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Processing Routes to Macroporous Ceramics: A Review

André R. Studart,” Urs T. Gonzenbach, Elena Tervoort, and Ludwig J. Gauckler

Macroporous ceramics with pore sizes from 400 nm to 4 mm and
porosity within the range 20%-97% have been produced for a
number of well-established and emerging applications, such as
molten metal filtration, catalysis, refractory insulation, and hot
gas filtration. These applications take advantage of the unique
properties achieved through the incorporation of macropores
into solid ceramics. In this article, we review the main processing
routes that can be used for the fabrication of macroporous
ceramics with tailored microstructure and chemical composition.
Emphasis is given to versatile and simple approaches that allow
one to control the microstructural features that ultimately deter-
mine the properties of the macroporous material. Replica,
sacrificial template, and direct foaming techniques are described
and compared in terms of microstructures and mechanical
properties that can be achieved. Finally, directions to future
investigations on the processing of macroporous ceramics are
proposed.

I. Introduction

M ATERIALS containing tailored porosity exhibit special prop-
erties and features that usually cannot be achieved by
their conventional dense counterparts. Therefore, porous mate-
rials find nowadays many applications as end products and in
several technological processes. Macroporous materials are used
in various forms and compositions in everyday life, including for
instance polymeric foams for packaging, aluminum light-weight
structures in buildings and airplanes, as well as porous ceramics
for water purification.

Contrary to metallic and polymeric porous structures, pores
have been traditionally avoided in ceramic components because
of their inherently brittle nature. However, an increasing num-
ber of applications that require porous ceramics have appeared
in the last decades, especially for environments where high
temperatures, extensive wear and corrosive media are involved.
Such applications include for example the filtration of molten
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metals, high-temperature thermal insulation, support for cata-
Iytic reactions, filtration of particulates from diesel engine
exhaust gases, and filtration of hot corrosive gases in various
industrial processes.' > The advantages of using porous ceramics
in these applications are usually the high melting point, tailored
electronic properties, high corrosion, and wear resistance in
combination with the features gained by the replacement of
solid material by voids in the component. Such features include
low thermal mass, low thermal conductivity, controlled perme-
ability, high surface area, low density, high specific strength, and
low dielectric constant.

These properties can be tailored for each specific application
by controlling the composition and microstructure of the porous
ceramic. Changes in open and closed porosity, pore size dis-
tribution, and pore morphology can have a major effect on a
material’s properties. All of these microstructural features are in
turn highly influenced by the processing route used for the
production of the porous material.

The most straightforward processing route for the prepara-
tion of porous ceramics is the partial sintering of initially porous
powder compacts or the sintering of powder mixtures which
undergo solid state reactions that lead to pore formation.*> This
method often results in a relatively low porosity (<60 vol%),
with pores homogeneously distributed within the microstruc-
ture.

In addition to such a straightforward approach, many novel
methods for the preparation of porous ceramics with controlled
microstructure have been developed in response to the increas-
ing number of new potential applications for cellular ceramics.’
Versatile techniques that allow one to deliberately tune the
porosity, pore morphology and size distribution, and that can
additionally be applied to ceramic materials of many different
chemical compositions are especially demanded. Novel applica-
tions where specific chemical compositions and tailored micro-
structures are required include electrodes and supports for
batteries and solid oxide fuel cells, scaffolds for bone replace-
ment and tissue engineering, heating elements, chemical sensors,
solar radiation conversion, among others."*®

The main processing methods used for the preparation of
cellular ceramics such as foams, honeycomb structures and
interconnected rods, fibers and hollow spheres were recently
reviewed by Colombo.” The fabrication and use of cellular
ceramics in a vast number of different fields has also been
described in a recent book edited by Scheffler and Colombo.?
While this valuable literature contains extensive information on
the production and applications of cellular ceramics, the proces-
sing-microstructure—property relations for each of the main
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processing routes has not been fully explored.® A thorough
understanding of these relations would greatly aid the selection
of processing techniques that can provide the final microstruc-
ture and properties required for each specific application.

The aim of this article is to compare some of the processing
routes currently available for the preparation of macroporous
ceramics (i.e., pore size > 50 nm), with particular emphasis on
the processing—microstructure—property relations inherent to
each process. We also present a simple and versatile processing
method recently developed by the authors that has not been
included in previous reviews.

Because of the large number of articles in the field, we focus
mainly on macroporous ceramics that exhibit total porosity
higher than 50 vol%. We adopt here the nomenclature recom-
mended by the IUPAC,’ according to which macroporous
materials are those exhibiting pore width (d) larger than 50
nm. Recent articles on the processing of micro- (¢ <2 nm) and
mesoporous (2 nm<d<50 nm) ceramic materials using a
number of sol-gel, templating, and other chemistry routes can
be found in the literature.'®"'> For reasons given above, honey-
comb structures, interconnected rods, fibers, hollow spheres,
and porous materials prepared by solid freeform fabrication
techniques have not been included in this article. However,
Karp," Lee,'* Michna,'> Colombo’ and Scheffler” are suggested
for those interested in these important cellular structures. It is
also worth noting that even though we gathered many examples
to illustrate some of the processing routes developed so far, a
number of other approaches can be found in the recent literature
using similar concepts to those outlined here.

The processing routes described in this article have been
classified into replica, sacrificial template and direct foaming
methods, as schematically illustrated in Fig. 1. The processing
features of each of these methods are thoroughly discussed and
compared with regards to the versatility and ease of fabrication,
as well as their influence on the microstructure and mechanical
strength of the final macroporous ceramics. Finally, we sum-
marize the main characteristics of the processing routes de-
scribed and provide directions for future advances on this field.

II. Replica Technique

The replica method is based on the impregnation of a cellular
structure with a ceramic suspension or precursor solution in
order to produce a macroporous ceramic exhibiting the same
morphology as the original porous material (Fig. 1(a)). Many
synthetic and natural cellular structures can be used as templates
to fabricate macroporous ceramics through the replica techni-
que. Here, we focus mainly on those processes that allow for the
fabrication of bulk ceramic structures, while references are given
for the recent studies describing the preparation of ceramic
macroporous films and particles.

(1) Synthetic Templates

The replica technique is in fact considered as the first method
deliberately used for the production of macroporous ceramics.
The original invention dates back to the early 1960s, when
Schwartzwalder and Somers'® started using polymeric sponges
as templates to prepare ceramic cellular structures of various
pore sizes, porosities, and chemical compositions. Since then the
sponge replica technique has become the most popular method
to produce macroporous ceramics and is today extensively used
in industry to prepare ceramic filters for molten metal filtration®
and other applications. This success is primarily attributed to
the simplicity and flexibility of the method.

In the polymer replica approach, a highly porous polymeric
sponge (typically polyurethane) is initially soaked into a ceramic
suspension until the internal pores are filled in with ceramic
material. The impregnated sponge is then passed through rollers
to remove the excess suspension and enable the formation of a
thin ceramic coating over the struts of the original cellular
structure. At this stage, the slurry has to be sufficiently fluid
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to be partially removed under the shearing conditions applied by
the rollers, but the remaining ceramic wet coating should be
viscous enough to avoid dripping. Therefore, ceramic suspen-
sions exhibiting shear-thinning behavior are needed to efficiently
coat the polymeric template. Suspensions exhibiting a viscosity
decrease from 10-30 Pa-s at a shear rate of 5s~' down to 1-6
Pa-s at a shear rate of 100 s™' have been shown to be suitable
for this process.'” ' This shear-thinning behavior is achieved
using thixotropic and thickening additives such as clays, colloi-
dal silica, carboxymethyl cellulose, and polg/ethylene oxide in
combination with conventional dispersants.'®2?

The ceramic-coated polymeric template is subsequently dried
and pgrolysed through careful heating between 300° and
800°C.”! Heating rates usually lower than 1°C/min are required
in this step to allow for the gradual decomposition and diffusion
of the polymeric material, avoiding the build-up of pressure
within the coated struts.?! Binders and plasticizers are added to
the initial suspension in order to provide ceramic coatings
sufficiently strong to prevent cracking the struts during pyrolysis.
Typical binders used are colloidal aluminum orthophosphate,
potassium and sodium silicates, magnesium orthoborate,
hydratable alumina, colloidal silica, polyvinyl butyral with
polyethylene glycol as plasticizer, and polymerizable mono-
mers.'?212* After removal of the polymeric template, the cera-
mic coating is finally densified by sintering in an appropriate
atmosphere at temperatures ranging from 1100° to 1700°C
depending on the material.

Macroporous ceramics of many different chemical composi-
tions have been prepared using the sponge replica technique, as
illustrated in Table I. Descriptions of several other possible
chemical compositions can be found in the extensive patent
literature gathered by Saggio-Woyansky et al?' The great
flexibility of the method is partly because of the fact that it is
applicable to any ceramic material that can be appropriately
dispersed into a suspension. Various SiC-based porous ceramics
have also been recently produced by replacing the ceramic
suspension with preceramic polymers*> >’ (Table I). Alterna-
tively, Sherman et al.*® developed a similar process to the
original replica method, where the polymeric sponge is first
converted into a vitreous carbon skeleton and is subsequently
infiltrated with reactive gaseous species to form macroporous
ceramics of many different carbides, oxides, borides, nitrides,
and silicides (Table I).

Porous ceramics obtained with the sponge replica method can
reach total open porosity levels within the range 40%-95% and
are characterized by a reticulated structure of highly intercon-
nected pores with sizes between 200 pum and 3 mm, as outlined in
Figs. 2 and 3(a). The high pore interconnectivity enhances the
permeability of fluids and gases through the porous structure,®®
making these reticulated materials very suitable for high
through-put filtration.

The minimum cell size of replica-derived porous ceramics is
however limited to approximately 200 um (Fig. 2), because of
the difficulty with impregnating polymeric sponges with exces-
sively narrow cells.”? Predominantly open porous structures are
produced with this method, as the original cellular sponge has to
be accessible for the impregnation of the ceramic suspension or
precursor. However, the ratio of open to closed pores in the final
ceramic foam may be adjusted to a certain extent by controlling
the suspension viscosity and shear thinning behavior.

A disadvantage of the sponge replica technique is the fact that
the struts of the reticulated structure are often cracked during
pyrolysis of the polymeric template (Fig. 3(b)), markedly degrad-
ing the final mechanical strength of the porous ceramic.”™ Figure
4 shows that the strut flaws reduce the compressive strength of
replica-derived porous ceramics to levels usually lower than the
strength theoretically predicted for open cell structures.”® Many
attempts have been made to avoid this shortcoming by, for
instance, improving the wetting of the suspension on the sponge
with the help of additives,?"** performing a second impregnation
step to fill the cracks in the ceramic struts,'”'*?? and introducing
fibers’"?® or reactive compounds® to enhance the material’s
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Table 1.

Scheme of possible processing routes used for the production of macroporous ceramics.

Examples of Replica Methods Reported in the Literature

Replica template Method & precursors

Compositions

Synthetic templates

Polymer Impregnation with ceramic suspension
foam

Impregnation with preceramic polymer
Carbon Chemical vapor infiltration (CVI) and
foam deposition (CVD) *

Natural templates

Coral Impregnation with ceramic suspension
Hydrothermal reactions
Sol-gel chemistry

Wood Sol-gel using metal salts, hydroxides, or

alkoxides
Infiltration of molten metal

Vapor infiltration and reaction with
gaseous metals or metal precursors (CVI)

Impregnation with ceramic suspensions
Impregnation with preceramic polymers
Liquid precipitation of precursors

ALO;,2125%0 reaction bonded AlL,O5,2>?7 ﬁber reinforced AlL,O5, %
ZrOz2 cordierite,”"* SiC,?! SI3N4,17 Si0,,%! Ti0,,*! tale,?! MgO,!
clay,” ALO3-ZrO, comp051te 122 mullite, 2212 530 Li, O 710>~
SiO,-AlLO5 glass ceramic,’! SiC-ALO5— SlOz comp051tes calcium
phosphate-based comp031tes 24 (Ca_ Mg )Zry(POy,)e,>>

Lag 84St0.16Co0o, 02Mn03

Al,O3-SiC com3p051tes 33 §iC,3* 3¢ SiC-TiC composites,** SiC-SisN,
composxtes

SIC, SIOZ, S13N4, TlC, TIN, TiBQ, TiOz, ZI'C, ZI'N, ZI'Oz, CI'203,
ALO;, among others®®

ALO,,* PZT¥
Hydroxyapatite41 42
Hydroxyapatite **

Fe203,:14 Ti0,,**® 7r0,,%47 ALO,,*%*7 SiC,** zrC-C,>! TiC-C,*!
SiC-C

SiC,>? % Si-SiC,>* and Si-SiC—zeolite®® composites
SiC,*7 ALOs,*® TiC,>*% SiC.*! Ti0,»

Sic®?
SiOC-C composites *

Macroporous zeolites,** Calcium phosphate-based composites®®
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Fig.2. Typical porosity and average pore size achieved via the replica, sacrificial templating, and direct foaming processing routes.

integrity. In contrast to ceramic suspension-derived reticulated
structures, cellular materials obtained from preceramic polymers
have crack-free struts due most likely to the improved wetting on
the sponge and the partial melting of the cross-linked polymer
during pyrolysis.**3

(2) Natural Templates

In addition to synthetic polymer foams, other cellular structures
have been used as templates for the fabrication of macroporous
ceramics through the replica approach, as outlined in Table 1.
Cellular structures available in nature are particularly interesting
as natural replica templates, due mainly to their special pore
morphology and intricate microstructures, which might be
difficult to produce artificially.

Fig.3. Microstructures of macroporous ceramics produced via the
replica technique. (a) Alumina-based open-cell structure obtained using

polyurethane sponge templates,®® (b) detail of a strut of a cellular
ceramic produced from polymeric sponges, illustrating the typical flaws
formed upon pyrolysis of the organic template,®” (c) transversal view of a
highly-oriented SiC porous ceramic obtained after infiltration of a wood
template with Si gas (the longitudinal view is shown in the inset),’’
(d) macroporous hydroxyapatite obtained from a coral structure.*?

Corals have long been applied as a natural template for the
preparation of macroporous ceramic materials, particularly for
the production of scaffolds for tissue engineering and bone
replacement.*"* In the 1970s, White e al.*® employed a lost-
wax method named ‘‘replamineform” to replicate the structure
of corals and other marine invertebrate skeletons. In this
technique, the coral is first impregnated with wax under vacuum
to obtain a negative form of the cellular structure. After hard-
ening the wax, the calcium carbonate of the coralline skeleton is
leached out using a strong acidic solution. The macroporous
ceramic is obtained by impregnating the negative wax model
with a ceramic suspension and subsequently removing the or-
ganic material by pyrolysis. This approach has been successfully
used to produce macroporous PZT ceramics with tailored
piezoelectric properties.”®** The cellular structure of corals has
also been directly converted into macroporous hydroxyapatite
scaffolds by submitting the marine skeleton to hydrothermal
treatments at high temperatures and pressures*! (Fig. 3(d)). This
treatment is performed in a phosphate solution, so that the
carbonate ions from the aragonite material (CaCO3) originally
present in the coral are partlally or totally replaced by phosphate
ions to form hydroxyapatite.*"*> Sol-gel chemistry has also
been lately used to prepare macroporous hydroxyapatite
scaffolds with improved mechanical properties from coral
templates.*

Following the same biomimetic approach used in the “repla-
mineform” technique, many investigators have studied the
transformation of wood cellular structures into macroporous
ceramics (Fig. 3(c)). The presence of oriented vessels in the
structure of wood enables the preparation of macroporous
ceramics with highly anisotropic aligned pores which cannot
be achieved with the other replica techniques.*’

Figure 5 illustrates the processing routes that can be applied
to transform wood structures into cellular ceramics. The most
common approach is to first prepare a carbon cellular preform
by heat treating the wood structure under inert atmosphere at
temperatures within 600°—-1800°C (Fig. 5). The carbon preform
is subsequently infiltrated with gases or liquids at high tempera-
tures to obtain the macroporous ceramic. Alternatively, the
carbon preform is infiltrated at room temperature with liquid
sols and afterwards oxidized to render the cellular ceramic
(Fig. 5). Table I shows examples of reactants used for infiltration
and the resulting composition of the wood-derived macroporous
ceramic.
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from Gibson and Asbhy® are indicated by the dashed lines.

Ota and colleagues****’ were probably the first to deliber-

ately use wood as a biomorphic template to produce cellular
ceramics. By impregnating the carbon preforms with alkoxide
solutions and applying standard sol-gel chemistry, various
metal oxide macroporous ceramics have been produced using
this approach. SiC-based cellular ceramics of diverse composi-
tions were fabricated by Greil and colleagues™>>>"7 via the
infiltration and reaction of liquid or gaseous silicon metal with
the carbon preform. Other gaseous metals and metal precur-
sors, >80 6preceramic polymers,®* ceramic suspensions,®? and salt

have recently been employed to infiltrate the

solutions®*
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Fig.5. Processing routes to transform cellular wood structures into
macroporous ceramics (adapted from Greil”®).

carbon cellular structure and obtain oxide, carbide, phosphate,
and zeolite-containing macroporous ceramics through the
wood-derived replica technique.

The pore size distribution of wood-derived porous ceramics is
determined by the microstructure of the original wood template
used. As wood structures may exhibit cell sizes down to a few
micrometers, porous ceramics obtained from wood templates
display pore sizes markedly lower than those achieved with the
polymer replica technique, typically within the range 10-300 pm
(Fig. 2). The porosity of these structures is predominantly
open and can vary from 25% up to 95 % depending on the
amount of material impregnated into the template, as illustrated
in Fig. 2.

The anisotropic nature of cellular ceramics produced using
wood as template might be very advantageous in applications
that require open and highly oriented porous structures, such as
in catalysis and in the filtration of liquids and hot gases.”” As a
result of their highly oriented structures, the mechanical proper-
ties of wood-derived ceramics are markedly anisotropic. The
mechanical strength in the axial direction (along the oriented
pores) is considerably higher than that in the tangential/perpen-
dicular direction, as indicated in Fig. 4. As in the case of the
sponge replica method, the walls of the wood-derived structures
might contain flaws/pores generated from the pyrolysis of
residual carbon in oxidizing environments. Such pores degrade
the mechanical strength of the cellular structure, particularly at
high porosity levels (Fig. 4).°>% Structures with high mechanical
strength can only be achieved when the carbon preform is totally
converted into the ceramic phase.”® Another disadvantage of the
wood-replica approach is the several time-consuming steps
involved (Fig. 5), which might add considerable costs to the
process.
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Examples of Sacrificial Template Methods Reported in the Literature

Sacrificial template

Compositions

Synthetic organics
PVC beads
PS beads

ALOS PZT,*!

A120327,98
PEO°! or PVB” beads
PMMAS’791100-105 . pPMMA-PEG beads!'®

Si3N4107
SIC, 108

Phenolic resin
Nylon
Cellulose acetate

Polymeric gels Si0,,”” TiO,”’

Si0,,”>** TiO,,’

Sioz’l()‘) A1203 109

Cay_, Mg)Zry(POy)s”
96 Ti0,-Si0,,”* Zeolite,”’

PZT,”' hydroxyapatite *°
SiOC,37:100-102 g; 106 Hydroxyapatite,103’104 pzT!
tricalcium phospate

105

110

A1203,8&“7’“8 pPzT,'" Si0,—Na,0-CaO-MgO glass, }112§g(11r2c7>xyapatite,115‘120’121

mullite,'?? Si;N,,'2 CaCOs,'** diatomite,'? cordierite

Naphtalene Calcium phosphate
Natural organics
Gelatine ALOZ’
Peas and seeds ALO;?"%
Cellulose/cotton ALO;, ! Mullite!!?
Glucide pzT*
Sucrose Calcium phosphates'"”
Dextrin sic!*
Wax Hydroxyapatite'">
Alginate ALO,''®
Starch
Liquids
Freeze—drying
Camphene ,0,1%8
Water ALO,, P10 5

Emulsions—Oils

, 02311,131 Si3N4,132 A12037 Si02]33
TiO,, 3135 A0, HydrO)%/apatite,m Si0,,'*® CaCO0,,'* FeOOH,'*

CoOOH, " Mn;0,;- 5H,0"

Salts
NaCl sic*
BaSO, and SrSO, ALO;'
K>SO, PbTiO;, La,_,Sr,MnO;'*!
Metals/ceramics
Nickel YSZ,'# ALO,'*
Carbon (graphite, fiber, nanotubes) SiC,'"%® mullite'*
SiO, (particles, fibers) sic!os
ZnO NiO'#
Numerous other approaches using synthetic®! or natural
. biomorphic templates such as plants,>** egg shell mem-
25 ' ' ' 1500 e P ;a8 PRAs, s8
. brane,” """ bacteria, = and bioclastic structures formed by aqua-
v tic organisms (e.g., diatoms)®® have also been applied in the last
1400 years to fabricate meso- and macroporous particles, films and
= . unique 3D porous structures up to 100 pm in size. Although a
E o detailed description of these porous materials go beyond the
'E - 300 E' scope of this article, the references cited above might be useful
= = for the interested reader.
o o
B {200 &
3 :
e = III. Sacrificial Template Method
@ {1 The sacrificial template technique usually consists of the pre-
paration of a biphasic composite comprising a continuous
| | 10 matrix of ceramic particles or ceramic precursors and a dis-

400
Time (min)

600 800

Fig.6. Typical heat treatment applied for the pyrolysis of organic
sacrificial phases. In this case, the starch used as organic template is
removed in two steps at about 250° and 370°C (data from Lyckfeldt and
Ferreira®®).

persed sacrificial phase that is initially homogeneously distrib-
uted throughout the matrix and is ultimately extracted to
generate pores within the microstructure (Fig. 1(b)). This
method leads to porous materials displaying a negative replica
of the original sacrificial template, as opposed to the positive
morphology obtained from the replica technique described
above.
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Fig.7. Microstructures of macroporous ceramics produced with the
sacrificial template method. (a) TiO, foam exhibiting hierarchical porous
structure produced via emulsion templating,'** (b) ordered macroporous
SiO, obtained using polystyrene beads as templates,’” (c) highly oriented
Si0, honeycomb structure achieved via the unidirectional freeze-drying

of silica gels,"*! (d) macroporous Al,O; exhibitin%gdendrimer-like pores

obtained using camphene as sacrificial template.!

The biphasic composite is commonly pregared by (a) pressing
a powder mixture of the two components,®’ (b) forming a two-
phase suspension that is subsequently processed by wet colloidal
routes such as slip, tape or direct casting,%® or (c) impregnating
previously consolidated preforms of the sacrificial material with
a preceramic polymer or ceramic suspension.®’

The way that the sacrificial material is extracted from the
consolidated composite depends primarily on the type of pore
former employed. A wide variety of sacrificial materials have
been used as pore formers, including natural and synthetic
organics, salts, liquids, metals, and ceramic compounds. Table
I illustrates some examples from the recent literature of possible
sacrificial templates.

Synthetic and natural organics are often extracted through
pyrolysis by applying long thermal treatments at temperatures
between 200° and 600°C.¥>110 The long periods required for
complete pyrolysis of the organic component and the extensive
amount of gaseous by-products generated during this process
are the main disadvantages of using organic materials as
sacrificial phase. Figure 6 shows a typical heat treatment
employed for removing the organic material. Lyckfeldt and
Ferreira®® reported that the burnout rate has to be limited to
only 20 mg/min in order to avoid cracking of relatively thin
ceramic plates (3—4 cm) during pyrolysis. Under the conservative
assumption that this burnout rate would also hold for larger
components, the removal of the sacrificial material from an
alumina brick of 5 cm x 10 cm x 23 cm with aimed porosity of
50% would require a heat treatment of more than 3 weeks. The
mismatch in thermal expansion coefficient between the organic
and inorganic phases can also induce cracks within the porous
structure during pyrolysis.

Most of these drawbacks can be partially overcome by
applying liquid pore formers such as water and oils or a solid
phase that can be easily sublimated (e.g., naphtalene) (Table II).
Even though the extraction process is also time consuming,
liquids and volatile oils can be evaporated or sublimated
at milder conditions without generating undesired toxic
gases and excessive stresses during removal of the pore
former, 129-134.136

Sacrificial materials such as salts, ceramic and metallic par-
ticles, on the other hand, are usually extracted by chemical
rather than thermal means. The extraction of salts has been
easily accomplished by repeatedly washing the composite with
water.¥!*! Ceramic and metallic particles or fibers require more
aggressive agents and are in most cases removed by acidic
Jeaching, 105:132.143
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In all of these processes, the continuous matrix phase has to
be partially consolidated before removal of the sacrificial mate-
rial, so that the porous structure does not collapse during the
extraction step. When the continuous phase is a suspension of
colloidal ceramic particles, consolidation is usually achieved
with the help of setting agents and binders'* or through the
formation of a stiff attractive network of particles throughout
the matrix. 5819136 Alternatively, sol-gel transitions based on
the condensation of metal alkoxide and hydroxides in solution
has also been used to consolidate the continuous phase.”*!34133
In the case of preceramic polymers, consolidation is achieved by
cross-linking the macromolecules through a curing process that
takes place at temperatures slightly lower than that used for the
pyrolysis step.37:8-100.147

The use of relatively volatile oils as a sacrificial phase in
aqueous'*>!3138 or non-aqueous'** emulsions is an interesting
alternative for the fabrication of porous ceramics by this
template method. The main advantages of this approach are
(a) the fact that the template is easily incorporated into the
continuous phase by simple agitation or mixing, (b) the very
small droplet/pore sizes that can be achieved when using
immiscible liquids exhibiting low interfacial energy, and (c) the
mild conditions required for removal of the template.

The emulsion template method has been recently applied in
combination with sol-gel reactants and surfactants to fabricate
ordered macroporous structures from monodisperse oil droplets
obtained by fractionation.'** Materials with porosity up to 90%
have also been produced from aqueous emulsions using sur-
face modified particles to stabilize the droplet oil-water
interface.'**!3® The incorporation of a third phase into the
emulsions, as for example water in non-aqueous systems and
air in aqueous emulsions, has allowed for the fabrication of
porous ceramics with a well-defined hierarchical pore size dis-
tribution (Fig. 7(a)).'*>!'%

The sacrificial template technique is quite flexible with respect
to the possible chemical compositions that can be used in the
fabrication process. As indicated in Table II, porous ceramics of
various chemical compositions have been produced using this
approach. A wide number of different oxides have been used to
fabricate porous ceramics using starch particles as sacrificial
template. The main advantages of this approach are its simpli-
city, the ready availability of starch particles of various
morphologies and sizes (2-100 pum), and the fact that it can be
applied to any material which can be dispersed in an aqueous
suspension.xx‘lm Non-oxide porous ceramics, on the other hand,
have been often produced using preceramic polymers in combi-
nation with various different template materials (Table II).

One of the main advantages of the sacrificial template method
in comparison with the other fabrication routes is the possibility
to deliberately tailor the porosity, pore size distribution, and
pore morphology of the final ceramic component through the
appropriate choice of the sacrificial material. Figure 2 shows
that the range of porosity and pore sizes that can be achieved
with this technique is very broad (20%-90% and 1-700 um,
respectively), as they only depend on the volume fraction and
size of the sacrificial template used. Porous materials exhibiting
monomodal pore size distribution at various porosity levels can
for instance be easily produced using different initial amounts of
monodisperse templating particles (Fig. 7(b)).

Porous ceramics with long anisotropic pores and channels
have been produced with this method by orienting nickel
wires in a magnetic field,'"*® by aligning ceramic-coated cotton
threads''" or by casting a ceramic suspension into a sacrificial
mold displaying long and thin (0.5 mm) polymeric rods.'*® Pores
with special morphologies have also been produced by a freeze
casting approach using water or a high-melting point oil as
sacrificial material. By tuning the growth of ice/oil crystals
during the unidirectional freezing of suspensions, dendritic or
highly oriented porous structures has been obtained after sub-
limation of the templating crystals (Fig. 7(c)).!?13?

Since in this method the ceramic component corresponds to
the negative of the original template, the removal of the sacri-
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Panel A: Foam Stability

Liquid foams are thermodynamically unstable systems due to their high gas-liquid interfacial area. Several physical processes
take place in wet foams to decrease the overall system free energy, leading to foam destabilization. The main destabilization
mechanisms are drainage (creaming), coalescence (film rupture), and Ostwald ripening (disproportionation).

Drainage is the physical separation between the gaseous and liquid phases of the foam because of the effect of gravity. In
draining foams, light gas bubbles move upwards forming a denser foam layer on the top, while the heavier liquid phase is
concentrated on the bottom, as illustrated in Fig. Al. Bubbles accumulated on the top usually rearrange and deform to form
highly packed foams with polyhedral cells. The resulting foam exhibits a three dimensional microstructure characterized by
thin films (or lamellas) between the faces of touching cells and so-called Plateau borders at the intersection of three
neighboring thin films (Fig. Al).

Coalescence takes place when the thin films formed after drainage are not stable enough to keep the touching cells
apart, resulting in the association of neighboring bubbles. The stability of the thin films is determined by the attractive
and repulsive interactions between bubbles, as schematically illustrated in Fig. A2. van der Waals attractive forces tend to
push the bubbles against each other (negative disjoining pressure) and are thus the main driving force for thin-film collapse.
Coalescence can only be hindered by providing electrostatic and/or steric repulsive forces sufficiently strong to overcome
the attractive van der Waals forces (Fig. A2(b)). This can be imparted by surfactant molecules or particles attached to the
air—water interface (see Panel B).

Foams can be tailored to efficiently prevent drainage and coalescence processes, but seldom can they resist long-term
Ostwald ripening or disproportionation. This destabilization mechanism is driven by the difference in Laplace pressure
between bubbles of different sizes. The Laplace pressure inside a gas bubble arises from the curvature of the air—water
interface. For spherical bubbles of radius R and gas- —liquid
1nterfa01al energy v, the Laplace pressure AP is given by
2v/R."3 The difference in Laplace pressure between bubbles
of distinct sizes (R) leads to bubble disproportionation and

Ostwald ripening because of the steady diffusion of gas
molecules from smaller to larger bubbles over time, as
indicated in Fig. 10(a). Surfactant and biomolecules
adsorbed at the gas—liquid interface can slow down this
coarsening process by decreasing the interfacial energy .

The combined action of all these physical processes may
collapse the foam within a few seconds after air
incorporation. The foam lifetime can be increased to a few
minutes or several hours by adsorbing long-chain
surfactants or proteins at the air-water interface.'®
Remarkably stable foams exhibiting lifetime of several days
and weeks have been recently prepared through the
adsorption of colloidal particles on the surface of air bubbles
(see Panel B).!%%1%3

Thin film
or lamella

Plateau
border

Fig. Al.
after bubble rearrangement and distortion on the top foam layer are
indicated in the magnified image (adapted from original picture after J.J.
Cillier).

Foam drainage. The Plateau border and thin films formed
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Fig. A2. Schematic dependence of the disjoining pressure among two
interacting gas bubbles as a function of their distance D. Coalescence is
favored by attractive van der Waals forces (a) and can only be hindered
by providing steric and/or electrostatic repulsion among the interacting
bubbles (b).
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and G = 2y, (1 + cos 0)* for® > 90°, (B.2)

where 0 is the contact angle and y; g is the gas-liquid interfacial
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Colloidal particles have been used to stabilize high energy interfaces for more than a century in so-called Pickering
emulsions.'>* This concept has also been applied for many decades in flotation technology'> and has been recently exploited
for the preparation of ultra-stable wet foams.'

The attachment of particles at gas—liquid interfaces occurs when particles are not completely wetted in the liquid phase or, in
other words, are partially lyophobic (hydrophobic if the liquid is water). Under this condition, it is energetically favorable to
replace part of the high energy solid—liquid area by a solid—gas area through particle attachment at the gas-liquid interface
(Fig. B1). The position of the particles at the interface is ultimately determined by a balance between the gas-liquid, gas—
solid, and solid-liquid interfacial tensions, as depicted in Fig. Bl. A simple way to describe the particle position at the
interface is through the contact angle formed at equilibrium through the liquid phase (Fig. B1). Slightly lyophobic particles
remain predominantly in the liquid phase and exhibit a contact angle <90°, whereas extensively lyophobic particles are
positioned primarily in the gaseous phase and display a contact angle >90°.

Similar to the hydrophile-lypophile balance (HLB) used for surfactants, the contact angle of particles determines the
dispersed and continuous phases of the mixture.'>® For equal amounts of gas and liquid (1:1 mixtures), contact angles <90°
lead to the formation of air in water mixtures (foams), while contact angles >90° result in the formation of water in air
mixtures (mists), as illustrated in Fig. Bl.

Particles attached to the gas-liquid interfaces of foams and mists
lower the overall system free energy by replacing part of the gas—
liquid interfacial area rather than reducing the interfacial tension
as in the case of surfactants.'® The energy of attachment or free
energy gained (G) by the adsorption of a particle of
radius r at the interface can thus be calculated using simple
geometrical arguments, which lead to the following equations'*:

G = 1y (1 — cos0) for® < 90°,

T T T T
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Fig. B2. Energy of attachment of colloidal particles at an air-water
interface (y.g=72.8 mN/m) as a function of the contact angle for
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particles lyophobized to different extents.

Scheme of foams and mists that can be produced through the
adsorption of colloidal particles at the gas-liquid interface. The drawings
on the right hand side indicate the force balance at equilibrium for

Water

Fig. B3. Confocal microscopy image of fluorescent silica particles
adsorbed at an air-water interface after hydrophobization of the

particle surface with hexyl amine.'
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Panel B: Continued

Figure B2 shows the predicted energy of particle attachment G as a function of the contact angle 0 for three different
particle sizes. Remarkably, the attachment energy of particles can amount to several thousands or millions of ks for
contact angles within the range 30° <0< 150° and particle radius larger than 20 nm (% is the Boltzmann constant and T is
the temperature). Even though the maximum energy gain is only achieved at 6 = 90°, contact angles as low as 20° are
enough to render attachment energies on the order of 10° kT in the case of 100 nm particles. The surprisingly high energy
associated with the adsorption of particles at interfaces contrasts to the extremely lower adsorption energies of surfactants,
typically a few k7s.'>” For that reason, colloidal particles tend to adsorb irreversibly on interfaces, as opposed to the
continuous adsorption and desorption of surfactants. This explains the outstanding stability exhibited by particle-stabilized
foams in comparison to surfactant-based systems (Fig. 10). In addition to the steric layer provided against coalescence,
particles attached to the air—water interface (Fig. B3) form a network (coating) that strongly hinders the shrinkage and
expansion of bubbles, minimizing Ostwald ripening for very long periods of time.

ficial phase does not lead to flaws in the struts as in the case of
the positive replica techniques described earlier. Therefore, the
mechanical strength of sacrificial-templated porous structures is
usually considerably higher than that of porous materials
produced via positive replica, as clearly indicated in Fig. 4.
Macroporous ceramics obtained with the template method dis-
play compressive strengths typically within the range predicted
for open and closed-cell structures.

IV. Direct Foaming Methods

In direct foaming methods, porous materials are produced by
incorporating air into a suspension or liquid media, which is
subsequently set in order to keep the structure of air bubbles
created (Fig. 1(c)). In most cases, the consolidated foams are
afterwards sintered at high temperatures to obtain high-strength
porous ceramics.

The total porosity of directly foamed ceramics is proportional
to the amount of gas incorporated into the suspension or liquid
medium during the foaming process. The pore size, on the other
hand, is determined by the stability of the wet foam before
setting takes place. Wet foams are thermodynamically unstable
systems which undergo continuous Ostwald ripening and coa-
lescence processes in order to decrease the foam overall free
energy (see Panel A). These destabilization processes signifi-
cantly increase the size of incorporated bubbles, resulting in
large pores in the final cellular microstructure. Therefore, the
most critical issue on direct foaming methods is the approach
used to stabilize the air bubbles incorporated within the initial
suspension or liquid media. We describe below the main direct
foaming methods currently available, according to the approach
used for foam stabilization.

(1) Stabilization with Surfactants

Several long-chain amphiphilic molecules and biomolecules such
as lipids and proteins can be used as surface-active agents to

stabilize wet aqueous foams. These molecules slow down the
coalescence and disproportionation of bubbles by adsorbing at
the air bubble surface and reducing the air—water interfacial
energy. However, due to the low adsorption energy of surfac-
tants at the gas-liquid interface (see Panel B), long-chain
surfactants and biomolecules cannot prevent the long-term
destabilization of foams. Wet foams stabilized with long-chain
surfactants collapse within a few minutes after foaming, whereas
those stabilized by proteins exhibit bubble disproportionation
within a few hours.

Therefore, direct foaming based on surfactants require a
setting agent to consolidate the foam microstructure before
extensive coalescence and disproportionation take place. The
ultimate pore size of the porous ceramic depends on a balance
between the kinetics of bubble disproportionation and the speed
of liquid/suspension setting. Small pore sizes (~ 50 um) can only
be achieved by using efficient surfactants and by rapidly setting
the wet foam. Table III depicts examples of surfactants used for
the stabilization of foams in direct foaming methods.

Numerous processing routes have been developed in the last
decades to prepare porous ceramics using direct foaming meth-
ods based on surfactants. Several methods have been addressed
in previous review articles by Sepulveda®® and Saggio-
Woyansky er al.*' Here, we focus mainly on techniques which
are flexible in terms of possible chemical compositions and
which can be deliberately tuned to control the final porosity,
pore morphology, and size distribution. Table IV depicts the
main techniques that fulfill these conditions and have been thus
extensively investigated in recent years. The fabrication pro-
cesses differ mainly with respect to the method of air incorpora-
tion, foam setting, and possible chemical compositions
(Table 1V).

Some of these direct foaming methods were adapted from
conventional techniques used for the production of polymer
foams. Following the success of the polymer replica approach,
Wood et al.'™ patented a process in 1974 where ceramic
particles are not used to impregnate already formed polymer

Table IIl. Examples of Surfactants Used for the Stabilization of Foams in Direct Foaming Methods

Surfactant
Type Molecule Trade name Supplier Reference
Nonionic  PEG-8 octyl phenyl ether Triton X-114 Fluka Sepulveda and Binner'®
PEG-11 nonyl phenyl ether Igepal CO-710 Rhodia Santos et al.'>
PEG-11 C10 oxo-alcohol Lutensol ON110 BASF Ortega et al.'®
PEG-20 sorbitan oleate Tween 80 Fluka Sepulveda and Binner'®
Cocoalkyldimethylamine oxide Fongraminox KC-B  Clariant Ortega et al.'®
Poly(dimethylsiloxane) copolymer  Tegostab BF 2370 Degussa Colombo and Modesti'®!
Anionic Sodium dodecyl sulfate (SDS) - Fluka Fujiu et al.,'** Tomita er al.'®
Cationic Benzethonium chloride - Lancaster  Park er al*®
Protein Albumin - - Dhara and Bargava,'® Delgado er al.'®

Fluka, Buchs, Switzerland; Rhodia, Cranbury, NJ; BASF, Ludwigshafen, Germany; Clariant, Suzano, Brazil; Degussa, Diisseldorf, Germany; Lancaster, Morecambe, UK.
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Examples of Direct Foaming Methods Reported in the Literature

Foam setting

Air incorporation

Compositions

In situ polymer blowing/setting
Thermosetting (condensation)
of polyols and isocyanates
(polyurethane precursors)
in the presence of catalyst

Solidification of the
thermoplastic polymer
polystyrene upon cooling

Thermosetting (condensation)
of preceramic silicone-based
polymers

Surfactant-stabilized foams

Physical blowing:
dichloromethane,®”'*"1% H, and
CH,'"

Chemical blowing: CO, release

upon reaction of isocyanate with
H,0'01-166.168

Physical blowing: pentane!”

Physical blowing: pentane,®’
CO,,'*17" H,0 and ethanol,'”®!”
azodicarbonic acid diamide'®’
Chemical blowing: CO,'8!

freon,®’

SiOC, SiC, SiNC, SiO, with or without
filler 67161 166,167

Al O 168171 10,172 hP/droxyapatlte
MgSlO‘, 174 BdT 0,217 70,21

A1203175

SiOC, SiC, SiNC, Si0Q,°72%176-181

Sol-gel setting

Condensation of metal Freon,!>%:162:185
hydroxide and alkoxides in the presence of
species' 62163182183 o1 oelling  surfactants,'63-18%183

reaction between metal oxides

Y, evaporation of volatile
and surfactants

compounds,186

Gelcast setting
Free radical

. . Q
polymerization5®:!38-187-191

Cross-linking of polyvinyl
alcohol with organotitanates
and epong with ethylene
imine

Temperature-induced setting of Thermal expansion
polysaccharides: sucrose,'*? mechanical

carrageenan gum,'” agar '%° frothing
agitation

surfactants/proteins

164,196

Temperature or pH-induced
setting of proteins: 5gelatme 194
ovalbumin, !**!°%1° bovine
serum albumin '*?

Cement hydration '¢>1%7

mechanical frothing

release of O,

192,193

68,158,165,187-190,194,195

in the presence of

8102 162,163 Sloz_cao 182,183
Si0,-CaO-P,0s,'>'¥
Zr02,159’185 A1203,186 V205184

184

68,160,164,187,188,191-195,197,198 Q: 196
ALO;, Si0,,
68,189,190

710, 68 158,187 14y 68 hydroxva atite,
Yo csyaroxyap 187,200

ca101um Qhosphate 165 §iC, ' cordierite,
mullite'®

Particle-stabilized foams

Particle coagulation; pH and
ion-induced gelation of
oligomers and monomers

Mechanical frothing
in the presence of

o-AL O3, 8-ALO3; ZrO,, SiO,, CasPOs,
Cey sGdg 2,03, SisNy, SiC'™

hydrophobized colloidal particles

foams, but are instead incorporated into organic solutions
containing precursors of a polyurethane foam. The obtained
ceramic/organic mixtures are foamed by in situ gas incorpora-
tion in the presence of surfactants (Table IV) and finally
consolidated by the thermosetting condensation reaction be-
tween polyols and polyisocyanates (polyurethane precursors).
The in situ incorporation of gas occurs through the nucleation
and growth of gas bubbles upon heating (physical blowing) or
chemical reaction (chemical blowing) (Table IV). By this
method, the ceramic particles are distributed within the poly-
meric phase, avoiding the formation of hollow struts that
usually degrade the foam final mechanical strength after pyr-
olysis (Fig. 4).'° Porous ceramics of various chemical composi-
tions were produced by Minnear,'®® Evans and co-wor-
kers!® 170172 ysing the above mentioned approach (Table IV).

Recently, Colombo et al.”-1%%1%¢ developed a method where
the ceramic particles from Wood’s technique are replaced by

preceramic silicon based polymers, enabling the production of
porous ceramics based on amorphous SiC, SiOC, SiNC com-
positions of enhanced high temperature properties. Porous
ceramics with these compositions have also been produced
without polyurethane precursors using solely the thermosetting
properties of silicon based polymers in combination with in situ
blowing agents, either in the presence of surfactants®’ or by
applying a pressure-drop technique.'”® The well-established
polymer technology used for the production of thermoplastic
polystyrene foams was also recently applied by Williams and
Evans'” to fabricate ceramic foams with up to 84% porosity, as
illustrated in Table IV.

Foam consolidation has not been restricted only to polymeric
setting systems, but has been imparted also by inorganic materi-
als exhibiting sol-gel phase transitions in liquid medium. This
approach was used by Fujiu er al.'® to prepare silica foams
using Freon for gas incorporation during the condensation
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Fig.8. Microstructures of macroporous ceramics produced by direct
foaming with long-chain surfactants as foam stabilizers.®® ®® (a) shows a
closed-cell foam produced from preceramic polymers and polyurethane
precursors,®” highlighting the dense struts typically obtained with direct
foaming methods. (b) depicts an open-cell ceramic foam produced
through the in situ polymerization of monomers shortly after air
incorporation.®®

reaction of colloidal silica. Tomita es al.'®® have recently re-
ported a similar method to prepare silica foams, where air is
incorporated by mechanical frothing with surfactants in order to
avoid the harmful effects of chloroflourocarbons. A sol-gel
method using metal alkoxide solutions that lead to biocompa-
tible SiO,-based compositions has also been developed for the
production of porous scaffolds for bone replacement and tissue
repair.'¥%183 Recently, Santos er al.'>*'®% applied the sol-gel
technique to produce ZrO, porous ceramics from the condensa-
tion reaction of zirconium oxychloride in combination with
Freon and surfactants. A special sol—gel-based method for
the production of Al,O5 ultralight foams was recently developed
by Grader er al.'®® using metal organic crystals as precursors.
Even though the preparation of porous ceramics by sol-gel can
in principle be extended to many other chemical compositions,
the technique has been predominantly applied to silica-based
systems.

Vol. 89, No. 6

In order to produce porous ceramics with a wider chemical
compositional range, several techniques using polymeric
setting systems instead of the silica-based sol-gel transitions
have been developed since the 1990s. The amount of organics
applied in these so-called gelcasting methods is, however,
significantly lower than that used in previous polymer blowing
techniques (Table IV), reducing the need of an extensive
pyrolysis step before sintering and allowing for the forma-
tion of porous ceramics with controlled degree of pore inter-
connectivity.®

The in situ free radical polymerization of acrylamide mono-
mers, originally developed for dense ceramics, was successfully
used for setting ceramic foams of various compositions by
Binner and colleagues.'*®'®" The toxicity of the monomers
originally used and the need of oxygen-free environments to
accomplish the polymerization reaction are the main disadvan-
tages of this method.

The drawbacks of the first gelcasting system were partially
or totally!®*?® overcome by replacing the original organic
additives by less harmful polymerizable monomers'®® or by
applying non-toxic cross-linking reactants which do not require
oxygen-free atmosphere.'**** In the last years, several alter-
native methods that apply environmental-friendly setting agents
from the food industry have been developed to circumvent the
shortcomings of the original gelcasting technique. The tempera-
ture or pH-induced gelation of gelatine,'** ovalbumin,'¢*°193
and bovine serum albumin,'®? for instance, have been success-
fully used for setting the foam wet structure. A similar approach
relying on the temperature-induced gelling of pol?/saccharides
such as sucrose,'” agar,'” and carrageenan gum'®> has been
recently applied as non-toxic processing route for the fabrication
of porous ceramics. Many of these alternative-setting methods
are considerably slower than the original polymerization reac-
tion. Consequently, the speed of the setting reaction is another
important criterion, besides toxicity and atmosphere sensitivity,
when selecting direct foaming methods for fabrication of porous
ceramics of small pore size (<200 pm).

By controlling the foam stability and the setting kinetics, pore
sizes within the range of 35 pm to 1.2 mm have been achieved
using the above surfactant-based direct foaming methods
(Fig. 2). Figure 2 also shows that the porosity of cellular
structures produced via surfactant-based direct foaming can
be tuned from approximately 40% up to 97%. The pores
obtained with this method are typically spherical and can be
either closed or opened depending on the foam wet processing
(Fig. 8). Open pores exhibiting interconnecting windows
(Fig. 8(b)) are obtained if particles segregate at the plateau
borders of the foam because of bubble disproportionation (see
Panel A). Closed pores, on the other hand, are typically achieved
when the particles are distributed uniformly around the gas
bubbles upon setting (Fig. 8(a)). These conditions can be
controlled in the process by adjusting the foam stability, air
content, particle concentration, and setting kinetics.

As opposed to the replica techniques, the direct foaming
methods usually lead to dense flawless struts after sinter-

188

Table V. Typical Conditions Required for the Preparation of Ultra-Stable Particle-Stabilized Foams with Powders of Various
Surface Chemistries

Particle Amphiphile

Type Size, d50 (nm) Type Conc. (mol/L)  Water pH  Solids content (vol%)  Air content (% air)  Mean bubble size (um)
High IEP

o-Al,O5 200 Valeric acid 0.030 4.75 35 80 26
Intermediate TEP

V4{0)) 50 Propyl gallate 0.080 9.9 22 79 70

Cay(PO,), 50 Butyl gallate 0.040 9.9 17 86 45
Low IEP

SiO, 80 Hexyl amine 0.065 10.6 35 82 30

1EP, Isoelectric point.
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Fig.9. (a) Surface tension of colloidal suspensions containing different
amphiphile concentrations. The abrupt drop in surface tension observed
for concentrations higher than 50 mmol/L (in this case) results from the
adsorption of amphiphile-coated particles at the air—water interface.
Graph (b) shows the foamability of the colloidal suspensions after
mechanical frothing. Ultra-stable foams are obtained when the surface
modified particles are hydrophobic enough to attach at the air-water
interface. The suspensions described in this example were prepared with
35 vol% of alumina particles (200 nm) using butyric acid at pH 4.75 as
amphiphile.

ing (Fig. 8(a)), which markedly increase the mechanical
strength of the porous ceramic in comparison with the replica-
derived structures (Fig. 4). For porosities higher than 90%
(relative density < 10%) the cell walls are markedly thin, leading
to lower mechanical strength than that theoretically
estimated for open-cell structures (Fig. 4). However, by decreas-
ing the porosity (increasing density) pores gradually change
from a highly open to a completely closed morphology, increas-
ing the strength towards the level predicted for closed-cell
structures.

(2) Stabilization with Particles

Solid particles with tailored surface chemistry have lately been
shown to efficiently stabilize gas bubbles upon adsorption at the
air-water interface (see Panel B).'**'** Particles adsorbed at the
gas-liquid interface were observed to impede the destabilization
mechanisms responsible for bubble coalescence and dispropor-
tionation for several days, as opposed to the few minutes
typically required for the collapse of foams prepared with
long-chain surfactants.'> Based on this remarkable long-term
stability, we developed a direct foaming method that uses
colloidal particles as foam stabilizers in order to produce
macroporous ceramics with smaller pore sizes than those ob-
tained with surfactant-based foaming techniques.!>32%!

In this method, the attachment of colloidal particles at the
air—water interface is promoted by deliberately changing the
wettability of the particle upon adsorption of short-chain am-
phiphilic molecules on the surface. The amphiphiles initially
added to the suspension render the particle partially hydropho-
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Fig. 10. Stability of particle-stabilized foams (in b) as compared with a
well-established shaving foam stabilized with long-chain surfactants
(Gillette™, in a). Significant bubble coalescence and disproportionation
occurs in the surfactant-stabilized foam after a few hours from air
incorporation, whereas the bubble size of particle-stabilized foams
remains unchanged for periods as long as 4 days.

bic by adsorbing with its polar anchoring group on the surface
and leaving a short hydrophobic tail (up to six carbons) in
contact with the aqueous phase. Table V depicts some of the
amphiphilic molecules that can be used for the surface mod-
ification of particles displaying various surface chemistries.

A minimum amphiphile concentration is required to impart
enough hydrophobicity on the particle surface and induce their
attachment at the air—water interface. This is indicated in
Fig. 9(a) for the case of submicrometer alumina particles
modified with a short-chain fatty acid at pH 4.75. The sudden
drop in the suspension surface tension above a critical amphi-
phile concentration (in this case ~50 mmol/L) indicates the
adsorption of the surface hydrophobized particles at the air—
water interface. Above this critical condition, the particles are
able to promptly attach to air bubbles incorporated into the
suspension during the direct foaming process. The adsorption of
partially hydrophobic particles at an air-water interface after
surface modification was confirmed by confocal laser scanning
microscopy (see Panel B).

After the surface modification of particles, air can be easily
incorporated by mechanical frothing, injection of gas stream, or
initiation of a chemical reaction that releases gaseous by-pro-
ducts directly into the initially fluid suspension. Figure 9(b)
shows an example of the foamability achieved upon mechanical
frothing of a 35 vol% suspension containing alumina particles
partially hydrophobized with the short-chain fatty acid. In this
example, air contents up to 80 vol% were incorporated upon
addition of amphiphiles beyond the critical concentration re-
quired for particle attachment at the gas-liquid interface. After
air incorporation, the partially hydrophobic particles form a
slightly coagulated network throughout the aqueous continuous
phase, leading to relatively stiff viscoelastic foams with unpre-
cedented long-term stability.

The stability of particle-stabilized foams prepared with this
method is compared in Fig. 10 with that of a surfactant-
stabilized shaving foam known to be extremely resistant against
coalescence and Ostwald ripening. The particle-stabilized foam
is completely stable against drainage, coalescence and dispro-
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Fig.11. Microstructures of macroporous ceramics produced by direct
foaming with particles as foam stabilizers. (a) Displays a closed-cell foam
produced from 35 vol% suspensions containing alumina particles sur-
face hydrophobized with valeric acid. The inset in (a) shows that the cell
wall of these structures can be thinned down to the width of single grains
after drying and sintering the wet foams.2”! (b) Depicts an open-cell
ceramic foam produced from 20 vol% suspensions containing alumina
particles surface modified with propyl gallate. In this case, 0.05 wt%
alginate (based on the powder) was used as gelling agent.

portionation for more than 4 days, as opposed to the approxi-
mately fourfold increase in average bubble size observed in the
shaving foams after only 4 h. The outstanding stability achieved
with this novel direct foaming method relies on the irreversible
adsorption of colloidal particles at the air-water interface of the
gas bubbles, as opposed to the continuous adsorption—deso-
rption exPerienced by conventional surfactant molecules (see
Panel B).'*'33 Particles irreversibly adsorbed at the interface
sterically impede the coalescence of neighboring bubbles and
also form a coating layer that restrict bubble shrinkage and
expansion in such a way that Ostwald ripening is strongly
hindered.'*

Because of its remarkable stability, particle-stabilized foams
do not necessarily require a setting step and can thus be directly
dried and sintered to obtain the macroporous ceramic. In the
absence of a setting system, particle rearrangement within the
foam might still take place during drying, leading to a volu-
metric shrinkage of approximately 3%-5%. In this case, uni-
directional drying is recommended in order to allow for the
homogeneous shrinkage of the foam. This avoids the formation
of pores inside the body because of the shrinkage constraints
imparted by the outer dried layer formed at early drying stages.
Alternatively, the drying step can be facilitated by using one of
the setting agents described in Table IV, which prevent signifi-
cant particle rearrangement during water evaporation, allowing
for faster drying rates. One has to keep in mind however that the
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gelling agents might adversely affect the foaming behavior,
which would require further adjustments in the suspension
composition to achieve optimum foaming conditions.

Figure 2 shows that the outstanding stability of particle-
stabilized foams enables the preparation of porous ceramics
with more than 80% porosity exhibiting pore sizes four- to
fivefold smaller than those achieved with surfactant-based
foaming methods. The porosity of foams produced with this
method vary typically between 40% and 93%, whereas the
average pore sizes can be tuned from approximately 10 to 300
um. As the air bubbles in the wet foam can be completely
covered with a layer of surface modified particles, porous
ceramics with closed pores can be easily prepared with this
method (Fig. 11(a)). Interestingly, the layer of particles origin-
ally adsorbed on the air bubble surface leads often to the
formation of a single-grain thin cell wall in the final porous
structure upon foam drying and sintering, as depicted in
Fig. 11(a). Figure 4 shows that macroporous ceramics produced
from particle-stabilized foams exhibit remarkable mechanical
strength at very high porosity levels (87%—-90%) and small pore
sizes (e.g., 30 um). This strength level is achieved by tailoring the
foaming conditions to produce porous structures with closed
cells and flawless walls (Fig. 11). Porous ceramics exhibiting
open porosity (Fig. 11(b)) has also been prepared with this
technique by simply decreasing the concentration of stabilizing
particles or by adding minor amounts (<1 wt%) of a sacrificial
phase into the initial suspension (e.g., graphite particles).

Using this simple, cheap, and environmentally-friendly
method, we have fabricated porous ceramics of various
porosity levels and pore size ranges (Fig. 2) with many different
chemical compositions (Table IV). It is important to note that
many other possibilities and variations of the method can
be envisaged and are currently being investigated for the
fabrication of porous ceramics with tailored microstructure
and chemical composition.

V. Summary and Qutlook

Several processing routes using replica, sacrificial template, or
direct foaming methods are nowadays available for the produc-
tion of macroporous ceramics. The techniques differ greatly in
terms of processing features and final microstructures/properties
achieved.

The polymer replica technique is an easy and well-established
method to prepare open cellular structures with pore sizes
ranging from 200 um to 3 mm at porosity levels between 40%
and 95%. The rheology of the impregnating suspension and its
adhesion on the polymeric sponge are the most crucial steps in
this method. Despite the overall simplicity of the technique, the
mechanical strength of cellular structures produced with this
route can be substantially degraded by the formation of cracked
struts during pyrolysis of the polymeric sponge.

A novel replica approach that uses wood structures as
positive templates was developed in recent years. Highly or-
iented open pores ranging from 10 to 300 pm can be produced
with this method at porosities between 25% and 95%. The most
important processing step in this route is the conversion of the
wood-derived carbon preform into a ceramic phase. The avail-
ability of templates exhibiting the aimed microstructure is also
crucial in this method. The mechanical strength of wood-derived
ceramics is highly anisotropic and often suffers from the pre-
sence of pores on the cell walls because of incomplete or
inefficient conversion. The several steps required to convert
the wood structures into the macroporous ceramic might also
excessively increase the cost of the process.

Sacrificial templating methods provide a straightforward
alternative for the fabrication of macroporous ceramics with
porosities and average pore sizes ranging from 20% to 90% and
1-700 pm, respectively. Predominantly open pores of various
different morphologies can be produced with this method. The
most crucial step in this technique is the removal of the sacrificial
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phase by pyrolysis, evaporation, or sublimation. These processes
might involve the release of an excessive amount of gases and
have to be carried out at sufficiently slow rates in order to avoid
cracking of the cellular structure. The slow removal of the
sacrificial phase may considerably increase the processing time
in the case of large components. The mechanical strength of
cellular structures produced with this method is often substan-
tially higher than that achieved with the positive replica techni-
ques mentioned above.

Direct foaming methods offer an easy, cheap, and fast way to
prepare macroporous ceramics with open or closed porosities
from 40% to 97%. The pores produced with this approach
result from the direct incorporation of air bubbles into a ceramic
suspension, eliminating the need for extensive pyrolysis steps
before sintering. The stabilization and setting of the wet foams is
the decisive step in direct foaming methods. Foams stabilized
with surfactants lead to porous ceramics exhibiting average pore
sizes from 35 pm to 1.2 mm. The use of surface modified
particles to stabilize the wet foam has decreased the lower limit
of pore sizes achievable via direct foaming to an average value as
low as 10 um. Such small pore sizes result from the remarkable
long-term stability achieved through the irreversible adsorption
of colloidal particles at the air-water interface. Cellular struc-
tures prepared by direct foaming usually exhibit mechanical
strengths considerably higher than that of replica techniques due
mainly to the absence of flaws in the cell struts. Compressive
strengths as high as 16 MPa at a porosity level of 87%-90 %
have been obtained with porous ceramics produced from par-
ticle-stabilized wet foams.

Taking into account the decisive influence of the processing
method on the material’s microstructure and properties, the
selection of the processing route for the production of porous
ceramics depends primarily on the final properties and applica-
tion aimed. The well-established technology that uses the poly-
meric sponge replica method for the production of porous filters
for molten metal purification is a suitable example to illustrate
the appropriate matching between processing route and final
application. In our point of view, future work in this field should
be directed towards the investigation of suitable methods for
specific target applications, focusing on the deliberate tuning of
processing parameters that control the microstructure and
properties of the final macroporous ceramic. By addressing
specific applications, special demands might arise as for example
the production of foams that set at mild temperatures and
ambient air conditions, the reduction in the number of proces-
sing steps, the use of only biocompatible and not-toxic reagents,
the production of porous ceramics that do not require subse-
quent pyrolysis, calcination, and sintering, and obviously the
reduction of costs involved in the process. Many investigations
have already been carried out following these directions. By
further pursuing this strategy, we expect many novel applica-
tions and optimized or alternative processing methods to be
developed in the near future.
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