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Abstract
Highly porous geopolymers, with homogeneous microstructure, open cells and porosity up to 80 vol%, were fabricated by gel-casting,
a process commonly used to produce ceramic foams. Geopolymer foams were prepared by stirring an activated blend of metakaolin and ﬂy ash
with a mixture of potassium hydroxide and potassium silicate with Si/K ¼ 1.66. The cell size and size distribution of the geopolymer foams could
be efﬁciently adjusted by the control of some parameters such as solid content, surfactant type and content and mixing speed. The inﬂuence of
each parameter on the porosity and other characteristics of the geopolymer foams were investigated. The foams were evaluated only after heat
treatment at 80 1C, which was conducted in order to complete the geopolymerization reactions. The produced components could be heat treated
up to 1200 1C in air without melting, if desired.The characteristics (morphology, strength, chemical and thermal resistance) of the geopolymer
foams suggest that they could be employed as low cost replacement for highly porous ceramics in applications such as catalysis supports,
adsorption and separation, ﬁltration of hot gases and refractory insulation of furnaces. In addition, these components could be considered
sustainable, because they reach their ﬁnal properties after processing at temperatures not exceeding 100 1C and part of the raw materials
employed are industrial waste.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
Keywords: Geopolymers; Foams; Gelcasting; Sustainable

1. Introduction
The term geopolymer was created by Davidovits [1] in 1978
to deﬁne a class of materials of mineral nature with chemical
composition similar to that of zeolite, but with a mixed
microstructure (from amorphous to semi-crystalline). The silica
(SiO2) and alumina (Al2O3) species present in the raw materials
react in a highly alkaline medium, organizing themselves in a
continuous three dimensional structure by sharing oxygen
atoms, forming bonds such as Si–O–Al–O, Si–O–Al–O–Si–O
or Si–O–Al–O–Si–O–Si–O. Geopolymers are also known as
polysialates, being based on large molecular chains consisting
of silicon, oxygen and aluminum, where the term sialate is an
abbreviation for silicon–aluminate. Among the different types
of geopolymers, those based on potassium activators shows
improved mechanical and thermal properties due to the larger
size of the potassium ion compared to sodium [2].
n
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Geopolymers have found application in virtually all ﬁelds of
industry, depending in particular on the SiO2/Al2O3 molar
ratio, which provides, among its properties, high mechanical
strength, resistance to freeze-thaw, high chemical inertness and
excellent ﬁre resistance, and are considered as replacement for
conventional cement-based components as well as for ceramic
parts that can be used up to medium-high temperature
(typically below 1200 1C) [1]. Explored applications include
bricks, thermal insulation, and encapsulation of radioactive and
toxic waste, foundry equipment and composites. In addition,
these materials can be considered sustainable, because they
reach their ﬁnal properties at temperatures not exceeding
100 1C during the geopolymerization reaction, even considering the thermal energy employed for obtaining metakaolin and
silicates, thereby limiting the energy required to produce a
component, and can also be obtained from industrial waste.
Several papers describe the production of porous components based on geopolymers. The typical approach is borrowed
from the procedure used in the cement industry, which consist
in the addition to aqueous geopolymer slurry of components
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(such as silica fume or Al powder) capable of generating in situ
gaseous H2 because of the oxidation reaction occurring with
metallic Si or Al in a highly alkaline environment [2–4].
Another approach that has been proposed is the addition of
peroxides, which decomposes into water due to the high pH
generating gas [5].
These approaches provide a suitable way of fabricating highly
porous components, but when these processing routes are used
the cells are typically closed, i.e., no interconnecting pores are
present on the cell walls, thereby greatly limiting properties such
as the permeability to liquids or gases of the component. Despite
all these studies, little work has been devoted to the production
of geopolymer foams in alternative ways.
Ceramic foams typically possess high permeability, high
speciﬁc surface area, good insulating characteristics, high
refractoriness, chemical resistance and good mechanical properties. These characteristics enable ceramic foams to be widely
used in several industrial applications such as hot gas ﬁlters,
solid/liquid separation process, catalyst support and thermal
insulators [6]. There are several ways to produce porous
ceramics, such as the replica technique, the sacriﬁcial template
method, and the direct-foaming technique [7]. Belonging to the
latter category, the gelcasting process is used to obtain foams
with porosity levels up to 90% from ceramic suspensions. This
process consists in vigorously stirring a slurry containing
water-soluble organic monomers and a surfactant [8]. The
polymerization reaction occurring among the monomer molecules enables the rapid stabilization of the wet foam, followed
by sintering of the ceramic particles [8–10]. Wet foams are, in
fact, thermodynamically unstable systems in which processes
such as drainage of the liquid phase and gas bubble coarsening
lead to uncontrolled increase in cell size and ultimately foam
collapse by rupture of the liquid ﬁlm. Gas diffusion occurs
between bubbles of different size and consequently different
concentrations of gas, due to the difference in Laplace pressure
between them (Ostwald ripening), leading to the degradation
of the foam structure governed by the reduction of the Gibbs
free energy of the system [8]. To avoid this, surfactants can be
used as surface-active agents for the stabilization of wet foams,
because they stabilize the liquid–gas interface decreasing the
surface tension of the system. These long-chain amphiphilic
molecules adsorb at the gas bubble surface with their hydrophilic tail in contact with the aqueous phase. The foaming
ability of a surfactant is related to its effectiveness to lower the
interfacial energy or the surface tension at the gas–liquid
interface. Surfactants are classiﬁed, according to the nature of
the hydrophilic group, as anionic, cationic, non-ionic, and
amphoteric [11].
In the case of a slurry containing geopolymer precursors,
which has several ions in solution (K þ , Al3 þ , Fe3 þ , SiO24  ),
non-ionic surfactants have a more pronounced effect since they
possess hydrophilic groups without electric charges. The type
of surfactant can inﬂuence the cell size, size distribution and
degree of interconnection among adjacent cells (open/closed
cell ratio). The wet foam can be rapidly gelled simply by
exploiting the geopolymerization reaction itself, with no need
for organic monomers or other stabilization/gelling additives.

In this paper, we explore for the ﬁrst time a gel-casting
approach based on the presence of appropriate surfactants for
the production of highly porous open cell components from
geopolymer precursors.
2. Materials and methods
Experiments were carried out using as geopolymer precursors metakaolin obtained from the calcination at 750 1C for 6 h
in a mufﬂe of kaolin (Minasolo – Minerals and Abrasives
Grains (Brazil)), ﬂy ash class F (#200 mesh; Tractebel Energia
(Brazil)), and as alkaline activators potassium hydroxide KOH
pellets (85% purity, Dinâmica Química Contemporânea Ltda
(Brazil)) and potassium silicate (Si/K ¼ 1.66, density 1.39 g/l,
viscosity 800 cP; Una Prosil – Usina Nova América (Brazil)).
Considering the high content of iron oxide (Fe2O3) present in
the ﬂy ash used (10.2 wt%), a maximum addition of 30 wt% of
ﬂy ash with respect to metakaolin was used, because, as quoted
by Lloyd et al. [12], during alkaline activation iron dissolves
from iron-rich ﬂy ash particles and forms either crystalline
hydrates or colloidal hydrates. In order to decrease the
viscosity of the suspension, polyacrylic acid (Dolapix CE-64,
Zschimmer and Schwarz) was used. For the stabilization of the
wet foams, two non-ionic surfactants were added in different
amounts: Tween 80, a Polyoxyethylene 20 sorbitan monooleate – C64H124O26 (VWR BDH Prolabo) and Triton X-100,
a polyethylene glycol tertoctylphenyl ether – C14H22O
(C2H4O)n, n ¼ 9–10 (Sigma-Aldrich).
The ﬁrst step in the preparation the geopolymer foams was
the preparation of a 15 M KOH solution, which should be used
after 24 hours [13]. Then, a solution of potassium-based
activators and distilled water was prepared in a mixer
(500 rpm, 30 min, Ika-Werke Ost Basic, Staufen, Germany),
according to the following weight ratio: 2 silicate: 1 KOH
15 M:0.25H2O. To this solution, Dolapix CE-64 was added
(0.32 wt% on the total weight). Metakaolin and ﬂy ash were
then added at room temperature to the activator solution,
stirring at 1000 rpm for 30 min, producing suspensions with
a solid content ranging from 61 to 71 wt%. Based on these raw
materials, the porous geopolymers were prepared considering
the three oxide molar ratios as follow: SiO2/Al2O3 ¼ 3.78,
K2O/SiO2 ¼ 0.24 and H2O/K2O ¼ 16.
The geopolymer precursor suspension was placed in an oven
at 80 1C for 20 minutes to accelerate the geopolymerization
reaction, which is key to enabling the retention of porous
morphology of the wet foam subsequently produced. Thereafter,
the suspension was removed from the oven and stirred again
while adding dropwise one of the surfactants. Surfactant
addition ranged from 2 to 4 wt% with respect to total weight,
and the suspension was stirred at different mixing velocities
(800, 1500 and 2000 rpm for 5 min) in order to generate wet
foams by the entrapment and stabilization of air bubbles.
Finally, the geopolymer foam was cast in a polystyrene mold
and placed for 1 h at 80 1C into an oven after sealing it into
a plastic bag. The sample was then removed from the plastic bag
and left at 80 1C for further 4 h. It should be noted that the
samples were characterized as prepared, and were not subjected
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Fig. 2. Effect of solid content in the slurry on total porosity. All samples were
produced using 2 wt% of surfactant and 1500 rpm mixing speed.
Fig. 1. Schematic diagram of the production of geopolymer foams using the
gelcasting process.

to any heat treatment at high temperature. If required, the
produced components could be heat treated up to 1200 1C in air
without melting to improve the mechanical strength by sintering,
as it occurs in ceramics. Fig. 1 shows the ﬂowchart of process
used for fabricating geopolymer foams by gelcasting.
The bulk density of the geopolymer foams was computed by
dividing the mass of foam cut into a parallelepiped divided by its
geometric volume measured with a caliper. The total pore volume
(XP) was obtained based on the relation XP ¼ 100n(1 ρ/ρ0) [14],
where ρ0 is the true (skeleton) density of the pore-free solid
material, measured with an helium pycnometer (Accupyc 1330,
Micromeritics, Norcross, GA), and the open porosity was quantiﬁed by the “Archimedes” method using water as the inﬁltrating ﬂuid.
The morphology of the foams was investigated using an
optical stereoscope (Wild Heerbrugg, Type 376788, coupled with
a digital camera) and a Scanning Electron Microscope (FEI
Inspect S 50). The pore size distribution was evaluated from the
acquired images using the Axio Vision 4.8.2 LE image processing software (Carl Zeiss, Oberkochen, Germany). Values
obtained by image analysis were converted to 3D values using
the stereological equation Dsphere ¼ Dcircle/0.785 [15], in order to
determine the effective cell-size.

3. Results and discussion
With the aim of producing components possessing a high
amount of total porosity, we ﬁrst evaluated the inﬂuence of the
solid content in the slurry on this feature, maintaining ﬁxed all
other parameters to a speciﬁc value, which was set according to
preliminary optimization experiments (surfactant content¼ 2 wt
%; mixing speed¼ 1500 rpm). In Fig. 2 are presented the data
which indicate that, as expected, with increasing the solid
content in the suspension a reduction in total porosity occurred
for both types of surfactant, because of the increase in viscosity
of the slurries. We can observe that Triton X-100 appeared to be
more effective in incorporating and maintaining a large amount

of gas into the liquid, which led to a larger amount of total
porosity after gelling and drying. This behavior is certainly
related to the difference in the chemical structure of the two
surfactants, but further investigations are necessary to determine
the precise mechanism. Early stability theories assume that the
foam stability is determined by the adsorbed surfactant which
controls the mechanical–dynamical properties of the surface
layer (surface tension gradients) [16]. Also, important parameters to be taken into consideration are the surface viscosity,
surface occupancy, gravity drainage and capillary suction.
Considering these aspects, Gibbs and Marangoni proposed
two theories of elasticity for surfactant solutions, both dealing
with the surface elasticity effect caused by different mechanisms. In this sense, surfactants with different chemical structure
and foaming properties can notably inﬂuence the microstructure
of porous scaffold prepared by the direct foaming method [16].
The solid content of the slurry was set at 68 wt% to evaluate
the effect of the mixing speed (800, 1500 and 2000 rpm) for
two amounts of surfactant (2 and 4 wt%). The results are
reported in Fig. 3a and b which shows that, again, samples
produced with Triton X-100 surfactant possessed a higher total
porosity, in comparison to those produced using Tween 80.
With increasing mixing speed, the total amount of porosity
decreased, and no signiﬁcant difference between the two types
of surfactant used as well as their amount was observed. The
overall change in porosity was about 8 vol% in all cases, when
going from 800 to 2000 rpm and both for 2 or 4 wt% of
surfactant, and the decrease in porosity was particularly limited
( 15 vol%) when increasing mixing speed from 800 to
1500 rpm. The reason for this could be ascribed to an increase
of shear stress in the suspension at higher rotational speed,
which resulted in a lower total volume of entrapped air into the
suspensions [17–19].
As far as the amount of surfactant was concerned, the data
indicate that, regardless of the mixing speed used, an average
increase in total porosity was achieved when passing from 2 to
4 wt% of surfactant addition, which was of 10% for samples
produced using Tween 80 and of 15% for those made using
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Triton X-100. Increasing the surfactant concentration favors its
adsorption at the gas/liquid interface and decreases the surface
tension, thereby promoting foaming. For a certain concentration Cmax, the surface tension is minimal and foaming is
maximum. This concentration is close to the critical micelle

concentration (CMC), which represents the minimal surfactant
quantity to reach the minimal surface tension. For higher
concentrations, the surface tension remains minimal, but the
addition of more surfactant will generate an increase in the
viscosity of the system, which inhibits the foaming effect [20].

Fig. 3. Effect of rotation speed and surfactant content in the slurry (solid content set at 68 wt%); (a) 2 wt% surfactant and (b) 4 wt% surfactant.

Fig. 4. Effect of mixing speed on the average cell size and cell size distribution of samples produced using 2 wt% of surfactant (solid content set at 68 wt%). (a)
Tween 80, 1500 rpm; (b) Tween 80, 2000 rpm; (c) Triton X-100, 1500 rpm; and (d) Triton X-100, 2000 rpm. In the insets, the pore size distribution for each sample
is reported.
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When considering the effect of processing parameters
(mixing speed, surfactant type and amount) on the morphology
of the geopolymer foams, we observed that the samples
possessed a different average cell size and size distribution
depending on how they were obtained. Figs. 4–5 show the
optical images, taken at low magniﬁcation, illustrating the
general morphology of the samples and report the cell size
distribution computed by image analysis for each sample.
Firstly, we can observe (see Fig. 4) that when increasing the
mixing speed from 1500 to 2000 rpm, the average cell size D50
decreased by 20% (from 3457 34 to 2727 36 mm) for
samples produced using 2 wt% of Tween 80, and by 26%
(from 463 7 80 to 3387 53 mm) for samples produced using
2 wt% of Triton X-100.
A similar decrease in D50 value (  25%, from 5557 90 to
453 7 86 mm for samples made using Tween 80 and  13%,
from 530 7 113 to 4597 90 mm for samples made using
Triton X-100) occurred also for samples produced using a
surfactant amount of 4 wt% (see Fig. 5). This effect was also
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observed when producing liquid foams, and considering the
stresses applied to the slurry by the mechanical shearing
processes the Taylor model can be used to explain the
rheological behavior and respective cell size obtained [21–23].
This model illustrates that, when an isolated, spherical
droplet of radius R0 with a relatively low viscosity ηd is
dispersed in a ﬂuid of higher viscosity ηc, the droplets will
deform into an ellipsoid or elongated cylinder. Ordinarily, the
rupture of these elongated cylinders in smaller droplets is
achieved when reaching the so-called Rayleigh instability,
which reduces the high interfacial energy possessed by the
elongated droplets. Deformation of the dispersed phase only
takes place when the shear stress ηcγ exceeds the interfacial
stress s/R0, where γ is the shear rate and s is the interfacial
tension. The ratio between these two stresses is deﬁned by the
capillary number (Ca). When the capillary number overcomes
a critical value Cacrit, the elongated droplet will rupture into
smaller droplets of average radius R according to Eq. (1). In
this sense, Cacrit depends on the viscosity ratio between the

Fig. 5. Effect of mixing speed on the average cell size and cell size distribution of samples produced using 4 wt% of surfactant (solid content set at 68 wt%).
(a) Tween 80, 1500 rpm; (b) Tween 80, 2000 rpm; (c) Triton X-100, 1500 rpm; and (d) Triton X-100, 2000 rpm. In the insets, the pore size distribution for each
sample is reported.
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dispersed and continuous phase (ηd/ηc) and the type of ﬂow
[23,24].
R p Cacrit

s
ηc γ

ð1Þ

This model has also been applied for the prediction of
bubble size as a function of suspension composition for both,
particle-stabilized emulsions and surfactant stabilized emulsions [24].
Secondly, it is possible to observe an inverse relation
between the average cell size and the relative density, as
shown by Fig. 6 for a deﬁnite set of processing conditions.

Fig. 6. Effect of surfactant content on the average cell size and its relation with
the relative density of samples (solid content set at 68 wt% and mixing speed at
1500 rpm).

Speciﬁcally, at the same mixing speed of 1500 rpm, increasing
the surfactant amount from 2 to 4 wt% increased the D50
nearly by 61% for samples produced using Tween 80, and
about by 15% for samples produced using Triton X-100, while
at the same time the relative density decreased by 20% and
28%, respectively. Also, the number of macropores increased
further and the mean pore diameter also increased, causing the
majority of pores to share pore edges and the interconnectivity
to increase. This behavior is related to the increased foam
volume obtained after stirring a slurry with 4 wt% of surfactant
with respect to a slurry with 2 wt% of surfactant, processed at
the same mixing speed. In this work, an increase in the volume
of the wet foam on the order of 2 and 3 times with respectively
2 wt% and 4 wt% surfactant content was observed for both
surfactants, regardless of the mixing speed. The volume of the
wet foam is the ﬁrst indication that the greater the volume
obtained in the foam is, the greater the average pore size
becomes [23].
Fig. 7 shows SEM images with different magniﬁcations of
the microstructure of geopolymer foam obtained from slurry
with 68 wt% solids, 2 wt% Tween 80 surfactant and stirred at
2000 rpm, where it is possible to observe the presence of
spherical and interconnected cells and dense struts.
Fig. 8 reports the total and open porosity values for the
samples investigated in this study, showing that, for a
surfactant content of 2 wt%, an open porosity in the range of
52 vol% for Tween 80 and of 46 vol% for Triton X-100 was

Fig. 7. Morphology of geopolymer foam obtained from slurry with 68 wt% solids, 2 wt% surfactant Tween and stirred at 2000 rpm. (a) lowest magniﬁcation;
(b) and (c) intermediate magniﬁcation in different regions; and (d) highest magniﬁcation.
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Fig. 8. Relation between total porosity and open porosity estimated by the Archimedes Principle; surfactant content set at 2 wt% (a) and 4 wt% (b).

generated. Similarly, for a surfactant addition of 4 wt%,
the open porosity was in the range of 56 and 54 vol% for
Tween 80 and Triton X-100, respectively. These results
conﬁrm that surfactants with different chemical structure and
foaming ability can inﬂuence the microstructure of porous
geopolymers fabricated by gelcasting.
Additionally, the data indicate that the Tween 80 surfactant
was a more effective surfactant, as in all cases its use led to
smaller cell sizes indicating the more effective reduction in
surface energy of the liquid/gas interfaces in the geopolymer
foams, enabling to stabilize a larger amount of bubble surfaces.
It is also important to observe that the processing parameters
(slip rheology, foam volume, type of surfactant, idle time prior to
polymerization, and other features) affect also the ratio between
open and closed cells in the foams [25,26]. Moreover, foams with
different characteristics (total porosity, average cell size and size
distribution) possess a different average strut thickness, which
results in different mechanical properties. The assessment of the
inﬂuence of the processing parameters on the strength of
geopolymer foams produced from gelcasting, also in dependence
on the heat treatment temperature, will be reported in a different
paper. Preliminary investigations indicate that values in the range
of 0.5–3.0 MPa for the compression strength are obtained,
depending on the process parameters and the amount of porosity
present in the samples.

4. Conclusions
Geopolymer foams were produced by gelcasting, using the
geopolymerization reaction to stabilize the gas bubbles introduced in the liquid slurry by rotational mixing. It was shown
that the processing parameters affect the characteristics of the
foams. In particular, with increasing mixing speed the average
cell size and relative density decreased, while with increasing
the amount of surfactant the average cell size and total porosity
increased. The type of non-ionic surfactant affected the overall
morphology of the foams, with Tween 80 developing smaller
cells with respect to Triton X-100, and Triton X-100 producing
a higher total porosity with respect to Tween 80. With respect
to the generation of open porosity, Tween 80 had a better
behavior when compared with Triton X-100 in the same
processing conditions. By using this approach, it was possible
to produce foams with a total pore volume as high as  80 vol
%, with an amount of open porosity as high as  60 vol%.
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