of the volume variation curve.
If the sample is depressurized before reaching Pcr (crosses), then indeed no
mercury uptake is detected in the sample. The pore volume distribution in
Fig. 5.11b can be computed using either Eqs. 5.4 or 5.5 depending on the
considered pressure domain. At P¼Pcr, both equations are valid so that the
mechanical constant C – necessary for the hierarchical collapse equation – can be
obtained conveniently (Pirard et al., 1998):

C ¼ 4s cos q �P�0:75
cr ð5:6Þ

Suchmixed behavior duringmercury porosimetry has been observed for a range of
dry gels, for example: silica xerogels and aerogels (Ali�e et al., 2001), RF xerogels
(L�eonard et al., 2008), and carbon xerogels, aerogels and cryogels (Job et al., 2005).

For gels, the mechanisms involved during mercury porosimetry tests depend
strongly on the microstructure, which is related to the synthesis (L�eonard
et al., 2008) and drying conditions (Job et al., 2005); therefore, one must carefully
examine the measurement results to be sure of the mechanisms involved. If data
corresponding to densification are analyzed using software based on theWashburn
equation (usually provided with porosimeters) this yields an unphysical pore size
distribution.

Fig. 5.11 (a) Mercury porosimetry data for silica xerogel, shrinkage followed by intrusion, (b) pore
volume distribution by combining Eqs. 5.4 to 5.6 (taken from Job et al. (2006a)).
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5.3.2.3 Other Methods
Another useful technique ismercury pycnometry which can be used to determine the
geometrical volumeof the dry gel (pores and solid), hence giving complementary data
to heliumpycnometrywhichmeasures only the pore volume. In this characterization
method, a volume-calibrated chamber containing the sample is filled with mercury;
the mercury volume (or weight) is measured to compute the sample volume. Unlike
mercury porosimetry, no pressure is exerted so thatmercury neither enters the pores
nor crushes the sample.

Besides the determination of the porosity, pore size distribution and surface area,
the (surface or mass) fractal dimension of dry gels may be of interest. To this
purpose, small-angle X-ray scattering can be used; nitrogen sorption and mercury
porosimetry also offer possibilities to extract this structural information (see, for
example, Blacher et al. (2000)).

All previously described characterization methods yield only statistical or
averaged information on gel structure. The natural wish to actually see the
structure can be (partially) fulfilled by scanning or transmission electron microscopy
(SEM or TEM). In SEM (Goldstein et al., 2003), operating in high vacuum, a
focused electron beam scans the sample surface and the local response (emitted
secondary electrons) is recorded; therefore, spot size sets the resolution limit
above 1 nm. To avoid charging of the sample during measurement, it needs to
be made electrically conducting by sputter-coating with a thin gold layer, further
decreasing the resolution. An alternative is offered by environmental SEM in
which the sample is near or at atmospheric pressure allowing discharge through
the gas phase. (In principle, ESEM also allows the investigation of wet samples,
but to our knowledge has not yet been applied to wet gels.) In SEM, the surface
is imaged in a three-dimensional appearance; however, the contrast in the image
can be caused by a plenitude of effects so that careful interpretation is
recommended. A clear advantage of SEM is that bulk samples can be
characterized.

In contrast, TEM (Reimer and Kohl, 2008) is an opticalmethod, in which electrons
are interpreted as an electromagnetic wave of very short wavelength; as a result,
higher resolutions (well below 1nm) are possible and sputter-coating is not neces-
sary. The sample is placed in high vacuum and imaged in transmission; conse-
quently, it has to be very thin (typically 10–100 nm) to detect sufficient signal – and to
actually see individual structural features. The obtained information is a two-
dimensional projection of the sample, hence containing information from the whole
sample depth.

Electron microscopy is mostly used qualitatively (some examples will be given in
Section 5.5): for SEM, because of limited resolution and restriction to sample surface;
and for TEM, because of the difficulty in separating information in the third
dimension. Quantitative analysis of TEM data obtained from dry gels allows
determination of the size distributions of primary particles, for example, in sili-
ca–alumina and silica aerogels, for which Sinko et al. (2008) have measured particle
diameters in the range 3–14 nm.
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5.3.3
Characterization of Gels During Drying

X-ray tomography is a non-destructive imaging technique giving access to the
internal structure of the investigated object. The technique is based on the local
variation of the X-ray attenuation coefficient of matter in the X-ray path. Two-
dimensional cross-sectional images are reconstructed from transmission data
collected by irradiating the object with an X-ray beam in many different directions
(see Fig. 5.12), so that full volume data of the sample are accessible. (For a more
detailed description of the measurement principle and subsequent image analysis,
refer to Chapter 4 in Volume 2 of this series.) Nowadays, laboratory microtomo-
graphs allow the production of images with voxel size below 1mm. Of course, this is
not enough to see individual particles or pores in gels, but other important
geometric and structural features are accessible: the dimensions, shape and volume
of the gel sample, internal defects such as cracks, and local averages of gel density,
porosity and moisture content. Therefore, the method offers a way of investigating
shrinkage and the occurrence of cracks.

Since X-ray tomography keeps the sample intact, it is suitable not only for the
characterization of the dried product, but also to follow the evolution of gel
characteristics during the drying process. Up to now, this requires an interruption
of the process to scan the sample being dried, but, in principle, the tomograph can be
built around laboratory drying equipment. For such dynamicmeasurement, the time
for a full scan of the sample is a crucial parameter; it depends on the sample size and
the desired resolution andmay vary from a fewminutes, if 5003 voxels are sufficient,
to several hours, for 20003 voxels.

As most gels shrink during drying, it is essential to determine their surface area
evolution to calculate the drying flux from mass loss measurements. With appro-
priate image analysis, very accurate shrinkage curves (as in Fig. 5.34) can be obtained
from X-ray transmission images and reconstructed cross-sections (Fig. 5.12). The

Fig. 5.12 X-ray transmission images (a,b) and reconstructed cross-sections (c,d) for RF gels
showing shrinkage (a,c) and cracks (b,d).
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same set of images can also be used to detect and quantify cracks appearing during
drying. If crack-free materials are the quality goal, this experimental method can
provide essential information for modeling and optimization of the drying process.
Indeed, it iswell-known (andwill be explained in the following section) that too severe
drying conditions may lead to sample cracking; and for a theoretical description,
simulation of internal stresses must be combined with appropriate cracking criteria
(see Section 5.6.1).

Finally, the images obtained from microtomography at different stages of drying
can be processed to extract internal moisture distributions, which are very difficult to
access by any other experimental technique. To this aim, calibration is necessary
since only the wet gel density is available from tomography. Different possible drying
behaviors are illustrated in Fig. 5.13 for RF gels, for which the attenuation of X-rays
may be considered proportional to wet gel density (Escalona et al., 2008). If the gel
does not shrink, its density decreases as water is replaced by air; for gels exhibiting
ideal shrinkage, that is, remaining fully saturated, the density increases as water �is
replaced� by the dried RF resins whose intrinsic density is higher. Real behavior
includes an initial period of ideal shrinkage followedby the emptying of poreswith no
further shrinkage. Therefore, the relationship between measured density and
moisture content will generally not be unique for the whole drying process. Since
allmentionedmeasurements are based on the same set of reconstructed images, they
can be performed simultaneously.

In a more general context, X-ray microtomography can also help to determine the
internal structure of the dried product. Unlike SEM, which requires sample prep-
aration and yields only 2D information for a small part of the surface so that many
repetitions are necessary for statistically relevant results, it is a non-destructive
technique that gives full 3D information. For these reasons, X-ray microtomography
can complement classical measurement techniques, if the drymaterial exhibits large
pores which cannot be characterized by nitrogen adsorption (from 2 to 50 nm) or
mercury porosimetry (from 7.5 nm to 150 mm).

Fig. 5.13 Evolutionof total gel density (as relevant for X-ray tomography) during drying for different
material behavior (adapted from Escalona et al. (2008)).
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5.4
Drying Methods for Gels – Quality Loss

In this section, the major drying techniques for gels are presented. We stress
again, that the term xerogel, despite its literal meaning (�dry gel�), will only be
used for gels obtained by convective (or, more generally, evaporative) drying.
Xerogels usually exhibit significant shrinkage, and it is difficult to avoid cracks,
the reason lying in capillary effects, as will be discussed below. Therefore, other
techniques such as freeze-drying and supercritical drying have been applied,
where no liquid/gas phase boundary exists. As we will see, producing freeze-dried
cryogels also bears a big risk for gel structure – if not in the drying step, then
during freezing. The first successful technique to produce aerogels (in the sense
that the full volume of pore liquid has been replaced by gas) was supercritical
drying, this being the reason why here the term is only used for dry gels obtained
by this route. Figure 5.14 summarizes the different drying techniques in the
phase diagram for the pore-filling substance.

5.4.1
Convective Drying

5.4.1.1 Introduction
If awet gel with low solid fraction and small pores is convectively driedwithout taking
specific precautions, it will shrink significantly and irreversibly; a typical example is
given in Fig. 5.15. Besides shrinkage, cracksmay occur during drying, as shown for a
rod of alumina gel in Fig. 5.16. The drying rate plays an important role in crack
formation, so that different crack patterns are obtained or cracks can even be
prevented by slow drying.

Fig. 5.14 Phase diagram to illustrate different drying methods for gels.
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In the following, we will sketch the theoretical framework for convective drying as
developed by Scherer (1986, 1987a, b, c, 1988, 1989, 1990a, b, 1992a) and Brinker
and Scherer (1990), which serves as a good basis to understand structural damage
and to explore possibilities for preventing it.

5.4.1.2 Shrinkage
As liquid is removed from the gel surface by evaporation, the liquid/gas interface
becomes curved. The resulting capillary pressure Pc is defined as the pressure
difference between the gas and the liquid and is computed from the interface tension
s and the radius of curvature rc (see Fig. 5.17a) as

Pc ¼ Pg�Pw ¼ 2 s
rc

¼ 2 s cos q
rp

ð5:7Þ

The conversion into pore radius rp and contact angle q is only valid for a fully
developedmeniscus in cylindrical pores under the condition that the adsorbed liquid
film can be neglected. This pressure can attain very high values, for example,
approximately 30MPa for water in perfectly wetted pores of radius 5 nm. Before
analyzing the response of the gel to this pressure, the stress in thewet gel is defined; it

Fig. 5.15 Convective drying of a hydrogel (based on polyvinylpyrrolidone) (taken from Pakowski
et al. (2006)).

Fig. 5.16 Crack patterns on alumina gel for (a) slow and (b) fast convective drying (taken from
Pourcel et al. (2007b)).
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has contributions from solid and liquid, as the respective forces Fs and Fw per total
cross-sectional area A,

sx ¼ Fxs þFxw

A
¼ ~sx�yPw ð5:8Þ

Here, ~sx is the solid network stress and y the porosity, and a negative liquid
pressure is considered as compressive; equivalent equations hold for the y- and z-
directions. For a small cube of gel or very low evaporation rates _mv, liquid can easily
flow to keep pressure gradients negligible, and uniform Pw can be assumed. Then,
the liquid pressure is entirely balanced by the solid network stress ~sx ¼ yPw

(negative stress indicates compression), and the wet gel shrinks with no total stress,
sx¼ 0. If the gel has a purely elastic solid network, then volumetric strain, that is,
relative volume change, is given by

e ¼ yPw

K0
ð5:9Þ

where K0 is the bulk modulus of the gel. Gels of initial bulk density r0 can shrink
reversibly until the density reaches a critical value rcr, roughly determined by

P :¼ rcrAsm s cos q
K0

� 1 ð5:10Þ

where As is the specific surface area (given in m2 g�1 and roughly proportional to
the inverse of the primary particle radius) and 2.5<m< 4 a material constant, both
dependent on synthesis conditions (Smith et al., 1995a). At the critical point
(typically rcr¼ 1.4r0), the gel enters the plastic range: gel deformation is irreversible

Fig. 5.17 Mechanisms during convective drying: (a) shrinkage of solidmatrix as capillary pressure
increases and (b) differential shrinkage when liquid flow is limited, leading to solid tension build-up
and cracks when surface pores empty (only half of gel is shown).
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and the shrinking gel becomes stiffer; the increase in bulk modulus can be
approximated by

Kp ¼ K0ðr=rcrÞm ð5:11Þ

Since shrinkage reduces the pore radius, the resulting compressive pressure
also increases. With such a model, the density and pore size of the dry gel may be
predicted (Smith et al., 1995a): for P< 1, the density increase during drying is
less than 50% and reversible; otherwise, the dry gel density increases with
increasing P (irreversible shrinkage), for compliant gels roughly as 1:4r0

ffiffiffiffiffi
P

p
.

Shrinkage is hence more pronounced for higher surface tension, smaller contact
angle, higher specific surface area (assumed as constant) and lower bulk modulus
of the gel. In the above analysis, kinetics plays no role. It is therefore not
surprising that shrinkage shows negligible dependence on drying rate (Smith
et al., 1995a).

5.4.1.3 Differential Shrinkage and Stress
Cracking, however, is strongly influenced by drying conditions: the fragments
obtained when drying a wet gel cylinder become smaller as the oven temperature,
and accordingly drying rate, is increased (Smith et al., 1995a). To understand this, we
must consider that liquid flow in the drying gel is limited by viscous effects. As
illustrated in Fig. 5.17b, evaporation occurs at the gel surface so that shrinkage and
decrease in liquid pressure start there. As a consequence, liquid is pumped from the
core of the gel according to Darcy�s law

_mw ¼ � K
mw=rw

rPw ð5:12Þ

where K is the permeability of the gel, mw the dynamic viscosity and rw the density of
the pore liquid. Since gels have very low permeabilities – essentially, K is propor-
tional to the square of the pore radius – even low drying rates can lead to high
pressure gradients: for a typical permeability of 10�18m2 and a drying rate of
1 kgm�2 h�1, one obtains 3MPa cm�1. The liquid pressure profile is linked to the
volumetric strain rate by

_e ¼ K
mw

r2Pw ð5:13Þ

signifying that the solid network contracts locally when pore liquid flows out of that
region.

In order to compute stress and strain in the drying gel,first, a constitutive equation
for thewet gelmust be derived. For an elastic solid network, the linear strain depends
on the stress and liquid pressure as

ex ¼ 1
E

sx�nðsy þ szÞ
� �þ Pw

3Kp
ð5:14Þ
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where E is the Young�smodulus and n the Poisson�s ratio of the solid network. If this
is applied to a plate (of thickness 2 L) that is dried fromboth sides, the local volumetric
strain can be computed as

e ¼ ðð1�C0ÞhPwiþC0PwÞ=Kp ð5:15Þ
where hPwi is the average liquid pressure in the plate andC0 is a function of Poisson�s
ratio and approximately 1/3 for highly compressive gels. There is a fundamental
difference to Eq. 5.9,whichdescribes free strain and is validwhen liquid pressure and
shrinkage are uniform in the gel. If pressure gradients develop, local shrinkage
depends on both local and average liquid pressure, because regions of high and low
pressure are connected and cannot contract freely at their natural rate.

Combining Eqs. 5.13 and 5.15 and using a boundary condition of constant
evaporation flux at the plate surface _mwjz¼L ¼ _mv, a time-dependent diffusion
equation for the liquid pressure can be obtained and solved. For the stress in the
plane of the plate, one finds

sx ¼ sy � Pwh i�Pw ð5:16Þ
This expresses the fact that stresses do not depend on the pressure level and only

develop if there is a pressure gradient; further, it shows that during drying not only
compression,butalso tensionwilloccur, the latterbeingagreaterdanger for thefragile
gel structure. (Scherer nicely illustrates this behavior by a comparison with thermal
stresses developing in a plate that is cooled from the surface.) Typical qualitative
pressure and stress profiles in a drying elastic gel plate are plotted in Fig. 5.18.

One sees that the pressure profile becomes parabolic after a time that is charac-
teristic for liquidflow; then, the profile shape stays unchanged, only the pressure level
decreases. When the menisci at the gel surface are fully developed, the minimum
pressure value is reached, given by Eq. 5.7, and the surface pores dry out, signifying
the end of the first drying period. For the stress this means that a stationary profile is
approached with a maximum tensile stress at the plate surface that can be given as

sxjz¼L �
mw _mvL
3rwK

ð5:17Þ

Fig. 5.18 Drying of an elastic gel plate (thickness 2L): qualitative profiles of (a) liquid pressure and
(b) in-plane stress as evolving in time.
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(For extremely high drying rates, when the liquid pressure only drops at the
surface, the stress assumes the highest possible value, namely capillary pressure
in Eq. 5.7.)

In the above model, shrinkage is not explicitly accounted for, but – taking a
Lagrangian approach – the obtained profiles are still meaningful for a time-depen-
dent plate of thickness L, if shrinkage is (nearly) uniform. Furthermore, constant
material properties have been assumed which is certainly not allowed when the gel
shrinks significantly. Despite these simplifications, the analysis is very helpful to
identify the crucial parameters for preventing structural damage during drying:
harmful stress increases with higher drying rate, larger sample thickness and lower
permeability.

A similar derivation can be done for gels that have a viscous solid network. Then, the
constitutive equation for the wet gel is given by the relation between strain rate and
stress

_ex ¼ 1
F

sx�Nðsy þ szÞ
� �þ Pw

3KG
ð5:18Þ

where F is uniaxial solid viscosity, KG bulk viscosity and N the corresponding
Poisson�s ratio. The local volumetric strain rate is a function of average and local
liquid pressure

_e ¼ ð1�C0Þ Pwh iþC0Pwð Þ=KG ð5:19Þ

and can be linked to Eq. 5.13 to get a pressure profile that is constant in time. As
above, the gel is assumed highly compressive, and local stress is computed from
Eq. 5.16. Figure 5.19 shows how profiles of pressure and stress in the saturated gel
depend on the two parameters

C1 ¼ L

ffiffiffiffiffiffiffiffiffiffiffiffiffi
mw

3 KKG

r
and C2 ¼ 3 KG _mv

rwL
ð5:20Þ

Fig. 5.19 Drying of a viscous gel plate (thickness 2L): qualitative static profiles of (a) liquid pressure
and (b) in-plane stress.
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(C1 is ameasure of the resistance that the pore liquid offers to contraction of the solid
phase.) The maximum tensile stress, occurring at the plate surface, is given by

sxjz¼L � C2
C1cosh C1

sinhC1
�1

� �
ð5:21Þ

Again, the analysis is simplified by taking material properties constant and
neglecting shrinkage. Furthermore, and unlike Scherer, we have neglected syneresis,
that is, gel shrinkage due to restructuring of the solid network by continuing
condensation reactions. Nevertheless, we find that, as for the elastic plate, higher
drying rate, larger sample thickness and lower permeability increase the stress. In
fact, Eq. 5.21 is approximated by Eq. 5.17 for small C1; for high C1, stress increases
with increasing gel viscosity KG. It must be stressed that, in reality, there is a time
dependence, since the gel stiffens and becomes less permeable as it shrinks;
therefore, during drying, liquid pressure gradients increase and stress reaches a
maximumwhen themenisci are fully developed and the surface pores start to dry out
– just as in the elastic case.

So far, we have only presented two limiting cases, the purely elastic and the purely
viscous gel.Generally, onemay say that the viscousmodel describes the compliant gel
during the early stage of drying and that the elastic model is suited for later stages
when the gel has become more rigid and the menisci are about to enter the gel. Of
course, the mechanical behavior of real gels is more complex, and, for quantitative
results, numerical solution with an explicit description of shrinkage is needed, for
example, Scherer (1987b), and a combined model seems more appropriate, for
example, for the start of drying (Scherer, 1988). Besides a good choice of the
mechanicalmodel,material parameters are a difficult issue. Onemethod that proved
to be elegant and accurate is a three-point bending test in which viscoelastic
properties and permeability are estimated simultaneously (Scherer, 1992b).

The present overview was restricted to models that are only valid during the first
drying period. However, this is sufficient for our discussion on structural damage
since the highest stress level is attained at the critical point, when the solid network
can no longer (or not fast enough) contract under capillary pressure and the liquid/
gas interface starts to recede from the gel surface. Beyond this point, the liquid
pressure at the liquid/gas interface remains constant and is given by Eq. 5.7 whereas
both drying rate and distance for liquid flow decrease as the evaporation front
recedes. Consequently, in the wet gel region, pressure differences can be leveled out
and stress will disappear during the second drying period. (Due to the small pore size
and the narrow size distribution, both not favorable for sustained capillary flow, all of
the surface is expected to dry out rapidly so that the constant rate period is not
extended significantly beyond the critical point.)

5.4.1.4 Cracking
The tensile stresses that have beenderived for thefirst drying period can, in principle,
on their own lead to failure of the gel. Butmostly, cracks arise from the propagation of
small mechanical defects under macroscopic tension. The material on either side of
the crack can contract more freely so that the stress is partially relieved (see
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Fig. 5.20a). The stress concentrated at the tip of the crack is proportional to the
macroscopic tensile stress sx and the square-root of crack length c. If it exceeds the
critical stress intensity Icr

1:1sx
ffiffiffiffiffi
pc

p
> Icr ð5:22Þ

the crack will propagate catastrophically since crack-tip stress continuously increases.
For constant macroscopic tension, a critical crack length can be defined. This
theoretical description has been nicely confirmed on gels by bending experiments
on notched beams and on beams with defined surface roughness (Alaoui et al., 2000).

However, as we have seen above, the stress level rises gradually during the first
drying period and experiences no dramatic change at the transition to the second
dryingperiod.Therefore, propagationof surfacedefectsdoesnot seemanappropriate
explanation of why cracks usually occur at that very moment (Simpkins et al., 1989).

According to Scherer, another mechanism is responsible: as liquid menisci enter
the gel, capillary forces that held the pore walls together during the first drying period
are switched off locally; by this, micro-cracks are initiated at the pore scale (see
Fig. 5.17b). As the drying front advances, these micro-cracks can link together. The
drying front has an irregular shape and its width decreases with increasing drying
rate (Shaw, 1987); these effects result from the size distribution of pores and the
viscous capillary flow that tries to keep small pores saturated. Pore network models,
as presented in Chapter 2 of Volume 1 of this series, can help to study these
phenomena (Vorhauer et al., 2010).

The interlinked micro-cracks are under macroscopic tension over the width of the
drying front, that is, the partially saturated region (see Fig. 5.20b). If this part of the
crack exceeds the critical length, it can propagate catastrophically. With increased
drying rate, the macroscopic stress increases linearly, and this cannot be compen-
sated by the reduction of drying front width so that faster drying results in material
failure whereas slow drying can prevent it. If the macroscopic stress is small, the
micro-cracks will not propagate into macro-cracks, but rather heal when drying is
complete.

Gel size has no influence on the drying front width, but larger gels develop higher
stresses so that the proposed hybridmodel ofmacroscopic stress and local failure can
also explain why larger gels are more likely to crack.

Fig. 5.20 Different explanations for crack initiation: (a) pre-existing surface defect or (b) micro
cracks caused by local capillary forces.
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Scherer further argues that local stresses alone cannot be the reason for macro-
scopic cracks, because gels that are too large or dried at too high rates generally break
into only a few pieces. If the reasonwere the local pressure differences between pores
(or pore regions) of different saturation status, then the gel sample should rather be
pulverized – irrespective of drying rate and sample size.

So, besides macroscopic tension, the irregular interface of the fractal drying front
is thought to play a crucial role in crack formation. There is experimental evidence for
the existence of liquid and dry patches at the phase front, which are significantly
larger than the pore size: during drying of porous glass, the partially saturated region
of the drying front becomes opaque (Scherer, 1992a) because these patches scatter the
light (unlike the much smaller pores themselves). It is still not clear whether the
irregular shape of the phase front harmsby generating defects or beneficially diffuses
the stress. Since such an irregular front cannot bemodeled by a continuumapproach,
only pore-scalemodels, as discussed in Section 5.6.2, are expected to bringmore light
to this interesting problem.

In the above expressions for gel stress, the liquid pressure level does not appear
explicitly. Nevertheless, capillary pressure plays a crucial role because it decides to
what extent the material will shrink, and thereby determines how much the gel
stiffens and by how much its permeability is reduced. Consequently, lowering the
capillary pressure – by increasing pore size, reducing surface tension or increasing
contact angle – is beneficial for product quality because it reduces the maximum
tensile stress.

So far, the qualitative recommendations to avoid cracks – besides reducing sample
size and drying at a low rate – may be summarized as:

. Increase the gel strength (or the critical stress intensity Icr)

. Increase the pore size for higher permeability and lower capillary pressure

. Use low-surface tension pore liquid and increase the contact angle for reduced
capillary pressure.

We conclude with a remark on phenomena at the end of the convective drying
process.As theouter regionsof thegel becomecompletelydry, the compressive action
of capillary pressure is eliminated and for (partially) elasticmaterial behavior, spring-
back, that is, re-expansionof thegelnetworkmaybeobserved.The interior regionsare
still under compression so that stress is reversed. This effect is nicely proven by
experiment: a plate that is dried from one side is curved towards the open surface
during the first drying period; during the second drying period the curvature is away
from the open surface (Scherer, 1987c). Such stress reversalmay also lead to cracks at
the very end of drying when the wet region becomes small (Simpkins et al., 1989).

5.4.2
Freeze-drying

After seeing the problems in convective drying because of capillary forces, one is
inclined to test a drying technique that does not involve a liquid/vapor phase
boundary. The most evident alternative is freeze-drying, which is widely used for
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thermosensitive products, mainly foods and pharmaceuticals, and when the solid
structure is to be preserved, for example, in biological samples. Therefore, it seems
quite surprising that this alternative should also face severe problems – producing
powder or very coarse pore structure (Scherer, 1992a). One straightforward expla-
nation again involves capillarity, when residual pore liquid exists because of incom-
plete freezing or a too early temperature rise at the end of the drying process. This has
indeed some significance if we recall that the melting temperature is much lower in
small pores (see thermoporometry in Section 5.3.1.2).

However, Scherer (1993) points out that it is the freezing step itself that can destroy
the fragile gel structure.Onemechanismwhichmay lead to damage by freezing is the
density change during solidification of the pore liquid. For water, the specific volume
increases by roughly 9%. Depending on the freezing conditions and pore size
distribution, different scenarios can be imagined. For a significant temperature
gradient, for example, if the wet gel is immersed into a cold liquid, an ice crust may
form at or near the surface of the gel.When the inner regions freeze, and expand, this
crust will fracture easily, rather than inhibiting crystallization. If the temperature is
lowered uniformly, then, for distributed pore size, liquid starts to freeze in the larger
pores, for which the required undercooling is less (see thermoporometry in Sec-
tion 5.3.1.2), and a percolating ice network gradually builds up, which is brokenwhen
the liquid in the smaller pores freezes. Also, if we assume that the liquid solidifies
simultaneously in all the pores, because of a uniform pore size, a pressure builds up
that must be released. For a volume increase during solidification, the damaging
effect seems very obvious, but also, if the solidified solvent has less volume than the
liquid, as is normal, a significant tension builds up that is likely to destroy the already
frozen pore regions.

Interestingly, it is another phenomenon that is likely to destroy the freezing gel,
independent of the density change. If an ice layer forms at the surface of a gel, thenwe
have the situation as in Fig. 5.5, that significant undercooling is required for the ice to
penetrate the small pores. Alternatively, liquid may be drained from the pores and
solidify on the crystal surface, as depicted in Fig. 5.21a. Since the growth of ice crystals
is rather fast – Scherer estimates a front velocity u¼ 0.1mms�1 for an undercooling
of DT¼ 0.2 K – the liquid flow out of the wet gel may be orders of magnitude higher
than during evaporative drying.

Fig. 5.21 Freezing of gels: (a) drainage of liquid to ice at gel surface with tension build-up; (b) ice
crystal growing inside the gel and pushing primary particles apart.
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The destructive effects, such as differential shrinkage and tensile stress at the gel
surface, are of the same kind in both cases, so that for the freezing process,maximum
tensile stress can be computed analogously to Eq. 5.17 as

sx � mwuL
3K

ð5:23Þ

But freezing, as compared to convective drying, takesminutes rather than hours or
days, so that stresses higher than the modulus of rupture can develop, and failure
even occurs without the mechanism of crack propagation. The resulting fragments
themselves will be subjected to the same process of liquid drainage to a surface layer
of ice. Breakage into finer fragments will continue until fragment size L is small
enough for the gel to withstand the tensile stress sx in Eq. 5.23.

If crystals nucleate inside the gel, as can be promoted by incorporating a catalyst
into the gel network, then large undercooling is required for the penetration of ice
into the small neighboring pore openings. Again, liquid will rather flow towards the
ice crystal, which itself pushes the primary particles apart as it grows (see Fig. 5.21b),
the phenomenon being analogous to frost heave in soil. Such growth of internal ice
crystals may result in large pores of the freeze-dried gel, or causemacroscopic cracks
when the gel cannot withstand the developing stress.

Scherer also addresses gel shrinkage during freezing and finds that the gel is
subjected to the maximum compressive pressure when flow towards a surface ice
crystal is stopped by liquid/vapormenisci in other surface regions, and the ice crystal
finally penetrates the pores. Then, the pressure in the liquid is

Pw ¼ � 2sc;l
rp

ð5:24Þ

where sc,l is the interface tension between crystal and liquid (approx. 0.04Nm�1 for
water) and rp the pore radius. So, shrinkage is expected to be less pronounced than
during convective drying, for which capillary pressure, Eq. 5.7, sets the condition for
compressive pressure.

In order to reduce the damage to gels during freezing, we may conclude that the
density change in the pore liquid during solidification should be small and that
crystal growth from the gel surface should be avoided in favor of nucleation inside
the gel. A more detailed analysis of the stress exerted on the solid network by
internal ice crystals (Scherer, 1993) reveals that the pore liquid should also have low
entropy of fusion. For limited shrinkage, the interface tension between crystal and
pore liquid sc,l should be low. And, most evidently, the gel strength plays a crucial
role and should be as high as possible. Scherer also points out that very fast freezing
could prevent damage because it would make the liquid vitrify rather than
crystallize.

Once the gel is frozen, it is sublimation-dried under vacuum. Care must be taken
that the ice does notmelt and that drying is complete before the temperature is raised
to ambient in order to avoid further damage to the gel. Concerning the drying step,
freeze-drying has the disadvantage of long process times, since the drying rate is
limited by the saturation vapor pressure of ice that is generally very low.
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5.4.3
Supercritical Drying

5.4.3.1 Supercritical Drying of the Initial Solvent
Having seen that even costly freeze-drying is no evident solution, we turn to the
drying technique that first produced highly porous dry gels, namely supercritical
drying. The most obvious method is to take the wet gel as it is and transfer the pore
liquid into its supercritical state. This is done by heating the gel in an autoclave in
order to reach the supercritical state by increasing both temperature and pressure
(see Fig. 5.14). For the following reason, it is crucial to place the wet gel in a bath of
sufficient excess liquid (Phalippou et al., 1990): during heating, the liquid expands
andpart of it evaporates until thewhole autoclave is eitherfilled by liquid or vapor, and
only further heating makes the fluid supercritical. There must be more initial liquid
per autoclave volume than the critical density, for example, 0.28 g cm�3 for methanol
and ethanol, to keep the gel covered by liquid and avoid evaporative drying of the gel
during the heating step – with capillary effects. (Alternatively, the autoclave may be
pressurized by an inert gas before heating.) The critical values for some single-
component solvents relevant in gel synthesis are given in Tab. 5.1. If the pore liquid
consists of several components, the situation is more complicated because, then, the
mixture must be supercritical (Phalippou et al., 1990).

The heating rate dT/dt > 0 must not be too high to avoid non-uniform thermal
expansion of the gel, especially the pore liquid, with the risk of damage.
Scherer (1992c) has derived the stress in a heated gel cylinder (of radius R), which
arises from the difference between the thermal expansion coefficients of liquid and
solid, Da> 0, and low gel permeability that hinders the expanding liquid from
flowing out of the gel. He finds a long-time solution for axial stress at the cylinder
surface that is valid for compliant gels, both elastic and viscous,

szjr¼R � 3mwR
2

8K
yDa

dT
dt

� �
ð5:25Þ

where the term in brackets is the thermal strain rate. If syneresis, and the
corresponding shrinkage of the solid network, is accounted for, the stress is
increased by an additional strain rate. The analysis further shows, that mechanical
constraints of the gel should be avoided, otherwise significantly higher stresses may

Tab. 5.1 Critical constants for different solvents (H€using and Schubert, 2006).

Tcr (�C) Pcr (MPa)

methanol 240 7.9
ethanol 243 6.3
isopropanol, acetone 235 4.7
water 374 22.1
carbon dioxide 31 7.3
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develop. From time-dependent calculations, with silica gel and methanol as the pore
liquid, Scherer can explain experimental observations, in which gel cylinders of
diameter 6 cm crack at a heating rate of 2 Kmin�1, but stay intact when heating at
0.3 Kmin�1.

After reaching the supercritical state, the pore fluid is removed by venting the
autoclave. This depressurization is usually done under isothermal conditions to avoid
the risk of condensation, and itmust be slow enough to prevent significant stresses in
the gel because the fluid cannot escape instantaneously but expands within the gel
and causes the solid network to swell. Scherer (1994) has investigated the limiting
conditions for the depressurization rate dP/dt < 0: assuming ideal gas behavior
during the expansion, he obtains the following approximate expression for the
maximal axial tensile stress at the surface of a gel cylinder (attained at the end of
depressurization):

smax
z jr¼R � R

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
y mw
4pK

dP
dt

����
����

s
ð5:26Þ

The influence of sample size and depressurization rate has also been studied
experimentally for different silica gels (Woignier et al., 1994). For all gels, there
was a maximum rate below which the samples stayed monolithic and above
which they cracked. The obtained results were in reasonable agreement with a
more advanced model than Eq. 5.26 (Scherer, 1994). For cylindrical samples
with both diameter and height equal to 3 cm, the maximum depressurization
rate is around 0.1MPamin�1 (see also Sakka and Kozuka (2005)). Further
analysis for ethanol shows that the process time can be significantly reduced by
decreasing the depressurization rate during the process, since for an identical
decrease in pressure, the (non-ideal) gas expands much more at lower pressures
(Woignier et al., 1994).

Near atmospheric pressure, the autoclave is flushedwith an inert gas, for example,
nitrogen, to prevent condensation in small pores (Sakka and Kozuka, 2005). Finally,
the autoclave is cooled down – again slowly to avoid mechanical damage.

The above-described supercritical drying route is simple in theory but, in
practice, has several disadvantages which come from the elevated critical para-
meters of the solvents used in gel synthesis (see Tab. 5.1). High temperatures and
pressures, especially in large volumes of an industrial production, cause a
considerable safety problem, and organic solvents bear the additional risk of
inflammability. But further than this, the gels may undergo undesired structural
changes at the elevated temperatures. Parts of the solid network may form crystals,
or may be destroyed by the rather corrosive alcohol or water, and the elevated
temperatures will enhance the above-described effects of ripening, that is,
elimination of small pores by dissolution and re-precipitation, and syneresis,
that is, formation of new bonds when distinct branches of the gel network
approach each other by thermal fluctuations. During syneresis in silica gels,
water is produced, so that the pore liquid changes composition and the initial
critical conditions may not be enough to avoid capillary effects. It should be noted
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that significant shrinkage (around 40% in volume) may occur during the
described route of supercritical drying (Roig et al., 1998).

5.4.3.2 Low-Temperature Process with CO2

In order to circumvent the problems associated with the high critical temperatures of
the pore liquid, a low-temperature supercritical drying route has been proposed
(Tewari et al., 1985): it involves carbon dioxide, which has a low critical temperature
and is inert. Due to the smaller temperature variation, the supercritical drying step
can be several times shorter; however, a washing step is needed to replace the pore
liquid by liquid carbon dioxide (see Fig. 5.22a). This is done in the autoclave at or near
room temperature (at 20 �C, CO2 is liquid for P1> 5.6MPa); again, the gel is initially
covered by excess pore liquid, which is purged at elevated pressure before the actual
washing step can start (liquid CO2 floats on top because of its low density)
(Masmoudi, 2006). If the original pore liquid is not miscible in carbon dioxide, as
is the case for water, it must first be substituted by an intermediate, for example,
alcohol or acetone. Typically, these washing steps require many hours because the
transport mechanism is diffusion; and the characteristic time increases with the
square of the gel dimensions. Washing with liquid CO2 is done by rinsing the
pressure vessel, and the concentration of the initial pore liquid is monitored by on-
line gas chromatography; when it is lower than a critical value, for example, 10�3 of
the initial concentration (Heinrich et al., 1995), the liquid is transferred into its
supercritical condition. Isothermal depressurization and cooling of the autoclave
conclude the drying process (see Fig. 5.22a).

Significant improvement of this supercritical dryingmethod can be achieved if the
washing step itself is donewith supercritical CO2, as illustrated in Fig. 5.22b, because
the diffusion process is significantly faster for this fluid (Bisson et al., 2003). It is,
however, not sufficient to be in the supercritical state of the single component CO2;
instead, the mixture of CO2 and pore liquid must be supercritical. Taking a single-
component pore liquid, for example, ethanol, then, for any temperature above the
critical temperature of CO2, there is a critical pressure (Schneider, 1978). In Fig. 5.23,
these values are connected to a binary critical curve. Above this curve, the two phases
are a completely miscible supercritical fluid; below the curve, liquid ethanol coexists
with gaseous CO2. The consequences for the washing step are clear: if the system is
biphasic, capillary effects are expected to destroy the gel. Van Bommel and

Fig. 5.22 Pressure and temperature protocols for different drying methods with supercritical CO2

(ambient and supercritical conditions are denoted by indices 0 and 2, respectively).
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deHaan (1994) have confirmed this expectation by the experimental results shown in
Fig. 5.23. Monolithic aerogel rods (ø 1.5 cm) could be obtained after supercritical
washing with CO2 for 3 h at as moderate conditions as 35 �C and 8.5MPa and
depressurization in less than 1 h.

The same authors proved experimentally that recycle of the washing fluid is
possible by first separating the ethanol (at 20 �C), then liquefying CO2 (at 5 �C),
both at reduced pressure (5.0MPa), and finally heating it back to the supercritical
state. They designed a semi-continuous industrial production plant for aerogel
plates of 3 cm thickness, in which five autoclaves operate in turn and water could
be used for cooling and heating. Due to longer diffusion times and lower
depressurization rates (about 0.1MPamin�1) for the thick plates, a cycle time
of 16 h was estimated.

It may be concluded that the supercritical route is most successful in preserving
the gel during the drying step.Due to the absence of interfacial forces, both shrinkage
and cracks can be successfully avoided. The standard technique uses carbon dioxide
for its moderate critical values, and the necessary washing step is mostly done under
supercritical conditions. In the frame of two recent European research projects
(HILIT and HILITþ, 1998–2005), large monolithic silica aerogels for windows
(55� 55� 1.5 cm3, see Fig. 5.24) could be successfully produced by this route
(Masmoudi, 2006).

Recent experimental work aims to optimize synthesis and aging conditions for
producing aerogels with increased mechanical strength and good transmission
properties in a reasonable processing time (Strøm et al., 2007); and to estimate
effective diffusion coefficients for optimizing the washing with supercritical CO2

(Masmoudi et al., 2006). Theoretical work has tried to predict this coefficient from

Fig. 5.23 Occurrence of cracks in gels dried with supercritical CO2 depending on washing
parameters as defined in Fig. 5.22b (taken from van Bommel and de Haan (1994)). (The shaded
region marks the supercritical state of the single component CO2).
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molecular and Knudsen diffusivities accounting for the pore size distribution of the
gel (Orlovic et al., 2005).

In the next section, we will present experimental efforts to look for alternatives to
the high-pressure process of supercritical drying. The goal is the production of highly
porous dry gels by subcritical and ambient pressure routes or by freeze-drying.

5.5
Advanced Drying Techniques – Preserving Quality

Having seen that supercritical drying can produce largemonolithic highly porous dry
gels of high quality, we will now show how less expensive and safer alternatives can
compete with it. In principle, all other techniques are more harmful to the gel
structure, and new approaches had to be developed to limit the damage during
drying.

The assignment of literature work to subsections on freeze-drying (Section 5.5.2),
vacuum drying (Section 5.5.3) and convective drying (Section 5.5.4) accounts for the
historical context and is not strict, because different drying techniques have often
been compared in one and the same work.

5.5.1
Subcritical Drying

Only recently, the possibility of using subcritical drying techniques to produce
xerogels has been explored; most of them will be treated in Sections 5.5.3 and 5.5.4
on vacuum and convective drying, respectively. Here, only one method close to
supercritical drying as followed by Kirkbir et al. (1998a, b) will be presented.
Wet silica gels were first washed (e.g., with ethanol) and then heated in a pressure

Fig. 5.24 Highly insulating and light transmitting (HILIT) aerogel glazing; aerogel sheet is placed
between two glass panes and evacuated (taken from Jensen et al. (2004)).
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chamber. During heating to about 250 �C, the pressure increase first followed the
vapor-pressure curve of the solvent until all solvent was evaporated (e.g., at 213 �C
and 3.5MPa); further pressure increase was due to vapor expansion up to a
maximal pressure (e.g., 4.4MPa) well below the pressures required in supercrit-
ical drying (e.g., >6.4MPa). Similarly, different maximum pressures were adjust-
ed and several solvents investigated. In this drying method, capillary forces do
develop, but are reduced due to solvent exchange and elevated temperatures.
Additionally, the solvent exchange may induce structural changes and thereby
influence gel behavior.

From silica gels with moderate porosities (80–90%), large crack-free monoliths
(e.g., cylinders with ø 5.6 cm and length 25 cm) could be prepared over wide ranges of
maximal pressures. For ethanol as the pore liquid, no cracks were observed;
additionally, shrinkage was negligible above a subcritical threshold whereas, below
that pressure, the gel shrank significantly (linear shrinkage of 20% and more). For
isobutanol, shrinkage was only observed at atmospheric pressure, but gels cracked
below a threshold pressure.

These threshold pressures are related to the temperature at which the gel dries out
and, hence, to the maximal surface tension that the gel experiences; they depend on
synthesis conditions which control the structural and mechanical properties of the
gel, such as pore size and strength, respectively. Although process pressures can be
significantly reduced (by 50%) by this approach, the previously described problems
associated with the elevated temperatures remain.

5.5.2
Freeze-Drying

5.5.2.1 General Remarks
Freeze-drying is an alternative to avoid liquid/vapor interfaces, aswater is removed by
sublimation after the freezing step. As indicated in Section 5.4.2, damage by cracks
can be reduced by a pore liquid with low density change and low entropy of fusion;
furthermore, a high freezing temperature is desirable for easy and complete freezing,
and the saturation vapor pressure should be elevated for short drying times. One
prominent substance fulfilling these requirements is tert-butanol (CH3)3COH (see
Tab. 5.2); from its low entropy of fusion, it is expected to have a low crystal–liquid
interface tension so that gel shrinkage should also be limited (Scherer, 1993).

Tab. 5.2 Material properties relevant for freeze-drying.

Freezing
temperature
(�C)

Density
change
during
freezing (%)

Entropy of
fusion
(J cm�3 K�1)

Saturation
vapor pressure
at 0 �C (Pa)

water 0.0 �8.5 1.2 61
tert-butanol 25.8 �0.04 0.24 821
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It seems to be difficult to produce high-porosity monoliths from inorganic gels by
freeze-drying. In an early work, Degn Egeberg and Engell (1989) could produce large
silica cryogels of elevated porosity (>70%) that cracked into several large translucent
pieces. Without solvent exchange, or if not enough washing steps were used, small
cryogel flakes were obtained; the authors attribute this to incomplete freezing of
residual pore liquid (especially ethanol with a freezing point of �117 �C), which
subsequently boils during vacuum freeze-drying. Pajonk et al. (1990) report silica
cryogels that have been produced as powderswith relatively low density (� 0.2 gm�3),
but with less pore volume and lower surface area than the corresponding aerogels.
Structural properties closer to those of aerogels could be obtained by aging to
strengthen the gel (as described below) or by synthesis under basic conditions for
larger pore size.

In contrast, the method is successfully used for RF gels (Mathieu et al., 1997)
probably because these organic gels have a strength and elasticity that can better
withstand the stresses during freeze-drying (Kocklenberg et al., 1998).

Before presenting literature results on RF cryogels, we will provide some back-
ground knowledge on RF gels that has been acquired from supercritical drying and
subsequent pyrolysis of these organic gels. Bock et al. (1997) studied RF gels with a
target density of 0.35 g cm�3 (with skeletal density rs� 1.5 g cm�3, corresponding to
porosity y� 77%) and systematically varied the molar R/C ratio. By nitrogen
adsorption, SAXS and TEM measurements, they could show that for an increase
in this synthesis parameter from 100 to 800 and above, the particle and pore radius
are increased from below 5nm to above 50 nm. At the same time, the BET
surface area of RF aerogels decreases from above 600m2 g�1 to below 100m2 g�1

(for R/C¼ 1500); after pyrolysis at 1050 �C, this variation is reduced to the range
600–400m2 g�1. The specific volumes of mesopores (2 nm< dp< 50 nm), which
correspond to voids between the primary particles of the gel, and micropores
(dp< 2 nm), which are voids inside these particles, are suitable criteria to measure
the quality of the dry gels. Both are of specific interest for high-surface-area
applications, whereas macropores only contribute to porosity, that is, accessibility
of the small pores and low overall density. During pyrolysis,mass loss and volumetric
shrinkage (both about 50%) are observed so that the solid density is increased, but the
porosity remains almost constant; further, the pore size distribution is shifted to
values about one third smaller, and micropores are created.

Tamon et al. (1998) were interested in RF dry gels as precursors for mesoporous
carbon with porosities > 80% and surface areas > 800m2 g�1 for applications in
adsorption, chromatography, catalysis, and as electrodes. Their supercritical
drying experiments are complementary to those of Bock et al. (1997): by varying
R/C from 12.5 to 100 and using different dilution ratios, they show that the
mesopore volume and peak radius of monomodal pore size distribution of RF
aerogels can be engineered; they describe the same behavior during pyrolysis
(mesopore volume reduction, decrease in peak radius, unchanged shape of pore
size distribution and moderate increase in BET surface area). An increase in
pyrolysis temperature (from 500 to 1000 �C) results in more shrinkage, but leaves
the peak radius unchanged.
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5.5.2.2 RF and Carbon Cryogels
The first RF cryogels were prepared by Mathieu et al. (1997) and Kocklenberg
et al. (1998); they varied the R/C ratio between 50 and 250, used different dilution
ratios and aging times, and characterized the pore structure of the resulting cryogels
by nitrogen sorption, mercury porosimetry and SAXSmeasurements. They reported
monolithic structures with good cohesion, high BETsurface areas (� 450m2 g�1), a
mesopore volume of about 0.5 cm3 g�1 and amicropore volume of about 0.2 cm3 g�1.

At the same time, Tamon and coworkers started exploring alternatives to the
expensive and dangerous supercritical route for producing carbon precursors, with a
focus on freeze-drying (Tamon and Ishizaka, 1999; Tamon et al., 1999). The gels were
synthesized from resorcinol, formaldehyde (37% in methanol), sodium carbonate
and distilled water (W) with two different R/C ratios (25 and 200) and two different
dilution ratios R/W (0.125 and 0.25 g cm�3). The solutionwas poured into glass tubes
(ø 4mm, 4 cm long) and gelled and cured for 1 day at 25 �C, 1 day at 50 �Cand3 days at
90 �C. Then, different drying routes were used to produce RF dry gels:

. Supercritical drying: the hydrogel is first washed with acetone (>1week), then
dynamically washed with liquid CO2 (2 h) and with supercritical CO2 (4 h).

. Freeze-drying: the hydrogel is immersed in 10 times its volume of tert-butanol
(>1 d, repeat three times), then frozen (at �30 �C for 1 h) and freeze-dried (at
�30 �C for 1 d, then at �10 �C for 1 d, then at 0 �C for 1 d).

. Vacuum drying: at room temperature.

. Hot air drying: at 50 �C.

All dry gels are aged (at 250 �C for 8 h) and characterized by nitrogen sorption. The
results, reported in Fig. 5.25 and Tab. 5.3, indicate that freeze-drying produces more
shrinkage and less mesopore volume than supercritical drying, but is still much
better than the evaporative drying routes. Furthermore, this quality loss can be
compensated by subsequent pyrolysis (heating rate 250Kh�1;first to 250 �Candhold
for 2 h; then to 1000 �Candhold for 4 h). Both aerogel and cryogel undergo significant
volumetric shrinkage (>70%) that is reflected in a loss of macropore volume, but
their porosity stays high (>80%) because of mass loss during carbonization.

Fig. 5.25 Size distribution of mesopores in dry RF gels (R/C¼ 200, R/W¼ 0.25 g cm�3) for
different drying methods (from Tamon et al. (1999)).
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Themesopore volume of the cryogels is increased so that mesopore volumes around
1.5 cm3 g�1 and BETsurface areas in the range 900–1200m2 g�1 can be achieved for
both supercritical and freeze-drying.

After these encouraging results, the influence of freezing and freeze-drying
conditions on gel quality was investigated further (Tamon et al., 2000; Yamamoto
et al., 2001a, 2005). For identical synthesis conditions as above, the pore liquid,
washing protocol and temperature protocol during freezing and freeze-drying
were varied.

If the gel was rinsed in distilled water (>1 d), it did not stay monolithic but was
crushed into pieces, as expected from the theoretical considerations in Section 5.4.2.
For water as the pore liquid, shrinkage is much more pronounced, the mesopores
show considerable volume loss and reduction in size (see Fig. 5.26a); and the BET
surface area is only 400m2 g�1.

For solvent exchange with tert-butanol, the RF cryogels have a BET surface area
around 550m2 g�1, amesopore volume around 1.1 cm3 g�1 and a peak pore radius of
about 6 nm. High reproducibility of these data has been proven (Yamamoto
et al., 2001a). It is important, that the initial pore liquid, which contains methanol
and formaldehyde (with freezing temperatures below �90 �C), is sufficiently
replaced, otherwise capillary forces may develop due to unfrozen residual liquid.
The influence of the number of rinses (each 1 d) is shown in Fig. 5.26b: for only one
rinse, the observed volumetric shrinkage is 55%, whereas two rinses or more can
reduce this to 30%.

At a low freezing temperature, �196 �C (using liquid nitrogen) instead of �30 �C,
undercooling is more pronounced and liquid can more easily freeze in the pores
instead of flowing out of them; consequently, the pore size (and volume) is better
preserved (see Fig. 5.26a).

Efforts to decrease the freeze-drying time showed that 5 d are needed at a constant
temperature of �30 �C. If the process is stopped after 3 d or less, the pore liquid is
incompletely removed and, after thawing, causes capillary forces and gel shrinkage to
peak: consequently, the cryogels have a smaller peak pore radius (<4 nm) and
reduced mesopore volume and surface area. However, by raising the freeze-drying
temperature to �10 �C, the process can be finished in 1 d without any structural
damage upon thawing.

Tab. 5.3 Structural properties of dry RF gels (R/C¼ 200, R/W¼ 0.25 g cm�3) for different drying
methods (from Tamon et al. (1999)).

Volumetric
shrinkage (%)

Dry gel
porosity (%)

Mesopore volume
(cm3 g�1)

Macropore volume
(cm3 g�1)

supercritical
drying

12 85 2.71 0.91

freeze-drying 25 79 1.02 1.42
vacuum drying 33 (no data) 0.62 (no data)
hot air drying 82 35 0.18 0.15
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Further, the role of sample size has been studied by cutting the wet gel cylinder
into 16 or 32 slices to get cylinders of 2.5 or 1.25mm height (ø 4mm) before
freezing (Tamon et al., 2000). For smaller sample size, the mesopore volume can
be increased to around 2 cm3 g�1, and the peak pore radius to almost 10 nm (see
Fig. 5.26c). (This effect is not easily explained by Scherer�s work where sample
size is primarily associated with stresses and potential cracks, and not with
shrinkage.)

If the above described RF cryogels are pyrolyzed, BETsurface areas around 900m2

g�1 and mesopore volumes around 1.5 cm3 g�1 are achieved, not too far below the
values of the corresponding carbon aerogels (1200m2 g�1, and 2.4 cm3 g�1).

Besides drying conditions, some effort has been put into optimizing gel synthesis
(Yamamoto et al., 2001a). To this purpose a range of R/C ratios (50, 75, 100, 200) and
R/Wconcentrations (0.125, 0.25, 0.375, 0.5 g cm�3) has been studied, revealing C/W
(molm�3) as a key parameter. For an increase in C/W from 5.7 to 91molm�3, the
peak radius of the carbon gels is decreased (from 7 to 1.4 nm), the mesopore volume
is reduced (from 1.3 to 0.1 cm3 g�1) and the BETsurface area decreases (from 750 to
400 cm2 g�1). At C/W> 70molm�3, there are virtually no mesopores (i.e., pores

Fig. 5.26 Influence of preparation conditions on size distribution of mesopores in freeze-dried
RF gels: (a) solvent (three rinses) and freezing temperature, (b) number of tert-butanol rinses and
(c) sample size; empty circles correspond to data in Fig. 5.25b (from Tamon et al. (2000)).
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larger than 2 nm). The differences in the obtained gel structures are explained by the
different particle growth: for high C/W (high pH), the particles of the gel are densely
distributed and can only grow a little, whereas for low values of C/W, fewer particles
are created and they can grow to larger sizes.

The limitation to low C/W can be overcome, if gelation is assisted by ultrasonic
irradiation, producing so-called �sonogels� (Tonanon et al., 2005). Then, also for C/
W¼ 80molm�3, carbon gels (ø 3mm, 4 cm long) can be obtained with high BET
surface area (�700m2 g�1), significant mesopore volume (�0.6 cm3 g�1) and a peak
pore radius of 2 nm, which is not possible by the unassisted synthesis route.
Additionally, gelation times are reduced by the ultrasonic irradiation from more
than 1 d to a few hours.

In the effort to replace freeze-drying by cheaper and faster hot air drying, the
respective evolutions of pore size distribution were tracked for a gel-rod, by use of
thermoporometry on the wet gel and nitrogen sorption on the cryogel and xerogel
(see Fig. 5.7): whereas freeze-drying largely preserves the pore size, quality loss is
observed during hot air drying due to significant shrinkage of the mesopores
(Yamamoto et al., 2005). Nevertheless, for particulate carbon gels, hot air drying
seems to be an alternative.Wet gelmicrospheres of 30–70mmhave been synthesized by
dispersing the starter solution (R/C¼ 400, R/W¼ 0.25 g cm�3) into cyclohexane just
before gelation, creating an inverse emulsion (Yamamoto et al., 2005). Then, hot air
drying (at 50 �C for 1 d) of thesemicrospheres – in comparison to the above described
process of freeze-drying – produces carbon gels with less, but still competitive,
mesopore volume (0.52 cm3 g�1, instead of 0.85 cm3 g�1), the same micropore
volume (0.22 cm3 g�1) and the same elevated BET surface area (almost 700m2 g�1).
This route may offer an alternative for the production of mesoporous carbon
microspheres for use in, for example, adsorption techniques.

In order to save costs, not only in drying but also on the expensive raw materials,
resorcinol has been replaced by the natural component wattle tannin (Tamon
et al., 2006a). For optimized synthesis conditions, pyrolyzed tannin-formaldehyde
cryogels attained BETsurface areas up to>600m2 g�1 and mesopore volumes of up
to 0.8 cm3 g�1, and are hence competitive. By additionally replacing formaldehyde
with furfural, first results are promising, butmore research to optimize the synthesis
conditions is needed (Kraiwattanawong et al., 2007).

5.5.2.3 Ice Templating (for Silica Gels)
The effects during gel freezing that are caused by liquid flow out of the pores,
which are usually seen as a disadvantage, may also be used for an elegant
templating technique to create engineered macromorphologies. Nishihara
et al. (2005) studied silica cryogels obtained from controlled unidirectional
freezing of pore water by immersion into a cold bath (immersion rates 6–20 cm
h�1; bath temperature �196 or �60 �C). After some distance, pseudo-steady-state
growth of an array of polygonal ice rods in the fresh gel is observed, which serve as
templates for ordered macropores in a microhoneycomb. Following low-temper-
ature aging (�30 �C), these ice templates are removed simply by thawing (50 �C).
Then, the gel may ripen for several days in a hydrothermal treatment under basic
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conditions, before water (in the smaller pores) is substituted by tert-butanol (three
one-day washings). By freeze-drying (at �10 �C) mesoporous walls are obtained;
and heat treatment concludes the production process, by which large monolithic
silica gels have been obtained (ø 10mm).

Themacropore size canbe tuned in the range 4–40 mmsince the diameter of the ice
crystals depends on the immersion velocity u and the temperature difference
(T0�T1) as

dice / 1
uðT0�T1Þ ð5:27Þ

The wall thickness can be adjusted from 0.2 to 2 mm; it is proportional to the
product of the ice crystal diameter dice and the silica concentration in the starter
solution. The overall porosity of themicro-honeycomb is about 94%; that of the walls
around 40% (corresponding to a random packing of monosized spheres). Meso- and
micro-porosity can be adjusted independently: through hydrothermal treatment
the initial high BET surface area (up to 900m2 g�1) decreases and the small pores
(radii < 1 nm) grow (up to 45 nm) so that mesopore volume is created. Microho-
neycombs are suitable for many applications, since the macrochannels ensure a low
pressure drop, and diffusion parameters in the porous walls can be engineered.

Depending on the firmness of the hydrogel, which can be tuned by synthesis
parameters, several morphologies (see Fig. 5.27) are obtained (Mukai et al., 2008):
microhoneycombs for softer gels, and polygonal fibers for harder gels; and if the
hydrosol is frozen before gelation, lamella or flat fibers result for higher or lower
mobility of silica particles, respectively.

A modern use of titania–silica microhoneycombs may be in self-cleaning applica-
tions (Tamon et al., 2006b): by the sol–gel process, the titania particles aremore finely
dispersed in thematrix than by conventionalmethods, andmuch higher BETsurface
areas can be reached; consequently, pulverized gels proved to have outstanding
photocatalytic activity in the decomposition of large organic molecules.

Fig. 5.27 Principle of ice templating and possible structures (adapted fromTamon et al. (2006b).
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5.5.3
Vacuum Drying

The use of vacuumdrying to obtain RF xerogels and the derived carbonmaterials has
been explored by Job et al. (2004, 2005); they showed that the pore structure can be
partially preserved without pretreatment. The motivation was that traditional gel-
drying methods – supercritical and freeze-drying – are expensive and time-consum-
ing and may, nevertheless, induce structural changes and quality loss; and that
vacuum drying is a soft drying method.

In a first study (Job et al., 2004), RF gels were prepared for several pH values
(tuned by addition of sodium carbonate) and a fixed initial solid density of
0.35 g cm�3 (adjusted by addition of de-ionized water) and aged at 85 �C for 3 d.
The appearance of the wet gels varied from opaque and light brown at low pH
(high R/C ratio) to translucent dark red at high pH (low R/C). These hydrogels
were dried in a vacuum oven at 60 �C by gradually reducing the pressure from
atmospheric to 1000 Pa over 5 d, and then were kept at 150 �C for 3 d.
The obtained xerogels were pyrolyzed in a nitrogen atmosphere by progressively
increasing the temperature to 800 �C (at 1.7 Kmin�1 to 150 �C, held for 15min,
at 5 Kmin�1

first to 400 �C where they were held for 1 h, then to 800 �C and held
for 2 h ) and then slowly cooled. Above this pyrolysis temperature, no further
mass loss was observed and infrared spectra remain unchanged (Job
et al., 2004). The carbonized materials are black, matt (for low pH) or bright
(for high pH).

In order to characterize the structure of RF and carbon xerogels, a combination of
nitrogen adsorption (for micro- andmeso-pores) andmercury porosimetry (for pore
diameters from 7.5 to 150 nm) was used to obtain the BET surface area and pore
volume (microporous and total); helium and mercury pycnometry were applied to
determine the skeletal and bulk density.

During drying, the gels showed significant shrinkage but stayed monolithic. An
increase in pH (from 5.45 to 7.35) results in smaller pore size – hence shifting the
materials frommesoporous to microporous – and lower porosity (from 68% to only
22%). After pyrolysis, carbon gels are obtained with densities from 0.53 to 1.35 g
cm�3 (as compared to skeletal density rs� 2.2 g cm�3). Their BET surface areas
are around 600m2 g�1 for pH < 6.5, whereas for higher pH (low R/C) no pores
can be detected, but the apparent density suggests a (closed) porosity of 40%. The
carbon materials possess good mechanical strength.

In a second study (Job et al., 2005), vacuum drying was directly compared to
supercritical drying (after washing with ethanol and liquid CO2) and vacuum freeze-
drying (with no solvent exchange and freezing with liquid nitrogen). For this
comparison, different R/C ratios and two different initial solid densities (0.15 and
0.35 g cm�3) were chosen. As R/C increased from 50 to 1000, the major structural
change was an increase in the size of the primary particles, from about 5–10 to
25–30 nm. Generally speaking, capillary forces are more pronounced as the size of
the particles – and hence the pores – is reduced, that is, for low R/C; and the
mechanical stability of the RF gels increased with their density.
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All aerogels stayed monolithic, but some showed volumetric shrinkage, which was
attributedtoresidualwaterandethanolafter thewashingstepsandcanreachupto40%
for high R/C and high dilution ratio. By variation of the synthesis conditions, a wide
range of apparent densities (as low as 0.19 g cm�3) and pore sizes can be covered.

Cryogels could only be obtained as small pieces; according to the authors, thismight
be due to the thermal shock and solvent expansion during freezing (Job et al., 2005).
Two distinct behaviors could be observed: if the solid density of the wet gels was low,
ice crystals may grow inside the gel, reducing the size of the meso- and macro-pores
and creatingmegalopores larger than 10 mm. As discussed previously (see Fig. 5.21),
this phenomenon is not related to the density change during freezing andnot specific
for water. (Note that classicalmacropores have sizes 50 nm< dp< 1mm.) Forwet gels
with high solid density, the solid structure was either preserved, or the gel shrank
considerably (by 56% in volume) if the pore size was smaller than 40 nm. This was
probably caused bymelting of the confined solvent since sample temperaturewas not
controlled but increased during the process. Both aerogels and cryogels are very
fragile if their porosity is high (>80%), and mechanically resistant if they are denser.

Vacuum-dried xerogels underwent more shrinkage than gels dried by the other
methods; volumetric shrinkage was more pronounced for smaller particle size and
lower initial solid density and reached up to 87%. The final density depended only on
R/C, which determined the particle size, and increased from 0.52 to 1.1 g cm�3, as
this ratio decreased from 1000 to 50. In fact, the gels are compressed until the
capillary force (set by the size of particles or pores) is counterbalanced by the
mechanical strength of the network. The xerogels were monolithic for large pore
size (at high R/C), whereas for small pore size (at low R/C) they could show cracks or,
for low initial density, broke into pieces; they were not friable or fragile, and could be
handled without damage. Due to shrinkage, samples with high porosity and small
pores (<50 nm) could not be produced by vacuum drying.

5.5.4
Convective Drying

5.5.4.1 Preliminary Remarks
This section summarizes research work with air drying at ambient or elevated
temperature and ambient pressure. Although the temperature,moisture and velocity
of the airflow are often not well defined, all these efforts will be denoted by convective
drying. Such methods are cheaper and safer than all previously discussed, and they
are suitable for a continuous production process. The overview first puts focus on
silica gels, then on RF gels, accounting for the historical development.

If one wants to produce aerogel-like silica without the use of supercritical drying,
one should recall the influences of material parameters and drying conditions on
damage by irreversible shrinkage and cracks (see Section 5.4.1). For a givenmaterial,
we have seen that cracks can, in principle, be omitted by choosing a low enough
drying rate, and shrinkage can be influenced by the properties of the pore liquid and
its interaction with the solid. The choice of a low-surface tension pore liquid is favorable
and can, in certain cases, prevent shrinkage. However, it should be noted that, for
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practical solvents, the surface tension range is limited to about 0.015–0.072Nm�1. To
some extent, a higher temperature during drying can also reduce the surface tension
and shrinkage (Smith et al., 1995b); in order to set the temperature of the wet gel to a
value different to wet bulb conditions the drying rate is limited by control of mass
transfer in the oven. Concerning the contact angle with the solid, one must consider
that most pore liquids completely wet the gel network; for respective experimental
proof on silica gels see Smith et al. (1995b). Surface modification can, however, have
another beneficial effect as we will see.

5.5.4.2 Preventing Shrinkage and Cracks by Aging (Silica Gels)
The other route to preventing shrinkage and cracks is by increasing pore size – at
the expense of surface area – or by increasing gel stiffness and strength. One
possibility to strengthen the gel is by aging in the mother liquor. Then, distinct
branches of the network are cross-linked, the solid surface is smoothed and necks
between primary particles grow by dissolution and re-precipitation of silica. Indeed,
the mechanical properties of the gel are improved. Since the strengthening effect is
not enough, Einarsrud (1998) performed washing of the wet silica gel (from TEOS
via a base-catalyzed route) with a TEOS/ethanol solution (70 vol%) and aging at
elevated temperatures (70 �C). From the monomer solution, silica can be more easily
added at desired places of the gel network: first filling the necks, then the smallest
pores, and finally increasing the thickness of the gel filaments. As a result, the solid
density increases and its specific surface decreases. The aged gels (cylinders of
ø 8.6mm) were washed with ethanol, characterized by a beam bending experiment
(Scherer, 1992b) and

. washed with liquid CO2 and supercritically dried;

. washed with n-hexane for its low surface tension (0.018Nm�1) and dried at
ambient pressure by raising the temperature from 70 to 180 �C within 4 d.

The dry gels were characterized by helium pycnometry and nitrogen sorption.
Knowing that convective drying can yield monolithic gels if the process is slow
enough, the focus is here on shrinkage, and the density of the xerogels is the
quality criterion. Figure 5.28 shows how this property depends on aging time and
drying method. In fact, the solid density of the wet gel is the parameter that
determines how the gel behaves during drying. Without aging, the wet gels have
low density and undergo substantial shrinkage. Aged wet gels have a higher initial
density, but show only little shrinkage so that their final density can be much
lower. For aging times >1 d, there is only a little shrinkage and the best xerogels
are obtained. There is also some shrinkage during supercritical drying that can be
reduced by aging. For aged silica gels of density around 0.21 g cm�3, convective
drying can produce gels of the same quality as supercritical drying – without
shrinkage. With a skeletal density of rs� 2.15 g cm�3 (Hæreid et al., 1995), this
corresponds to a porosity of y� 90%. By the effects of aging, the shear modulus
(� bulk modulus) of wet gels increases by one order of magnitude (to values >

10MPa), and the surface area of the corresponding xerogels decreases from 1000
to 700m2 g�1.
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The shrinkage of aged gels can also be understood by amodel (Scherer et al., 1996)
that predicts the solid density of the gel after convective drying, using wet gel data
(permeability and bulk modulus) and accounting for the increase in bulk modulus
during drying.

It should bementioned that there is no obvious alternative to the aging step: on the
one hand, a simple increase in silica concentration in the starter solution only
increases the gel density, without the corresponding increase in stiffness; on the
other hand, quite stiff gels can be obtained under acidic synthesis conditions, but
they have a smaller pore radius so that capillary forces still cause damage
(Einarsrud, 1998).

A similar approach has been followed by Leventis et al. (2005) who studied
polymer crosslinking of silica gels. The hydrogel (from TMOS via a base-catalyzed
route) is first aged in mother liquor, then washed with ethanol, acetone and finally
an acetone solution of hexamethylene diisocyanate O¼C¼N–(CH2)6–N¼C¼O;
during subsequent curing, a conformal polymer coating forms on the gel network
(see Fig. 5.29). If such a gel is dried in a 40 �C oven at ambient pressure after
substituting the pore liquid for pentane, no shrinkage occurs because of the
dimensional stabilization by crosslinking. Moreover, the xerogel shows no differ-
ence in appearance and structural parameters to supercritically dried gels. The
xerogels (ø 10mm, length 40mm) have a relatively low BET surface area of
160m2 g�1 and a relatively high density of 0.56 g cm�3; indeed, crosslinked gels
with lower densities were not stable during drying. However, their mechanical
strength is increased by two orders of magnitude, and they are less hydrophilic in
comparison to the underlying plain silica gel (Leventis et al., 2005).

Besides providing a method to produce future lightweight materials, the study is
interesting because it addresses the role of surface tension in drying shrinkage

Fig. 5.28 Drying of silica gels aged in monomer solution; aging times are indicated for xerogels;
gray lines indicate levels of volumetric shrinkage (adapted from Einarsrud (1998)).
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or rather collapse of the pore structure. To this purpose, crosslinked aerogels have
been soaked in liquids with different surface tensions and dried convectively. As
shown in Fig. 5.29, drying with pentane preserves the structure, whereas the pores
collapse for liquids with higher surface tension, such as chloroform. The average
pore radius (measured by nitrogen sorption) decreases from 9nm to below 2nm as
the surface tension of the pore liquid increases from 0.016 to 0.027Nm�1.

Strengthening of the gel network for successful convective drying has also been
investigated for other classes of gels. Gan et al. (2005) produced highly porous
alumina monoliths. An aluminum nitrate/ethanol solution was gelled with propyl-
ene oxide as gelation agent and formamide as the drying control chemical additive
(DCCA). After aging in mother liquor, the gels were washed and aged in ethanol,
TEOS/ethanol and again ethanol, to strengthen them by silica crosslinking, before
drying at ambient pressurewith a slow (10Kh�1) temperature rise to 70 �C.Different
molar ratios of gelation agent and DCCA have been selected to produce low-density
silica-reinforced alumina gels. An increasing amount of formamide leads to smaller
pores (pore size distributions by nitrogen sorption) and tomore shrinkage; the role of
DCCAduring the sol–gel process is not clear, but the xerogel density passes through a
minimum as its concentration is increased (see Fig. 5.30). For the optimal compo-
sition of the starter solution, a density of 0.26 g cm�3 (i.e., porosity >90%) was
reached with particle sizes from 10–30 nm (see Fig. 5.30) and BET surface area
around 450m2 g�1. Other DCCA substances did not yield as low densities, and
without any DCCA, the xerogel density was 0.4 g cm�3.

5.5.4.3 Making Shrinkage Reversible by Surface Modification (Silica Gels)
Instead of preventing shrinkage, one may also try to make it reversible. To this aim,
Smith et al. (1995b) modified the surface of the silica matrix before drying. The
underlying idea is as follows: in unmodified silica gels, when porewalls get into close

Fig. 5.29 Modification of silica aerogel by polymer-crosslinking and effect of capillary forces during
convective drying (rearranged SEM images from Leventis et al. (2005)).
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proximity during drying shrinkage, condensation reactions occur between neigh-
boring hydroxy groups and make the shrinkage permanent. In order to prevent this
crosslinking, the surface is methylated in a reaction with trimethylchlorosilane
(TMCS):

:Si-OHþClSiðCH3Þ3 !:Si-O-SiðCH3Þ3 þHCl ð5:28Þ
(Such a substitution is also called silylation.) Then, bond formation in the com-
pressed state is prevented and springback is possible when the capillary forces
disappear at the end of the drying. In Fig. 5.31, the drying behavior of modified
and unmodified gels is shown: both shrink to around 27% of their original volume
before springback is observed to merely 30% for the unmodified gel and 97% for the
modified one. Dryingwas performed at 35 �C for 2 d, after exchanging the pore liquid
for n-heptane. A related study (Smith et al., 1995a) showed that the density of the dry
gels did not significantly vary when drying times of a cylinder with ø 10mm were

Fig. 5.30 Optimal ratio of DCCA for producing low-density alumina gel and TEM image (adapted
from Gan et al. (2005)).

Fig. 5.31 Volume of silica gel during convective drying; springback occurs at the very end and its
magnitude depends on the surface chemistry (from Smith et al. 1995b).
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reduced from two days to several minutes. However, the dried gels broke into
fragments of decreasing size (from 8mm to < 3mm) when the drying rate was
increased, thereby proving that the stresses and damage by cracks depend on the
drying rate.

More recent work investigates the role of surface modification with TMCS for
small silica gel spheres (ø 3mm) for springback and vapor diffusion during the
second drying period (Bisson et al., 2004). Drying took 2 h at 25 �C under controlled
nitrogen flow. The modification step needs to be long enough (2 d) for complete
volume recovery. Then, the dry gel density is almost as low as that obtained by
supercritical drying (0.15 g cm�3 instead of 0.13 g cm�3); the slight increase is due
to mass uptake by the chemical reaction. The shrinkage before springback is also
reduced if the surface is (more completely) modified; the authors argue that lower
capillary forces must be the reason, but that the explanation cannot be given in
terms of surface tension and contact angle. Instead, they showed by experiment that
the wetting energy for the pore liquid (isopropanol) is significantly reduced by
surface modification, and they argue that this sets a limit for how much (capillary)
force can be transmitted from the pore liquid to the solid. The authors also highlight
the low effective diffusivity of vapor that is three orders of magnitude lower than
expected from the Knudsen diffusivity. Transport seems to be controlled by
adsorption–desorption effects. Finally, surface modification also makes the dry
gel less hydrophilic (Bisson et al., 2004).

With the purpose of producing hydrophobic silica xerogel monoliths of high
porosity, other silylation agents have been systematically explored by Rao
et al. (2007). During drying of the modified gels with hexane (temperature protocol:
50 �C for 6 h, 120 �C for 12 h, 200 �C for 6 h), their volume change was recorded. The
extent of shrinkage during drying is similar for all investigated agents, but volume
recovery during springback is better if the silylation agent contains a higher number
of alkyl groups; and hexamethyldisilazane (H3C)6Si2NH is even more suitable than
TMCS, yielding a density of 0.06 g cm�3 (instead of 0.105 g cm�3) and a porosity of
96.9% (instead of 94.6%), and having better transmission of light (65% instead of
only 30%). The excellent hydrophobicity of the modified gels has been confirmed by
contact angle measurement and long-term adsorption test in a water-saturated
atmosphere, and their thermal stability up to 325 �C has also been proven.

In recent efforts towards a cheaper production process for highly porous silica
gels, costly raw materials such as TEOS have been replaced by cheap water glass;
then, sodium is substituted in an ion exchange (Schwertfeger et al., 1998;
Hwang et al., 2007).

Furthermore, time-consuming and costly solvent exchanges used for surface
modification with TMCS can be limited. In one approach (Schwertfeger
et al., 1998), silica hydrogel is put in hexamethyldisiloxane (HMDSO) and TMCS
is added; then TMCS reacts with the porewater to giveHMDSOandHCl.HMDSO is
not miscible in water and forms a layer on the pore walls expelling the aqueous HCl.
So, besides silylation with TMCS, the solvent is exchanged automatically, and the by-
products are separated outside the gel. Durably hydrophobic xerogels with porosities
> 85% have been produced in this way (Schwertfeger et al., 1998).
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In another approach (Hwang et al., 2007), one solvent exchange with isopropanol/
TMCS/n-hexane solutions was performed on the hydrogel with similar reactions and
a phase separation as above: the surface ismodified and pore water is replaced by low
surface tension hexane. In this way, large monoliths (discs of ø 22mm, 7mm thick)
have been obtained by controlled evaporation under hexane atmosphere at room
temperature for 3 d. If the silica content in the starter solution (i.e., before gelation)
was too low, the gel collapsed during drying and resulted in a powder; if it was too
high, many cracks were observed. In the safe range (4 to 8wt%), the performance
depended on the amount of TMCS in the exchange solution: too little led to
irreversible shrinkage, too much produced fracture during springback. Only the
right amount (with molar ratio TMCS/pore water of 0.3 to 0.4) resulted in good
springback (94% volume recovery) and crack-free xerogels with porosities around
93% (see Fig. 5.32) and surface areas around 675m2 g�1.

Instead of surface modification, one may also directly synthesize organic–-inor-
ganic hybrid gels to obtain springback behavior during drying, and elastic deforma-
bility of the dry gel: for example, Kanamori et al. (2008) produced gels with high
porosity (> 80%) from methyltrimethoxysilane in a two-step process with urea as
base-releasing agent and a surfactant to prevent phase separation. For certain
synthesis parameters, supercritical drying can be substituted for convective drying
without change of pore structure (confirmed by SEM images). During drying, the
hybrid gel networks display reversible volumetric shrinkage of more than 60%;
additionally, uniaxial compression of the dry gel up to a linear strain of 80% is
reversible. The authors explain this extraordinary behavior by low crosslinking
density keeping the gel flexible, low density of silanol groups on the network surface
that could make shrinkage irreversible and repulsive forces between methyl groups.

5.5.4.4 RF Gels – From First Results to a Systematic Investigation
Encouraged by the results obtained with vacuum drying (see Section 5.4.3), L�eonard
and coworkers (2005a, b) explored the possibility of convective drying for RF
hydrogels. Using wet gels (ø 22mm, 13mm high) prepared with identical synthesis
conditions as before, convective dryingwas directly compared to vacuumdrying. The
gels were dried for 4–5 h with air of ambient humidity, heated to 70 �C and flowing at

Fig. 5.32 Springback during convective drying of surface modified silica gel (from Hwang
et al. (2007)). Here, �drygel� indicates the point when pores start to dry out; �aerogel� is the highly-
porous xerogel.

204j 5 Understanding and Preventing Structural Changes During Drying of Gels



2m s�1; all xerogels stayedmonolithic despite the immense reduction in drying time
(by a factor of 40). An increase in pH from 6 to 7 leads to an increase inmicroporosity
and in BET surface area from 117 to 355m2 g�1 and an increase in solid density in
theRFxerogels. Vacuumdrying yields higher surface area (approximately 500m2 g�1

for thewhole pH range), but always producesmore shrinkage than convective drying,
suggesting that the lower evaporation rates might be the reason (see also Mayor and
Sereno (2004)).

For pH6, convective drying produced xerogels with the highest porosity (77%) and
no shrinkage (initial and final solid density were both 0.35 g cm�3). This is explained
by two effects: at lower pH, the pore size is large and the gel elastic, in contrast to the
viscoelastic behavior and small pore size at higher pH which both favor shrinkage
under capillary compression.

After pyrolysis, these xerogels are slightly more porous (up to 82% for pH6), but
have slightly increased density due to carbonization (the lowest value being 0.39 g
cm�3 for pH6) – an effect that is also reported for vacuum-dried gels. Additionally,
the convectively dried gels show an increase in BET surface area and microporosity
for all investigated pH (up to 628m2 g�1 and 0.27 cm3 g�1, respectively, for pH6). In
contrast, open porosity and BET surface area could not be detected for pyrolyzed
vacuum-dried gels at pH 6.5 and 7, probably because less condensation reactions (in
lack ofHþ ) lead to a gel structure that is weak enough to collapse during the chemical
restructuring of pyrolysis.

After these promising first results, a systematic investigation of convective drying
was started, with a variation in drying air temperature and velocity to study their
influence on the drying behavior of RFgels with different R/C ratio (Job et al., 2006b).
During drying, the sample is continuously weighed to deduce the drying rate.
Additionally, the sample is characterized by X-ray microtomography (with a spatial
resolution of 41mm) at regular intervals to track changes in sample volume and
surface, and also the evolution of cracks; care is taken that the intervals for
characterization are short enough to not disturb the drying process.

Several RF hydrogels (ø 28mm, 10mm high), with different R/C ratios, but all
having the same initial solid density of 0.35 g cm�3, were gelled and aged at 70 �C for
24 h. Then, they were convectively dried in a laboratory drying tunnel with ambient
air (Y � 0.007); different settings of temperature and velocity were chosen. Drying
rate curves (evaporation flux versus moisture content) were reported and the
correlation between drying conditions and drying kineticswas found to obey classical
theory. The dry gels were characterized by nitrogen sorption and mercury porosi-
metry to obtain BETsurface areas, approximate pore sizes, micropore volumes (pore
radii <1 nm) and total pore volumes. Pore size distributions have not been derived
from mercury porosimetry curves since all the pores seem to be compressed
simultaneously (instead of a hierarchical collapse) (Job et al., 2006a); however, the
cumulative volume of pores larger than 7.5 nm (i.e., those compressed or invaded at
maximal pressure) can be obtained.

In Tab. 5.4, themost interesting results of the study are summarized, for a fixed air
velocity. Higher air temperature reduces the drying time butmay destroy the sample,
if the drying rate is too high. All gelswithR/C¼ 1000 stayedmonolithic, but developed
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cracks during drying, which first opened and then closed due to stress reversal at the
end of drying, as shown in Fig. 5.33. For R/C¼ 500, the gels showed no cracks for low
enough drying rates, but otherwise broke into pieces; if R/C is further reduced to 300,
drying conditions had to be softened to avoid such catastrophic cracks (as expected
from the theory of Scherer). For identical drying conditions, the drying time
decreases with increasing R/C, probably due to increasing pore size that facilitates
vapor diffusion.

From height and cross-section measurements, shrinkage is found to be isotropic.
(For gels synthesized with a wider range of R/C that were dried slowly, the shrinkage
curves are shown in Fig. 5.34.) During the first drying period, the shrinkage is ideal,
that is, the volume reduction is only due to evaporation and all the pores are filled. In

Tab. 5.4 Convective drying of RF gels (ø 28mm, 10mm high): influence of R/C and drying
temperature (air with ambient moisture and velocity 2ms�1) on the drying time and structural
properties. (Gels with R/C¼ 1000 developed cracks, but stayed monolithic.).

R/C Tdry (�C) tdry (h) Final
state

DV/V0
(%)

BET
area
(m2 g�1)

Micropore
volume
(cm3 g�1)

Pore
size
(nm)

Y (%)

1000 70 4.2 monolith
(cracks)

13 153 0.08 >50 75

115 2.2 monolith
(cracks)

12

160 1.1 monolith
(cracks)

13

500 70 5.6 monolith 47 320 0.15 35–45 55
92.5 4.2 monolith 50
115 1.8 fragments —

300 30 20.1 monolith 60 308 0.14 10–15 37
50 17.8 fragments —

70 6.9 fragments —

115 2.8 fragments —

Fig. 5.33 X-ray microtomograph cross-sections of RF gel (R/C¼ 1000, ø 28mm, 10mm high,
X0¼ 2.03) during convective drying at 115 �C for (a)X¼ 0.47, (b)X¼ 0.2 and (c)X¼ 0.002 (from Job
et al. (2006a)).
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the second drying period, the gel volume remains constant and the pores dry out.
With increasing R/C, that is, increasing pore size and stronger gel structure, the
shrinkage period becomes shorter, or even negligible. Accordingly, the highest
xerogel porosity was obtained for R/C¼ 1000, for which shrinkage is low and the
drying front recedes quickly from the gel surface (as can be estimated from the
different gray levels in Fig. 5.33a).

The extent of shrinkage is found to be independent of the drying conditions, for the
investigated range of air temperatures and velocities. Similarly, the structural prop-
erties – BET surface area, micropore volume and average pore size – show no
dependence on the drying conditions, but are determined by synthesis parameters.
As in vacuumdrying, RFxerogels with high porosity and small pores (<50 nm) could
notbeproduced.Pyrolysiswasnotperformedinthisstudy,but isexpectedtodrastically
increase the BET surface area and, for high R/C, yield highly porous carbon gels.

Itmust be noted that the shape and size of the gel samplewill also affect its tendency
to crack. As seen above, constraints on the drying conditions are especially important

Fig. 5.34 Shrinkage of RF gels (; 22mm, 13mmhigh) during slow convective drying with ambient
air (solid lines are guides to the eyes; adapted from L�eonard et al. (2008)).

Fig. 5.35 RF gel with R/C¼ 300 (a) in its initial state (ø 46mm, 28mm high), (b) after partial
drying at 50 �C and j¼ 50% (cracking after 16min) and (c) after complete drying at 40 �C and
j¼ 60% (ø 33mm, 20mm high).
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for low R/C ratios. If cracking is to be avoided for gels with R/C¼ 300, large samples
(ø 46mm, 28mmhigh) need to be dried under soft conditions (T¼ 40 �C, j¼ 60%),
whereas smaller samples (ø 23mm, 12mm high) can be dried under more severe
conditions (T¼ 70 �C, j¼ 15%) (L�eonard et al., 2007). The shrinkage and cracking
behavior of the larger sample is shown in Fig. 5.35.

Internalmoisture transport during convective drying of the gelmay be investigated
with the help of experimentalmoisture profiles obtained fromX-raymicrotomography
(Escalona et al., 2008). As explained in Section 5.3.3, the different gray levels
essentially reflect the average local densities, and their translation into moisture
profiles requires calibration. Depending on the shrinkage behavior, the relation
between the measured density and pore saturation may not be unique. Figure 5.36
shows the moisture profiles in a drying gel with initial moisture content 2 kg kg�1.
The gel does not shrink too much, so that a unique relation can be established for
moisture contents up to 1.5 kg kg�1. Such profiles can then be compared to
simulation results (Escalona et al., 2008) and may help to set up cracking criteria.

5.5.4.5 Aging of RF Gels
Complementary work (Job et al., 2006c) aimed at optimizing synthesis conditions,
especially in terms of aging time (up to 3 d) and temperature (50 to 90 �C). Aging is
found to be crucial for completion of the condensation reactions and the correspond-
ing strengthening of the gels: without aging, the samples broke into pieces during
drying. Aging can be accelerated by increasing the temperature; and it seems to be
completed after 2 d at 70 �C and after 1 d at 90 �C since longer times do not
significantly change the pore structure. At 50 �C, the aging process seems to require
more than 3 d, consequently, xerogels have low BET surface area and low pore
volume. But aging temperature also has a direct influence on pore structure: a high
value (90 �C) gives high surface area and pore volume, but may lead to undesired
bubble formation in the gel. Consequently, aging for 2 d at 70 �C may be
recommended.

Fig. 5.36 Moisture profiles for different average moisture contents in a drying RF gel cylinder with
R/C¼ 500 (adapted from Escalona et al., 2008).
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In the same work, gels with R/C as high as 2000 (pore size around 500 nm) were
also dried (at 70 �C); for them, a long period of constant absolute drying rate
(in kg s�1) is observed, in contrast to gels with R/C¼ 1000 (pore size around
50–80 nm). For both gels, shrinkage is negligible so that a first drying period can
only be caused by capillary flow of pore liquid to the gel surface, and this is limited by
friction in the smaller pores of the gel with R/C¼ 1000.

Independent work of Reichenauer et al. investigated the influence of R/C ratio
(1000 to 3000), solvent exchange (acetone, isopropanol) and aging parameters on
linear shrinkage of RFgels (Wiener et al., 2004; Reichenauer et al., 2007). For drying
of RF hydrogels (R/C¼ 1500), significant linear shrinkage of around 15% is
reported; it can be reduced to around 6% by solvent exchange (with acetone) and
longer aging with progressive temperature increase (Wiener et al., 2004). Nev-
ertheless, these values are rather high in comparison to those discussed above,
possible reasons being a slightly higher dilution ratio and different aging proto-
cols (including a high temperature of 90 �C). Measurement of the length change
during slow drying of solvent-exchanged gels showed that shrinkage may be
partially reversible; such springback is almost suppressed for a solvent exchange
with deionized water and quite pronounced for acetone and isopropanol
(Reichenauer et al., 2007).

The effect of aging was studied byWu and Fu (2008) on RFgels synthesized with a
microemulsion templating technique. Cetrimonium bromide is used as a surfactant
(rather than catalyst) in the aqueous RF solution; after gelation and aging in mother
liquor, the gels were slowly dried, first at room temperature (2 d), then under an
infrared lamp (1 d) and finally in an oven at 100 �C (3 h). Subsequently, the RF
xerogels were carbonized at 900 �C. By aging, the gel is strengthened so that drying
shrinkage can be significantly reduced. The largest effect is observed during the first
12 h of aging: the compressive modulus increases from 39 to 176MPa, and RF
xerogel density decreases from 1.3 to 0.49 g cm�3 for a resorcinol/surfactant (R/S)
molar ratio of 200. By variation of R/S from 50 to 200 (with 5 d of aging), the pore size
can be increased from 14 to around 40 nm without significant effect on the gel
strength, with the consequence that drying shrinkage can be drastically reduced:
xerogel density is decreased from0.72 to 0.45 g cm�3. The lowest density achieved for
both RF and carbon xerogels in this work was 0.43 g cm�3.

5.5.4.6 Concluding Remarks
To summarize the investigations on RFgels, onemay say that the process parameters
of convective drying may be optimized after the synthesis conditions have been set.
The drying time can be reduced by increasing the air temperature and/or velocity and
by decreasing the air humidity; however, the respective ranges are limited if
monolithic xerogels are the goal, especially when the pores are small. The pore
structure of carbon gels obtained by pyrolysis depends strongly on that of the RF dry
gels. Although supercritical drying leads to the widest pore texture range (with
difficulties to fix pore volume and pore diameter independently in the case of small
pores, see Job et al. (2005)), vacuumor convective drying are sufficient inmany cases,
especially if dense,mechanically resistant carbons are needed, or if the only selection
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criterion is the pore size. Any pore size can be obtained by evaporative drying, but it is
strongly correlated to the pore volume: for the time being, it remains impossible to
produce carbon xerogels with both small pores and high pore volumes. If such
properties are desired, supercritical drying is still the method to choose.

5.5.5
Microwave Drying

Finally, preliminary studies on the use ofmicrowave drying to produceRFand carbon
xerogels will be reported. Gels with lowmolar ratio have been investigated by Tamon
and coworkers (Yamamoto et al., 2001b; Tamon et al., 2003). Of special interest is the
direct comparison of microwave drying with freeze-drying (freezing at �30 �C for
6 h, drying at�10 �C for 24 h) and convective drying (in a 50 �C oven for 48 h) for RF
gels (ø 4mm, 40mm long) synthesized with R/C¼ 200 and R/W¼ 0.375 g cm�3

(Yamamoto et al., 2001b); before drying, the solvent in all the gels was exchanged for
tert-butanol. The most evident effect is the drastic drying time reduction for
microwave drying – from more than 20 h for the alternative drying methods to only
10min. However, the structural properties, as documented in Tab. 5.5, are also
affected: in general, one may say that microwave drying yields gels of significantly
better quality than hot air drying, but not as good as freeze-drying. In comparison to
normal xerogels, the major improvement is that – during pyrolysis – mesopore
volume is preserved and BETsurface area is increased. Variation of R/W resulted in
no significant changes in the carbon gel properties.

More extensive work (Tamon et al., 2003) on RFgels with R/C¼ 400 showed that
microwave drying can produce carbon gels with a quality comparable to carbon
cryogels. For C/W< 20molm�3, large mesopore volumes and BET surface areas
can be obtained. Microwave drying has also been combined with ultrasonic
irradiation during sol–gel transition (Tonanon et al., 2006); for R/C¼ 200 and
several C/W¼ 20–80molm�3, the porous properties of the resulting microwave
carbon gels were significantly improved.

Tab. 5.5 Influence of drying method on the structural properties of RF and carbon gels with R/
C¼ 200, and R/W¼ 0.375 g cm�3 (from Yamamoto et al. (2001b)).

Drying
method

After drying After pyrolysis

Volumetric
shrinkage
(%)

Peak
pore
radius
(nm)

Mesopore
volume
(cm3 g�1)

BET
surface
area
(m2 g�1)

Peak
pore
radius
(nm)

Mesopore
volume
(cm3 g�1)

BET
surface
area
(m2 g�1)

freeze 54 5.5 1.45 554 5.5 0.94 662
hot air 78 1.8 0.31 255 1.6 0.06 121
microwave 75 2.4 0.56 422 1.8 0.48 549
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Most recently, a wider range of R/C ratios (300–1000) was investigated for
aqueous RF gels without solvent exchange (Zubizarreta et al., 2008). Before
microwave drying in a unimode cavity oven (1000W for 30min), the gels
(ø 20mm, 30mm high) were aged at 85 �C for 3 d. Most of the gels stayed
monolithic, and the structural properties of RF and carbon xerogels were similar
to those previously reported for convective drying; in particular, the mesoporosity
does not collapse during the drying step. This means that a rapid drying technique
is available for the preparation of low-density carbon gels with high BET surface
areas and different mesopore sizes.

5.6
Advanced Modeling of Convective Drying – Understanding Quality

The development of drying models is essential in order to optimize the drying
process by speeding up the drying rate to reduce energy consumption and, at the
same time, accounting for the quality of the dried material. Quality deterioration,
mainly by cracking, depends on the stress route followed by the material during
drying. Therefore, the models compare the predicted drying stresses to suitable
cracking criteria. The reader will easily notice that the recent modeling approaches
are inspired by the previously presented work of Scherer.

5.6.1
Macroscopic Models

5.6.1.1 General Remarks
Continuous models are easy to implement and, therefore, have been widely used
to describe the drying of deformable porous media (e.g., see Chapters 3 and 4,
Volume 1 of this series). In these models, gel properties are expressed in terms of
average parameters (or parameter functions) such as the diffusion coefficient,
thermal diffusivity and Young�s modulus, and partial differential equations for
mass, heat and momentum balances are solved by discretization (�top-down�
approach).

As opposed to Scherer, recent models are non-isothermal and not restricted to
essentially one-dimensional problems (such as an infinite plate, cylinder or sphere).
Some of them consider the drying gel as a biphasic medium, that is, a solid matrix
that remains saturated, so that the second drying period cannot be described. Others
can also simulate shrinkage and stress after the liquid/gas phase boundary has
receded into the gel, as already explored by Scherer (1987b) for a flat plate by
assuming a constant evaporation rate until the gel is completely dry.

5.6.1.2 Diffusion Model
L�eonard and Pourcel developed thermo-hygro-mechanical models for the drying
of resorcinol-formaldehyde hydrogels and alumina gels, respectively (L�eonard
et al., 2006; Escalona et al., 2008; Pourcel et al., 2007a). Their equations are based
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on the work of Jomaa and Puiggali (1991). Each type of gel is assumed to be a
shrinking medium, in which the liquid and solid phases are followed during the
drying. Saturation of the sample, that is, ideal shrinkage, is assumed throughout
the drying process. The equations are written in Eulerian coordinates and a matrix
velocity vs is introduced to take account of the mechanical coupling.

L�eonard et al. (2006) modeled liquid transport in the (fully saturated) gel by a
diffusion approach for the volume-averaged liquid density, �rw ¼ yrw,

q�rw
qt

¼ r � ðDeffr�rw��rwvsÞ ð5:29Þ

whereDeff is the (constant) effective diffusion coefficient describing liquid flow; heat
transfer is described by pure conduction

rcP
qT
qt

¼ r � ðleff rTÞ ð5:30Þ

where rcP and leff are the effective volumetric heat capacity and the thermal
conductivity, respectively. The drying gel is a cylinder (see Fig. 5.37) with flux
boundary conditions on all surfaces: evaporation flux is computed from the mass
transfer coefficient and the difference in air humidity in the bulk and at the gel
surface (the latter is obtained from a sorption isotherm that relates moisture
content X ¼ �rw=�rs to relative humidity); heat flux is the sum of enthalpy loss due
to evaporation and heat transfer through the gas-side boundary layer.

The solid phase is considered to be in elastic mechanical equilibrium, which is
reasonable if the characteristic time of relaxation is smaller than the characteristic
time formoisture diffusion. Then, the divergence of the stress tensormust be zero; in
cylindrical polar coordinates, this translates into the following equations for normal
stresses, sr, sq and sz, and shear stress, trz:

qsr
qr

þ sr�sq
r

þ qtrz
qz

¼ 0

qsz
qz

þ qtrz
qr

þ trz
r

¼ 0

ð5:31Þ

z

θ r

Fig. 5.37 Axisymmetric geometry for a drying gel cylinder.
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The stresses depend linearly on the difference between total strains and shrinkage
strains (because shrinkage itself does not contribute to stress),

sr

sq

sz

2
64

3
75 ¼ E

ð1þ nÞð1�2nÞ

1�n n n

n 1�n n

n n 1�n

2
64

3
75

eTr �eSr

eTq�eSq

eTz�eSz

2
664

3
775

trz ¼ E
1þ n

eTrz

ð5:32Þ

where E is Young�smodulus and nPoisson�s ratio. The total normal and shear strains
depend on the radial and axial displacement, ur and uz, as

eTr ¼ qur
qr

; eTq ¼ ur
r
; eTz ¼ quz

qz

eTrz ¼
qur
qz

þ quz
qr

ð5:33Þ

whereas shrinkage strain, for isotropic materials, is computed from the total sample
volume as

eSr ¼ eSq ¼ eSz ¼
ffiffiffiffiffiffi
V
V0

3

r
�1 ð5:34Þ

(For ideal shrinkage, the sample volume only changes by loss of liquid.) The
boundary condition ensures that no normal stress acts on the surfaces.

Thismodelwasapplied tosimulate theexperimental situationofconvectivedryingof
RF gels described in Section 5.5.4.4 (L�eonard et al., 2006). To this purpose, Young�s
moduluswasmeasured as a function ofmoisture content, using slowly dried gels with
nomoisturegradient.Forcompliantgels (R/C	 500), forwhich theassumptionof ideal
shrinkage is valid over a wide range of moisture content (see Fig. 5.34), the simulated
drying curves (L�eonard et al., 2006) andmoisture profiles (Escalona et al., 2008) were in
good agreement with the experimental ones. As additional information, stresses in the
drying gel became available. In accordancewith the experimental results (see Tab. 5.4),
more severe drying conditions (L�eonard et al., 2006) or larger sample size (L�eonard
et al., 2007) increase the stresses in the gel that – above a certain level – lead to cracking.
Asanexample,Fig.5.38showsmaximalvonMises stresses thatare relevant fordamage
to the material, as a function of drying temperature.

A slightly advanced model was applied to the drying of alumina gels which are
precursors for ceramic catalyst supports (Pourcel et al., 2007a, b). It is essential to
avoid micro-cracks during the drying step because they could propagate during the
subsequent calcination process and reduce the material strength that is required for
the industrial application of the porous ceramicmaterial. Pourcel et al. introduced the
moisture dependence of the liquid diffusion coefficient and added convective
contributions of liquid and solid to the heat transfer in Eq. 5.30. For parametrization
of the hydro-thermo-mechanical model, sorption isotherm (with a hygroscopic
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region forX< 0.65), shrinkage behavior (ideal from the initialmoisture content of 1.7
down to 0.3) and Young�s modulus of the alumina gel were measured. As the
essentially new model element, a crack initiation criterion is defined, to allow
determination of the drying conditions leading to a crack-free material. For this
purpose, tensile failure strength wasmeasured as a function ofmoisture content by a
Brazilian test. In this indirect test, a gel cylinder is put under radial compression so
that tensile stress is induced in its center until it crushes. The tensile strength is
found to increase exponentially with decreasingmoisture content (see Fig. 5.42), just
as Young�s modulus, both being a consequence of increasing stiffness during
(drying) shrinkage. The complete model is then able to predict the drying time
when cracks, if any, are initiated by comparing simulated stress to failure stress.

To validate the model, an alumina gel rod (20� 20� 80mm3) was dried convec-
tively on an aluminum plate, sealing all surfaces except the top one (see Fig. 5.41a).
Evolution of averagemoisture content, several local temperatures in the gel as well as
moisture profiles (by gravimetric analysis of gel slices) were measured, all being in
good agreement with the simulation results. Fig. 5.39 shows a comparison of
experimental and simulated moisture profiles.

The occurrence of cracks has been experimentally investigated with the following
major findings (documented in Fig. 5.40). For very slow drying rates, the gel dries
without cracks. Above a first critical drying rate, cracks occur in the later drying stages
(at times> 105 s), when the gel stops shrinking and its surface is no longer saturated
with pore liquid; then macroscopic stress in combination with local differences in
capillary forces results in cracks (as described in Section 5.4.1). In this case, the crack
pattern is irregular. If the drying rate exceeds a second critical value, cracks already
occur at the very beginning (at times <1000 s). Then, the cracks are due to severe
moisture gradients and pronounced differential shrinkage. Such cracks show a
rather regular pattern. For a gel rod with smaller dimensions (10� 10� 80mm3),
both critical values of drying rate are increased, because less stress develops in
smaller samples.

Fig. 5.38 Influence of air temperature in convective drying: maximal von Mises stress for a
compliant RF gel.
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From stress simulations (in Cartesian coordinates), normal and shear stresses in
the gel rod are obtained (an example is shown in Fig. 5.41).Maximumstress develops
at the drying surface as tensile stress (indicated by the arrow). These numerical
results, together with the criterion for cracks, can reproduce the overall cracking
behavior with the two critical times. Figure 5.42 shows that, sooner or later,
depending on the drying rate, the surface tensile stress exceeds the tensile strength
of the gel. The observed stress maximum is a result of the stress increase due to
densification and the successive stress decrease due to the reduction in drying rate in
the hygroscopic region. In this way, short crack initiation times are predicted quite

Fig. 5.40 Drying time and averagemoisture content at themoment of crack apparition in alumina
gel (20� 20� 80mm3), as a function of evaporation rate in the first drying period (adapted from
Pourcel et al. (2007a, 2007b)).

Fig. 5.39 Moisture profiles during drying (30 �C,j¼ 60%, air at 2m s�1) of a shrinking alumina gel
rod (20� 20� 80mm3) (taken from Pourcel et al. (2007b)).
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well, but the time of appearance of cracks at the transition to the second drying period
is underestimated (cracking is predicted for too high surface moisture content).

The authors see the reason in the model assumption of elastic mechanical
equilibrium. In reality, the alumina gel behaves as a viscoelastic material and stress
is related to strain as

sx ¼
ðt
0

RðX; t�tÞqex
qt

���
t
dt ð5:35Þ

The relaxation functionR(X,t) can be described by a generalizedMaxwellmodel, as
illustrated in Fig. 5.43 with three elasticity moduli Ri of different relaxation times ti

RðX; tÞ ¼ R0ðXÞþ
X3
i¼1

RiðXÞexp � t
ti

� �
ð5:36Þ

In the simulations, the elastic behavior has been described by a Young�s modulus
E¼R(X,0), thereby assuming that relaxation can be neglected. In fact, the longest,

Fig. 5.42 Comparison between simulated tensile stress and gel strength at the gel surface during
drying for different drying conditions (from Pourcel et al. (2007b)).

Fig. 5.41 (a) Experimental set-up and (b) simulated stress fields (for shaded sample area) in drying
alumina gel rod (20� 20� 80mm3) (30 �C, j¼ 70%, air at 2m s�1) (taken from Pourcel
et al. (2007b)).
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and thereforemost important, relaxation time (t3¼ 1000 s) is small in comparison to
the drying times of a large gel sample. This provides a macroscopic explanation for
the discrepancy between simulated and experimental values for long cracking times,
since viscoelastic stresses are sensitively delayed and higher at the end of drying than
elastic ones (Bogdanis, 2001).

It should, however, be kept in mind that the model crack criterion contains no
contribution from the drying-out of the gel surface – be it in terms of an averaged
receding liquid/gas boundary or, at the microscale, as information about the
emptying of individual pores. In fact, the simulation predicts cracks because, during
stiffening of the gel, stresses increase more than the strength (see Fig. 5.42).

The extended (viscoelastic) model will be used on RF gels so that recent exper-
imental efforts (L�eonard et al., 2007) aim to estimate the numerous necessary
parameters. For R/C ratios from 300 to 1500, the elastic modules and relaxation
times of Eq. 5.36 are determined as a function of moisture content in a compressive
axial test. Additionally, the compression modulus is extracted from mercury por-
osimetry (Scherer et al., 1995b) so that Poisson�s ratio can also be estimated. For low
R/C, gels are found to be stiffer and have more pronounced viscoelastic behavior.
During drying, a given gel gets stiffer and the viscous contributions become less
important. In this work, the difficulty in obtaining a clear separation of solid and
liquid contributions to the mechanical properties of the gel also becomes obvious:
hydrodynamic effects play an important role for the relaxation times which are
attributed to the gel.

5.6.1.3 More Rigorous Modeling
The diffusionmodel is not very satisfactory from a physical point of view since liquid
transport is known to be convective. Therefore, Jomaa et al.made an effort to develop
a more fundamental description by volume averaging of the heat and mass balances
in the deforming saturated gel (C�aceres et al., 2007). For the evolution of the volume-
average liquid density, or equivalently the local porosity y ¼ �rw=rw, they obtained

q�rw
qt

¼ r � K
mw=rw

rPw��rwvs

� �
ð5:37Þ

R0

R1

R2

R3

τ3

τ2

τ1

Fig. 5.43 Generalized Maxwell model for viscoelastic gels.
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which directly replaces Eq. 5.29 from the diffusion model. An additional balance
equation is obtained for total mass by assuming ideal shrinkage

0 ¼ r � K
gw

rPw�vs

� �
ð5:38Þ

(In the original versions of the two latter balance equations, the authors also account
for the compressibility of the liquid, which is negligible from a physical point of view
but helpful for numerical stabilization.) The energy balance contains contributions
from heat conduction and liquid and solid convection. The usual flux boundary
conditions are applied to the heat and mass transfer equations.

Again, mechanical equilibrium is assumed, that is, a divergence-free total stress
tensor. The total stress tensor decomposes into solid network stress and liquid stress
(with identity matrix I):

s ¼ ss�PwI ð5:39Þ

Network stress is then related to the finite strain tensor with an elasticmaterial law,
and normal stress is set to zero at the gel surface. This closes the mathematical
problem for the four independent variables, y, Pw, vs and T.

Thepreviousdryingexperimentonagelrod isusedtoassess themodel.Moistureand
temperatureevolutionare fairlywell reproducedby thesimulation; andmaximal tensile
stresses are obtained that are similar to those computed with the diffusion model.
However, the numerical liquid pressure attains unrealistically low values, which is a
result of the non-penetration assumption for gas. Here, the missing link of the
macroscopic model to microstructural properties, that is, pore size, becomes obvious.

Altogether, this model formulation provides a complete and physically correct
description of fluid transfer and seems to be suited for extension to the partially
saturated gel of the seconddrying period. Amajor challenge remains the definition of
an air-penetration criterion that initiates the second drying period.

5.6.2
Development of A Pore-Scale Model

In the macroscopic description of porous media, structural features are hidden in
effective parameters, and phenomena that are characteristic of the micro-scale are
obscured by rather crude, often semi-empirical, models. Of course, this general
deficiency is also true for the macroscopic description of gel drying. However, the
transition to the second drying period, and in particular the development of cracks at
this moment, is a particular problem, where the necessity to account for pore-scale
phenomena becomes even more evident. The purely macroscopic description needs
criteria that not only depend on the microstructure itself, but also on how it behaves
during drying.

When the liquid/gas phase boundary recedes into the gel, the spatial distribution
of liquid and solid is crucial for themechanical load on the gel by capillary forces and
the ability of the gel network to support this load without damage. In order to
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understand better what happens at this critical stage of drying, Kirsch et al. (2009) are
currently developing a simulation tool that operates on the pore-level and will predict
macroscopic behavior in a �bottom-up� approach.

In afirstmodel version, the liquid distribution on thenetwork of primary particles is
assumed tobe in capillary equilibrium.This allows interpretation of thefluid dynamics
problem as a shape transformation problem. Connected liquid patches have uniform
curvature k of the liquid/gas phase boundary; additionally, at three-phase boundaries,
the contact angle q to the solid surface must be fulfilled (see Fig. 5.44).

The drying problem is solved in small time steps by removing some liquid at the
local evaporation rates and subsequently relaxing the liquid with a volume-of-fluid
approach as proposed by Stepanek et al. (1999). Space is discretized into voxels, and
the distribution of solid, liquid and gas is described by the respective volume fractions
in these voxels ( fs, fw and fg). From these phase functions, normal vectors can be
computed, for example

nw ¼ � rfw
rfwj j ð5:40Þ

Then, the above equilibrium conditions can be expressed as

rk ¼ r 1
2
r � nw

� �
¼ 0 ð5:41aÞ

ns �nw ¼ cos q ð5:41bÞ
The discrete versions of these equationsmust be fulfilled in liquid–gas voxels (only

first equation) and in three-phase voxels (both equations), as highlighted in Fig. 5.44.
Volume conservation sets a constraint to the optimization problem. Figure 5.45
shows a result of pore liquid relaxation. Such simulated equilibrium liquid distribu-
tions will be validated by microtomography on model systems with larger particles.

Fig. 5.44 Pore-scale representation of drying gel with conditions for capillary equilibrium, capillary
forces on the gel network and the use of phase functions in discretization.
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From the liquid phase distribution, the capillary forces Fc on the individual gel
particles are accessible, with one contribution from the bulk liquid and a second from
the three-phase contact line. By use of the discrete element method (DEM), capillary
forces can be loaded on the primary particles, which are connected by bonds; as a
result,micro-cracks – and also shrinkage – can be simulated (Kharaghani et al., 2011).
The cracking criterion is, hence, set by the strength of the necks interlinking the
primary particles.

This pore-scale drying model is very close to physical reality, but will require
geometrical information about the particle network that may be obtained from Mon-
te-Carlo aggregation models (e.g., Rottereau et al. (2004)). The model additionally
requires parametrization; due to the small dimensions, this will have to be done by
calibrationof thesimulatedmacroscopicbehaviorbyexperimentsonsmallgel samples.

The necessary link to the macroscopic stresses in the gel will be established by
restricting the simulation to a surface region of the gel and by imposing an average
pressure gradient that can be related to the drying rate by macroscopic permeability
(again avoiding expensive fluid dynamics). The intention of this approach is not only
to set limits to the drying rate, but to see which micro-scale arrangements of the
primary particles and which liquid–solid systems are favorable for structure pres-
ervation during drying.

5.7
Summary

In the first part of this chapter, background knowledge has been provided regarding
the unusual physical properties of gels, the synthesis of selected gels, and the specific
behavior of gels during characterization and in the course of drying, with a focus on
gel structure and its deterioration. In the second, main part of the chapter, recent
research efforts in drying technology have been discussed for a choice of inorganic

Fig. 5.45 Liquid distribution on an open-pore particle network after capillary relaxation from a
plane phase boundary.

220j 5 Understanding and Preventing Structural Changes During Drying of Gels



and organic gels. Especially, several successful approaches to the production of dry
gelswith high porosity andhigh surface area by routes other than supercritical drying
have been presented. Indeed, for a range of materials, freeze-drying and convective
drying offer real alternatives to this expensive and dangerous process; andmicrowave
drying may be an immerging technique. Attention has also been given to research
aiming to avoid or reduce time-consuming and expensive washing steps prior to
drying; and some efforts to use low-cost gel precursors have been included.
Furthermore, X-ray microtomography has been presented as a modern technique
to track structural changes during drying. Finally, we have reported on recent and
emerging drying models, operating at the macro-level or at the pore scale. Their goal
is to predict drying shrinkage and stresses and to set model-based criteria to avoid
quality loss, mainly by cracks.

Future research is required if dry gels with extreme porosity (>90%) and pore size
in the low-nanometer range, as required for insulation purposes, are to be produced
by evaporative drying techniques.Newmulti-scalemodeling is expected to shedmore
light on the mechanisms causing shrinkage and cracking. This will allow optimi-
zation of drying conditions, butmight also give the chance to engineer gel structures
that are suitable for convective drying.

Additional Notation Used in Chapter 5

As specific surface area m2 kg�1

C0 constant (� 1/3) —

C1 constant defined by Eq. 5.20 Pa

C2 constant defined by Eq. 5.20 —

c crack length m
dp pore diameter m
E Young�s modulus Pa
F force N
F uniaxial solid viscosity Pa s
f phase volume fraction —

Icr critical stress intensity Pam0.5

K permeability m2

KG bulk solid viscosity Pa s
Kp bulk modulus Pa
K0 initial bulk modulus Pa
m exponent in Eq. 5.11 —

N Poisson�s ratio for viscous gel —

n unit normal vector —

R aggregate radius m
R radius of gel cylinder m
Ri mechanical moduli in Fig. 5.43 Pa
r primary particle radius m
rp pore radius m

5.7 Summary j221



Greek letters

a thermal expansion coefficient K�1

_e strain rate s�1

q contact angle rad
k mean curvature m�1

n Poisson�s ratio —

P quantity defined by Eq. 5.10 —
~s solid network stress Pa
t shear stress Pa
t relaxation time s
y porosity (voidage) —

Subscripts and superscripts

c (ice) crystal
c curvature
cr critical
p pore
S shrinkage
T total
x, y, z in coordinate direction
0 initial

Abbreviations

BET Brunauer, Emmett and Teller theory
C catalyst
CT computed tomography
DCCA drying control chemical additive
DSC differential scanning calorimetry
ESEM environmental scanning electron microscopy
HMDSO hexamethyldisiloxane
R resorcinol
RF resorcinol-formaldehyde
S surfactant
SAXS small angle X-ray scattering
SEM scanning electron microscopy
TEM transmission electron microscopy
TEOS tetraethoxysilane
TMCS trimethylchlorosilane
TMOS tetramethoxysilane
W water
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