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ABSTRACT

Alveolar cellular foams are widely used in a wide range of applications, from aeronautics and filtration systems to
chemical and transformation processes. Their porous characteristics make them a prime candidate for reactions,
radiative transfer and flow. Geopolymeric foams, which have their origins in civil engineering, are materials with
promising potential in terms of mechanical, thermal and acoustic resistance. As they are mainly used in civil
engineering, the structures currently being developed are mainly closed-pore matrices. However, if they are to
invert the field of photocatalytic oxidation processes, solar collectors or concentrated solar power plants, the
supports need to develop a high exchange surface area. Metal alveolar foams have been identified as ideal but
very costly supports. Geopolymeric foams could meet these requirements, but their surface areas are currently
too limited for photoreactors. In this study, it is proposed to develop and optimize the operating conditions for
geopolymer foam synthesis in order to impart macroporous properties and an interconnected alveolar structure.
Based on two well-established synthesis methods (direct foaming and replication), operating conditions such as
foaming agent and surfactant content, and drying and calcination conditions, are studied. Geopolymer foams are
produced with different macroporous characteristics. We aim to define the synthesis conditions required to
produce interconnected macroporous alveolar foams with milimetric pores. In civil engineering, these materials

have the advantage of being easy to design, use and shape according to the application.

1. Introduction

In the field of solar engineering, photoreactors are used in a wide
range of applications, including bioreactors for algae production [1],
advanced oxidation processes for water treatment [2,3,4], conversion
processes for solar fuel production [5], and receivers for solar tower
power plants [6]. Advanced oxidation processes such as heterogeneous
photocatalysis that enable photons to be photo-converted into chemical
energy are based on the principle of photo-excitation of a catalyst by
solar radiation [7]. However, development of these technologies is held
back by this issue of how to manage the solar resource [4], which is
discontinuous on several scales due to daily and seasonal cycles and
meteorological conditions. These major obstacles call for the develop-
ment of solutions to optimize the use of solar irradiation.

The best way is shaping photocatalytic materials with very high
exchange-surface areas in order to make substantial gains in terms of
heat transfer intensification, mixing, radiative and reaction transfers
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[8]. The development of alveolar foams is a promising way for many
solar applications [7,9,10]. Functionalized with a photocatalyst, these
supports can perform on a level similar nanocatalyst suspensions, which
are the reference material [7,11]. Generally speaking, they feature a
macroscopically porous (75 %-90 %), low-density, three-dimensional
structure with a high degree of interconnection, which lends them huge
versatility for shapability. Their chaotic, disordered architecture results
in specific surface areas of the order of 10-50 m? g~!, which dramati-
cally increases their ability to scatter radiation [12]. The characteristics
of the foams, such as geometry, pore-size distribution and mesh density,
can be adapted and tuned to the intended application with the aim of
developing the largest possible irradiated surface area, expressed in m?
of capture surface per m> of reactor volume [7,13,14]. At present, the
foams being developed are metallic foams, which are too expensive for
water treatment applications for example [7], and polymeric foams,
which pose a problem of aging due to radical attacks that alter the
carbonaceous matter [10]. One of the challenges is to develop low-cost
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macroporous alveolar foams with modular porous properties enabling
optimal use of the solar resource.

In a context of sustainable development and appropriate technology,
geopolymers are an innovative alternative in terms of reusability,
durability [15], CO, emissions and energy consumption [16]. Thanks to
their mechanical properties, low permeability, and thermal and chem-
ical resistance, they find many applications, particularly in civil engi-
neering [17,18]. Geopolymers can be manufactured from natural
aluminosilicate minerals (metakaolin) or industrial wastes (fly ash)
mixed with aqueous solutions containing basic reactive ingredients,
typically sodium hydroxide or potassium/sodium silicates [19].

Scientists have recently turned to investigate the use of geopolymer
foams, which are attracting growing interest due to their ability to in-
crease porosity and exchange surface while preserving their original
properties [20,21]. This development opens up new fields of application
as membrane supports, coatings, adsorbents, filters, or photocatalytic
supports [28]. Geopolymer foams can be prepared by impregnating
replicas foams with geopolymer pastes (the ‘replication’ method) [22,
23]. There are numerous techniques based on replication, impregnation,
matrix reinforcement, and grafting of post-elaboration functionalities
that are detailed in the literature [24-27]. The replication route has
been recognized as a facile approach for porous geopolymers charac-
terized by interconnected open porosity [24]. Open-cell foams can thus
be synthesized by an easy replication route using polymer foams as
templates. The support is then impregnated using geopolymers as pre-
cursors [25,28]. The result is durable, high value-added materials with a
modular porous structure [29]. The porous characteristics cover a wide
range, from open-pore honeycomb structures to interconnected pore
networks and millimetric pore sizes [24,26,30]. These structures can
then be functionalized to confer specific properties (adsorption, thermal,
mechanical) to cover a wide range of applications. Geopolymer foams
can also be elaborated by adding foaming agents to geopolymer pastes
(the ‘direct foaming’ method). Hydrogen peroxide is the foaming agent
of most interest for the design of high-porosity geopolymer foams [31,
32]. The decomposition of hydrogen peroxide is an uncontrolled reac-
tion that gives rise to the formation of a highly heterogeneous porous
matrix of particular interest for photocatalysis applications. Further-
more, work has shown that presence of surfactant, alkaline activator,
and drying temperature also play a key role in developing highly-porous
geopolymer foams. For example, high alkalinity appears to promote the
hydrogen peroxide decomposition reaction whereas a sodium silicate
solution tends to stabilize it [33]. Palmero et al. [34], recently applied
different operating conditions, i.e. varying the amount of hydrogen
peroxide and the type of geopolymer mixture, and confirmed that this
route holds interest for modifying the porous properties of geopolymers.
Novais et al., carried out further research by modifying various pa-
rameters such as peroxide concentration and NaOH molar ratios during
the synthesis of geopolymer foams [35]. These studies show that as the
geopolymerization and foaming reactions are coupled, different oper-
ating conditions which influence both reaction processes, lead to very
different porosity characteristics. Although much work has been pub-
lished on the synthesis of geopolymer foams, further research is still
needed in order to control and increase porosity and confer an inter-
connected macroporous or alveolar structure with a well-controlled pore
distribution.

Here we report research designed to develop macroporous geo-
polymer foams with an interconnected alveolar structure adapted to
solar applications. These characteristics are sought to promote radiative
transfer, facilitate fluid flow in the network and develop exchange sur-
face area for reactions. The first part is devoted to testing the direct
foaming method and the replication method by modulating key condi-
tions studied in the literature. We modulated the levels of the constit-
uents over a very wide range of values and to the limit of what has been
studied in the literature, so as to achieve geopolymer foams with
properties tailored to the intended application. Secondly, mechanical
strength, composition, structure and mesoporosity of geopolymer foams

Results in Materials 24 (2024) 100613

are studied to control that their properties are in line with those in the
literature. In a last and main step, this article aim to highlight the most
favorable elaboration conditions for giving geopolymer foams an open-
cell structure, high porosity and millimetric pore size. Our approach is to
correlate the key operating conditions, such as type of replica, foaming
agent rate, surfactant type and rate, and drying conditions, to the porous
characteristics. The focus will be on porosity characteristics such as
pore-size distribution, pore fraction and type of pore structure (closed,
open, honeycomb alveolar) using image processing. The aim is to
highlight the method and operating conditions to obtaining the desired
properties. Particular attention is paid to the design of macroporous
geopolymer foams that develop an interconnected open alveolar-type
structure with millimetric pore sizes.

2. Materials and methods
2.1. Elaboration de geopolymer foams

Based on two robust methods studied in the literature, the aim is to
develop a wide range of geopolymer foams. The idea is to impart porous
properties meeting the criteria of macroporosity, interconnected hon-
eycomb network and millimetric pores. To achieve this, the operating
conditions of the production process will be tested to modulate the
porous properties.

2.1.1. Geopolymer synthesis

The synthesis of geopolymers by alkaline activation of an alumino-
silicate material can be obtained by mixing a strongly basic liquid with
an amorphous solid particle system material in molar ratios ranging
from 0.2 to 1 [36]. As the solid particles solubilize on contact with the
alkaline solution, they release aluminates and silicates in the form of
monomers [37]. These monomers combine to form structures called
polysialates, with the sialate corresponding to the silicon-oxo-aluminate
base block, that cross-link via an Si-O-Al bridge. These amorphous
three-dimensional aluminosilicate structures are classified in the ‘geo-
polymers’ family. The synthesis of geopolymers depends on several
parameters, including the precursor materials (composition, quantity,
particle size), the alkaline agents (nature, content), and the calcination
conditions (temperature, duration, pre-drying). These factors, which
influence geopolymer hardness, have been studied in an effort to un-
derstand their role in the formation and characteristics of geopolymers
[38-41].

For this study, the geopolymer paste was prepared using a standard
composition from the literature [21,42,43]. The alkaline solution was
prepared from a solid activator sodium hydroxide (Aldrich, 99.9 %) and
sodium silicate (Sigma-Aldrisch, 75 % SiO2/23.3 % NayO) to obtain a
solution with a NaOH concentration of 8M and a Silicate concentration
of 11.05M. The 1 L solution was stirred for 24 h. Metakaolin (MK) Al;Os3,
2S5i05) was then added and mixed for 10 min to obtain a smooth, ho-
mogeneous paste.

2.1.2. Procedure for forming geopolymer foams

Geopolymer foams were developed by two methods: the direct
foaming technique and replication. The direct foaming method, which is
the most widely used [21], consists of introducing a foaming agent into
the fresh geopolymer paste. The most widely used foaming agent, the
choice of which was conditioned by the formation and drying time, is
hydrogen peroxide [44]. Its decomposition in an extremely basic envi-
ronment leads to the formation of a complex cellular matrix. The high
alkalinity favors the decomposition of hydrogen peroxide, while the
sodium silicate solution stabilizes the foam [33].

For this study, the production of geopolymer foam by direct foaming
was carried out with the procedure illustrated in Fig. 1. The same con-
ditions as for the preparation of geopolymer paste (section I.1) were
applied to produce a foam that will serve as a reference for this study
[21,42,43]. For one sample preparation, a 5 ml volume of previously
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prepared alkaline solution was poured into a beaker with 0.1 g of sur-
factant added using a pipette and mixed with a spatula for 5 min. Then
0.5 ml of hydrogen peroxide (30 % concentration) was injected and
mixed for 2 min. Foaming started as soon as the foaming agent was
added and continued for 1 h, and the unconsolidated geopolymer foam
was then dried at 40 °C for 24 h. The consolidated foam was then
calcined at 800 °C for 2 h. This procedure serves as a reference for the
other samples prepared with different mixing and processing conditions,
as presented in section 1.3 (Table 1).

The replication method aims to produce macroporous geopolymer
foams with an open cell structure and pore sizes ranging from 200 pm to
more than 3 mm [45]. Geopolymer foams are developed by impreg-
nating plastic foams with the geopolymer paste, then drying and calci-
nating [43] the foam under the same conditions as described above.
Polyurethane (PU) and polyethylene (PE) foams with dimensions of
50/50/2 mm were chosen as the support. The PU foam has an open
cellular structure with a pore size distribution ranging from 0.2 mm to 2
mm. The two PE foams had pore sizes below 2 mm (medium-sized pores,
PEM) and between 0.5 and 2 mm (large-sized pores, PEL), respectively.
The substrates were impregnated five times for 1 min each time in the
reference geopolymer paste described in section L1. The
geopolymer-coated substrates were then allowed to dry for 24 h at 40 °C,
then calcined for 2 h at 800 °C.

2.1.3. Operating conditions studied

The synthesis parameters were modulated in an effort to impart
macroporosity to geopolymer foams. Each parameter was studied over a
wide range in order to identify the parameters that control the key
porosity characteristics. The focus was on 1. The surfactant, to stabilize
and modulate the size and homogeneity of the bubbles during foaming,
2. foaming agent, to modify the porosity characteristics, and 3. drying
conditions, to consolidate the structure.

In general, concentrated alkaline activators allow higher proportions
of the Si and Al present in the base precursors to be released and acti-
vated to form proportion-mixed geopolymer compounds. Furthermore,
a high concentration of the alkaline solution enhances the hardness of
the geopolymers by increasing the proportion of silica in the matrix
[46]. As the geopolymerization and chemical foaming reactions take
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place simultaneously during the synthesis of a geopolymer foam, the
concentration of the alkaline solution was kept fixed for all experiments
to serve as a reference for defining the proportions of the other com-
ponents (Table 1).

The foaming agent is the key parameter for generating porosity
within the geopolymer paste [43,47]. It is possible to control the
quantity of foaming agent in order to obtain more aerated macroporous
structures. In order to modulate the pore size, porosity and type of
porous structure, the proportion of foaming agent was studied over a
range from 0.05 ml to 5 ml of Hy0, corresponding to foaming agen-
t/alkaline solution ratios ranging from 0.01 to 0.8. Only stable geo-
polymer foams with sufficient mechanical strength were retained and
reported in Table 1. Foams prepared with volumes of foaming agent
greater than 5 ml were not mechanically strong enough to be studied.

Surfactants help to stabilize bubbles during the foaming process and
influence pore volume and pore size distribution by lowering the surface
tension at the gas-liquid interface [48]. Surfactants can thus lead to the
formation of different close cell foams, open cell foams, and cellular pore
structures. Of the various surfactants studied [42,48], sodium dodecyl
sulfate (SDS) and cetyltrimethylammonium (CTAB) are candidates for
controlling the microstructure while preserving foams physical and
mechanical properties. For this study, two surfactants were studied over
a range from 0.01 to 0.3 g of surfactant, corresponding to surfactan-
t/alkaline solution ratios ranging from 0.002 to 0.06 (Table 1).

Drying temperature affects the geopolymer foaming process. A high
temperature catalyzes the redox reactions of the foaming agents [49].
During chemical foaming, wet drying conditions above ambient tem-
perature favor the formation of pores with a homogeneous pore-size
distribution [50]. Here we tested different drying temperatures
ranging from 25 °C to 80 °C in an effort to obtain homogeneous struc-
tures (Table 1).

2.2. Characterization techniques

2.2.1. Porous properties

The size and shape of the synthesized geopolymers were analyzed by
scanning electron microscopy (SEM-FEG, Hitachi S-4500). Images were
acquired with a secondary electron detector and a 5 kV electron beam, at
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Table 1

Results in Materials 24 (2024) 100613

Experimental conditions applied to the elaboration of foams by the direct method and characteristics of geopolymer foams.

Samples Foams samples
Foaming agent (ml) Surfactant (g) Surfactant/alcaline solution (—) Foaming agent/alcaline solution (—) Porosity (—) p (Kg/m3)
Foam 1 (H202) 0.05 0.1 0.02 0.01 0.03 2540
Foam 2 (H202) 0.2 0.1 0.02 0.04 0.06 2455
Reference Foam 0.5 0.1 0.02 0.1 0.32 1800
Foam 3 (H202) 1 0.1 0.02 0.2 0.5 1300
Foam 4 (H202) 3 0.1 0.02 0.6 0.75 635
Foam 5 (H202) 4 0.1 0.02 0.8 0.8 522
Foam 6 (CTAB) 0.2 0.01 0.002 0.04 0.17 2168
Foam 7 (CTAB) 0.2 0.05 0.01 0.04 0.66 888
Foam 8 (CTAB) 0.2 0.1 0.02 0.04 0.58 1097
Foam 9 (CTAB) 0.2 0.2 0.04 0.04 0.42 1515
Foam 10 (CTAB) 0.2 0.3 0.06 0.04 0.33 1750
Foam 11 (T°C) 0.2 0.1 0.02 0.04 0.19 2116
Foam 12 (T°C) 0.2 0.1 0.02 0.04 0.78 574
Foam 13 (T°C) 0.2 0.1 0.02 0.04 0.7 783
Foam 14 (CTAB) 0.2 0.1 0.02 0.04 0.6 1045
Foam 15 (SDS) 0.2 0.1 0.02 0.04 0.7 783

a working distance of 5 mm. A x 50,000 magnification was used to
observe the geopolymer surfaces (Fig. 2). The surface of the geo-
polymers presents a homogeneous microstructure in the gel form [52].
The surface is bloodless with an ordered structure that may indicate the
presence of metakaolin or unreacted precursors. This gel-like micro-
structure indicates that the geopolymerization reaction was complete
[51]. At lower magnifications, the images show the presence of asper-
ities, nodules, and small-scale pores.

In order to define the mesoporous network of geopolymers, charac-
terizations were carried out on the reference geopolymer foam (Table
n°1) using a mercury intrusion porosimeter (micrometrics, autoporelV).
The mercury porosimetry analysis technique is based on the intrusion of
mercury into a porous structure under rigorously controlled pressures.
Mercury porosimetry operates in a pressure range from O to 400 MPa,
enabling the description of pores with equivalent diameters of between
350 and 0.003 pm. It can be used to calculate pore size distribution, total
pore volume, total pore surface area, median pore diameter and sample
densities. Analysis is performed in two stages: (1) the penetrometer-
sample assembly is in low-pressure configuration (primary vacuum
down to 2 bar); (2) then, the penetrometer-sample assembly is in high-
pressure configuration (measurement up to 4000 bar). This technique
provides information on the mesoporous network, which is comple-
mentary to the macroporosity (millimetric porosity) defined by image
processing.

In order to evaluate the macroporosity characteristics of geopolymer
foams, we set up a three-step methodology see Ref. [52]. For each foam,
a series of ten images was taken using a high-resolution optical micro-
scope (VHX Digital Microscope), coupled with software, allowing a
magnification of x 2000. All the images were processes with adjust-
ments such as contrast (100 %) and brightness (70 %) to accentuate the

differences between the porous zones and the material zones.

The ImageJ freeware, which is classically used for particle size
determination and counting, was used to define the porosity charac-
teristics, i.e. pore area and pore number [53]. The scanned image is first
reduced to an 8-bit image and then the levels are thresholded. This step
is crucial for delimiting the different cells. Reflections on the surface of
the cells, which appear as white spots, the eliminated using the “fill
holes” procedure. The cells are then separated using the "watershed"
procedure in ImageJ, and the pore detection analysis is started. After
calibration, the image processing algorithm can produce a file listing the
various 2D geometric characteristics of the pores (surface, number, total
surface).

Finally, the data is imported into a spreadsheet to classify it by size
class. Assuming that the pores are assimilated to circles, the equivalent
diameters are calculated from the surfaces and classified by steps of 20
pm. The pore area is calculated from the ratio of total pore area to total
area. Statistics, pore-size distributions, and surface areas are determined
from more than 1000 pores.

2.2.2. Mechanical properties

The mechanical properties of the samples were measured with a
nanoindenter equipped with a Berkovich tip (NanoIndenter II, Nano
Instruments Inc.). The samples were coated in resin and then polished to
ensure that they had a surface finish compatible with the nano-
indentation test. The samples (calcined geopolymer and non-calcinated
geopolymer) were tested with a maximum applied load of 100 mN, in
order to minimize the effect of surface roughness on the measurement
caused by the formation of large indentations. The other specimens with
thin reticular walls were tested with a maximum applied load of 1.5 mN.
The indenter used in these tests is a three-sided pyramid, called a

Fig. 2. Surface texture and pores of a geopolymer foam (reference foam) observed by SEM at high magnification (50,000).
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Berkovich indenter. The geometric self-similarity of this indenter gua-
rantees a constant hardness measurement regardless of the force applied
to the indentation, provided that the material under test is homogeneous
at the scale of the nanoindentation measurement. The experimental
curves from the tests express the indentation of the indenter tip into the
material as a function of the load or force applied to the indenter. The
maximum load is kept constant for 10 s in order to take into account
possible creep phenomena. The hardness measurement and Young’s
modulus are extracted from these measurements using the Oliver &
Pharr analysis method [54,55].

2.2.3. Composition and structural analysis

A structural characterization was conducted by X-Ray diffraction
(XRD) to verify the structure of the synthesized geopolymers. The geo-
polymer foam was reduced to a powder and analyzed by XRD at room
temperature using a PANalytical XPert Pro powder diffractometer (Cu-
Ko radiation at A = 1.5418 10\, 40 kV and 40 mA). The spectrum obtained
covers the angular range of 10°~120°. Step size was 0.01 and time per
step was 20 s. The diffraction spectrum was recorded and studied using
the PANalytical software. The instrumental function can be expressed by
a polynomial function and was determined using the SRM 660 reference
material (Lanthanum hexaboride, LaBg polycrystalline sample).

A Setsys Evolution device (KEP Technologies) was used to perform
simultaneous mass variation and heatflow measurements, which were
recorded and analyzed using Set Soft software. An experiment was
carried out on the geopolymer foam between 25 °C and 800 °C. The
heating rate was 10 °C/min with N gas purge.

2.3. Properties of the geopolymer foams

Prior to the study of macroporous characteristics, this section is
dedicated to defining the mechanical, microporous, compositional and
structural properties of geopolymer foams. The idea is to verify that
geopolymer foams developed under different conditions correspond to
the standard properties obtained in the literature.

2.4. Analysis of porous characteristics

Firstly, mesoporosity was determined by mercury intrusion poros-
osimetry on a reference foam. In Fig. 3, the pore size distribution shown
the presence of two pore size categories: nanopores and micropores. This
bimodal distribution is centered on an average diameter of 0.7 pm and
98 pm for nanopores and micropores respectively. Pore volumes corre-
spond to 0.3 ml.g-1 for nanopores and 0.22 ml.g-1 for micropores. The
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Fig. 3. Pore size distribution by volume of geopolymer foam (reference foam)
synthetized by the direct foaming method.
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mesoporous structure of geopolymer foams, dominated by capillary
pores in the range 0.7 pm-98 pm, is similar to the structures of zeolites
[56-58]. It is characteristic of geopolymeric materials that have not
been subjected to a foaming process [43,47,73]. It should be noted that,
in the context of this study, macroporous properties corresponding to
millimeter-sized pores are sought.

The main aim of this study was to define the conditions for obtaining
macroporous cellular geopolymer foams. Macroporosity, corresponding
to pore sizes in excess of 1 pm, was studied by image processing, in order
to identify the influence of processing conditions (temperature, foaming
agent, surfactant) on macropore classes.

Fig. 4 shows the geopolymer foam surfaces obtained with different
foaming agent volumes (from 0.05 to 4 ml). The pictures show that the
foaming agent induces deep modifications in pore structure as it mod-
ulates the type of porosity. For small quantities (v = 0.05 ml), the pores
are closed, relatively evenly sized, and relatively homogeneously
distributed in the geopolymer. These observations are characteristic of
geopolymers obtained in the literature, in particular for civil engineer-
ing applications [51,59]. Foaming agent imparts porosity in the mate-
rials while preserving their mechanical characteristics. As the amount of
peroxide increases, the connections between the pores increases leading
to the formation of open and interconnected pores. This type of structure
is also observed by Deng et al. [60,61]. These results show that average
pore size increases very significantly with the amount of foaming agent.
When foaming agent is applied in amounts larger than the standard
applied in the literature (v = 1 ml) [52], a new foam-like structure is
formed that is characterized by the formation of bridges and inter-
connected walls and porous zones. The pores are of variable size and
randomly distributed in the volume. These geopolymer materials with
macroporous properties are characteristic of alveolar foams [12]. Their
mechanical properties (brittleness) are of little interest for civil engi-
neering applications, so they are not studied in the literature. However,
these alveolar foams develop porous characteristics that are highly
sought after for photoreactor applications [7,62].

Fig. 5 shows pictures obtained for two types of surfactant (CTAB and
SDS) at different masses (0.01-0.3 g). The active surfactant acts on the
formation of bubbles during the foaming process, allowing the porosity
to stabilize. Note that foams produced without surfactants develop
closed or very weakly interconnected porosity. The SDS surfactant ap-
pears to promote the formation of closed pores whereas CTAB induces
the formation of a network of interconnected open pores. As the sur-
factant concentration increases, it favors the formation of inter-
connected open cellular-type pores. If the amount of surfactant is too
high, we observe the development of walls between the pores which
tend to close.

Drying temperature also influences the size and type of porosity
(Fig. 6). For a drying temperature of 25 °C, the pores are few in number,
with thick walls and few or no connections. A drying temperature of 60
°C induces the formation of cellular-type porosity with geometrically-
shaped walls and pores of relatively homogeneous size. At high drying
temperatures (80 °C), walls are formed again, thus reducing the number
of pores and leading to a large pore-size distribution. During the drying
process, the temperature affects the size of the bubbles formed. It is
likely that an over-high temperature causes large gas bubbles to form too
quickly, which is not conducive to the creation of pores with controlled
properties, whereas a drying temperature of 40 °C appears to be
suitable.

Tests were also carried out with the replicate method (Fig. 7). In
agreement with the literature, the foams developed with a PE matrix
have an open and interconnected porosity [45,63]. With the PEM foam,
the pores are homogeneously distributed in the form of a reticular
structure, whereas with the PEL foam, the formation of walls is more
pronounced and the pores are fewer and smaller. Furthermore, PU foam
has a heterogeneous structure with a large pore-size distribution. The
pores are of different natures (closed and open) and are generally poorly
connected and randomly distributed in the volume.
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Fig. 4. Photograph -obtained with high-resolution optical microscope-of geopolymer foams elaborated by direct foaming method with different volumes of foaming
agent (from a to d): hydrogen peroxide volumes of 0.05, 0.5, 1 and 4 ml (foam 1 t 5 in Table n°1).

Fig. 5. Photographs -obtained with high-resolution optical microscope-of geopolymer foams elaborated by direct foaming method (foam 8, 10 and 15 in Table n°1)
without surfactant (a), with SDS (b), with CTAB (m = 0,1g) (c) and with CTAB (m = 0.3g) (d).
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Fig. 6. Photographs -obtained with high-resolution optical microscope-of geopolymer foams elaborated by direct foaming method (reference foam and foams 11 to

13 in Table n°1) dried at different temperature: 25 °C (a), 40 °C (b), 60 °C (c) and 80 °C (d).

Fig. 7. Photographs -obtained with high-resolution optical microscope-of geopolymer foams elaborated by replica method using different polymeric support: poly

ethylene with medium porosity -PEM (a), polyethylene with large porosity —PEG (b) and polyurethane -PU (c).
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Fig. 8. Mechanical properties of uncalcined and calcined geopolymer and geopolymer foams obtained by direct foaming and replication methods: Hardness (a) and

Young’s modulus (b).
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2.5. Analysis of mechanical properties

Measurements of hardness, which characterizes resistance to plastic
deformation, and Young’s modulus, which characterizes resistance to
elastic deformation, were carried out on four samples: non-calcined
geopolymer, calcined geopolymer, geopolymer foam, and geopolymer
foam made by the replication method (Fig. 8). The mechanical charac-
teristics of the geopolymer are consistent with results in the literature,
with a hardness of 1.3 GPa and a Young’s modulus of 39.2 GPa [38,39].
The mechanical properties induced during the inorganic poly-
condensation process are obtained by drying at room temperature [52,
61]. For this study, the geopolymers were calcined at a temperature of
800 °C for 2h. This heat treatment significantly increases the mechanical
characteristics. The hardness increases by a factor of 3 and Young’s
modulus increases by a factor of 2. This heat treatment does not really
make sense for geopolymers intended for civil engineering applications
for example, but it appears very promising for improving the mechanical
performances of geopolymers intended for photo-conversion. If the same
heat treatment is applied to a geopolymer foam elaborated with an
active surfactant, Young’s modulus remain constant while hardness in-
creases by a factor close to 2. The work of Kovarik et al., shows that the
nature of the active surfactants modifies the mechanical properties,
which some surfactants can very significantly improve by a factor
varying from 1 to 4 [41]. Surfactant concentration seems to play a
secondary role [40]. The mechanical properties achieved at the nano-
scale on geopolymer foams elaborated by replication are much higher
than those of other geopolymers studied. Hardness values reach 22 GPa
and Young’s modulus reaches 139 GPa. Note that the foaming and heat
treatment steps after drying tend to improve the mechanical properties
of geopolymers.

2.6. Determination of composition

The XRD spectrum of the geopolymer, shown in Fig. 9, reveals a halo
pattern between 15° and 35° (20). This result is consistent with what
many authors have obtained for this kind of material and is character-
istic of an Al»03.2Si05 kaolin material [64-67]. The main diffraction
peaks (square, [l collected at 20 are assigned to a sodium alumino
silicate compound (NaAlSiO4, Nepheline ICDD-JCPDS card N°75-2933)
[56]. A minor crystalline phase could be assigned to an aluminium sil-
icon oxide compound (Aly(Als588Si1.412)09.706, ICDD-JCPDS card
N°74-8549) characterized by the main diffraction peaks (circle, @)
[68]. Indeed, the Si, O, and Al detected through EDS analysis were
consistent with the peaks observed on the X-ray diffractogram, high-
lighting the presence of kaolinite and quartz.

The mass variation and heatflow curves of the kaolin geopolymer
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Fig. 9. Diffraction pattern (10-70°) collected for geopolymer foam (reference
foam in the table n°1) composed by NaAlSiO4 (M) and Aly(Al, 588Sii.412)
09.706 (@).
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foam sample are presented in Fig. 10. It was found that few changes
occurred during the heating process. First, some free water was released
during heating until 100 °C. This phenomenon is characterized by an
endothermic peak at 100 °C on the heatflow curve and a sample weight
loss of around 8 %. Second, another endothermic peak was observed
between 450 and 500 °C on heatflow curves, corresponding to the
dehydroxylation of kaolinite and the formation of metakaolinite. This
result is consistent with previous findings [65,69]. This phenomenon
induces only negligible weight loss, as it can be observed on the ther-
mogravimetric signal at this temperature. The thermogravimetric curve
goes on to show substantial weight loss between 700 and 800 °C. In this
range, the heatflow curve shows an endothermic peak. This phenome-
non is not characteristic of the kaolin material., However, this kind of
endothermic release was clearly highlighted during the preparation of
polymer-derived ceramic foams using polymeric additive through the
process [45]. We therefore assume that this phenomenon has to be
related to the pyrolytic release of gases from residual organic molecules
introduced by the surfactant (CTAB and SDS).

In conclusion, this section on property characterization shows that
the various analyses are in line with what is expected in the literature.
The geopolymeric foams produced have the signature of the geo-
polymeric material in terms of both composition and structure. The
mechanical properties of the geopolymer foam skeleton are character-
istic of a solid material and are suitable for potential applications. The
microporous network, in line with the literature, corresponds to that of
zeolite materials.

2.7. Results

The aim is to monitor the pore characteristics of geopolymer foams
synthesized by the direct foaming method and by the replication
method. The photographs taken are used to define the type of porous
network developed. This involves determining whether the network is
made up of closed, open, reticulated or interconnected pores. A mea-
surement procedure has been developed to define the main porosity
characteristics, such as pore size distribution, total pore surface area and
overall porosity. Geopolymer foams were studied to assess the influence
of the elaboration method and synthesis conditions on porosity char-
acteristics, focusing on the possibility of obtaining a macroporous
interconnected cellular network made up of millimetric pores.
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Fig. 10. Results obtained by thermogavimetric analysis of geopolymer foam
(reference foam in Table 1): variation in mass (-) and heatflow (—).
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2.8. Direct method:optimization of porous characteristics

In the literature, the concentration of foaming agent and surfactant
are the two key parameters for modulating the porosity characteristics of
geopolymer foams. Here we study the influence of these two parameters
over a wide range of conditions. The objective is to define the ranges of
operating conditions for the required porosity properties and to be able
to modulate them according to the target application. Beforehand, the
synthesis operating conditions, i.e. drying temperature and type of
surfactant, were studied. The aim is to select and set the conditions for
the study of key parameters such as foaming agent and surfactant
concentration.

2.8.1. Determination of geopolymer foam synthesis conditions
Experiments were conducted to define the conditions required to
develop geopolymer foams with controlled pore properties and reticular
form. The conditions tested were inspired by the literature but over a
wider range of values [42,52,57,61,70]. A wide variety of surfactants
have been studied in the literature [52,71,72], and it appears that CTAB
and SDS are the surfactants most commonly used to obtain homoge-
neous pore structures by allowing bubble stabilization during foaming.
Fig. 11 plots the pore fractions of three pore classes representative of the
pore distribution in the volume of the foams for both types of surfac-
tants. For CTAB, the pores are homogeneously distributed over the
0-1000 pm (small pore size class) and 1000-2000 pm (medium pore size
class) size classes, while pores larger than 2000 pm (large pore size class)
are almost non-existent (fraction <0.05). This surfactant promotes the
formation of homogeneous pore sizes over a range up to 2000 pm,
playing its role as a stabilizer of bubble formation during the foaming
process [52,72]. SDS appears to promote the creation of smaller pore
sizes. Smaller pore sizes represent a porosity fraction of 0.70 while
medium and large pore sizes represent a porosity fraction less than 0.2
each. These results, in agreement with the microscopic observations,
show that CTAB allows the creation of pores over a wider size range,
which is quite different from what is observed in the literature [71-73].
The authors show that the pore diameters formed are well below 500
pm, whereas Fig. 11 shows that the geopolymer foams developed here
form larger pore sizes. Klima et al.,, implemented a foaming
agent-to-aluminosilicate ratio of 0.025 [72]. Our study was based,
among others, on the work of Sanson Samsom [70] where foaming
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Fig. 11. Variation in pore volumic fraction, obtained by image processing,
according to three pore size classes. Results obtained on geopolymer foams
synthetized by the direct foaming method (foams 14 and 15 in Table 1) with
two surfactants, SDS (black) and CTAB (grey).
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agent-to-aluminosilicate ratio varies from 0.01 to 0.8. A larger quantity
of foaming agent induces the formation of greater porosity and
larger-diameter pores. This route was chosen as the best way to structure
a macroporous cellular-type foam. Klima et al., also indicate that SDS
appears to promote the creation of an open porosity whereas CTAB in-
duces the formation of closed porosity [72]. On other hand, our results
show that at equal amounts, the type of surfactant has little influence on
the type of porosity obtained (open or closed), whereas a high surfactant
concentration (CTAB) allows to create open pores.

Drying temperature also plays a role in the foaming process [22].
Geopolymer foams were synthesized and dried during the foaming
process at different temperatures ranging from 25 to 80 °C. The curve
plotting variation in porosity as a function of temperature (Fig. 12a)
shows a plateau at a temperature range of 40°C-60 °C, at which the
porosity by volume reaches 0.8. If an over-high temperature is applied,
porosity decreases. Likewise, a low drying temperature does not appear
to promote the development of porosity.

The results reported in Fig. 12b show that the temperature modifies
the pore-size distribution very significantly and in different ways for
different pore size classes. Small and medium-size pores fraction show
an optimum for drying temperatures of 40 and 60 °C, respectively,
whereas large-size pores are formed predominantly when temperatures
become higher than 60 °C. This result indicates that the temperature
favors the growth of bubbles by expanding the peroxide bubbles con-
tained in the geopolymer during the foaming process. Our microscopy
observations indicate that a high temperature induces the formation of a
heterogeneous pore network and a destructured foam. These tempera-
ture conditions do not lead to a uniform porous structure with controlled
characteristics. Note that at 25 °C, the fractions of small and medium-
size pores are very similar, whereas at 80 °C, all three size classes
(small, medium, and large) are in similar fractions.

2.8.21. nfluence of the foaming agent

The standard conditions of use of a foaming agent make it possible to
obtain geopolymer foams that develop high porosity while maintaining
their mechanical properties [22, 23,31,32]. The pore size distribution
obtained is large and covers mainly the nanoporous and microporous
range. In order to significantly increase the porosity, geopolymers have
been elaborated with a ratio of foaming agent to alkaline solution
ranging from 0.1 to 10 times the conditions usually applied [43,51,52].
For this purpose, we used the reference geopolymer elaboration pro-
cedure by modulating the peroxide volume from 0.05 to 4 ml.

First we looked at the effect of foaming agent concentration on the
surface and volume porosity fraction. Both surface and volume porosity
increase very significantly as a function of foaming agent (Fig. 13a). The
porosity fraction is less than 0.1 for peroxide contents below 0.2 ml but
can reach more than 0.8 for high peroxide contents (v = 4 ml). These
results, in agreement with the literature, show that modifying the
peroxide content makes it possible to dramatically modulate geo-
polymer porosity and make the pore structure evolve from closed pores
to a reticular structure (Fig. 4). In the review by Shen [22], geopolymers
made from mortars, cements and pastes develop porosities ranging from
0.1 to 0.5 [74,75]. The geopolymer foams developed by Nguyen have a
porous reticular structure with a porosity range of 0.3 to over 0.85 [76].

The evolution of the pore-size distribution depends on the foaming
agent concentration [32]. As illustrated by our results (Fig. 13b), the
changes in pore size are particularly significant at low peroxide con-
centrations. For volumes below 1 ml, there is a very significant increase
in the medium- and large-size pore classes, apparently at the expense of
the small-size pores. Small amounts of peroxide favor the formation of
small bubbles during the foaming process which induce the preferential
creation of small pores [22,43,77]. At higher than 1 ml of peroxide, the
pore class composition seems to stabilize with pore fractions below 0.2
for large pores, close to 0.3 for medium-size pores, and around 0.5 for
small pores. Note that small pore sizes tend to decrease progressively
with the amount of foaming agent in favor of large pore sizes [32].
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Fig. 12. (a) Variation of the pore fraction of geopolymer foams (reference foam and foams 11 to 13 in the table n°1), obtained by image processing, as a function of
drying temperature for three particle size classes; 0-1000 (dotted line), 1000-2000 (dash line) and greater than 2000 pm pore diameter (line). (b) Variation in the
volume (@) and surface (o) porosity of geopolymer foams as a function of drying temperature.
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Fig. 13. (a) Variation of the pore fraction of geopolymer foams (foams 1 to 5 in the table n°1), obtained by image processing, as a function of foaming agent volume
for three particle size classes; 0-1000 (dotted line), 1000-2000 (dash line) and greater than 2000 pm pore diameter (line). (b) Variation in the volume (@) and
surface (o) porosity of geopolymer foams as a function of foaming agent volume.

shows that pore size and open porosity increase significantly with
amount of peroxide, but at the expense of the stability of the reaction
and homogeneity of the pore size distribution. A large quantity of
foaming agent (V > 2 ml) allow pore sizes greater than 2 mm in diameter
to be obtained with a maximum porosity of less than 0.6. Our results
show that it is possible to achieve higher porosity when applying
peroxide volumes greater than 2 ml. Note that generally, the geo-
polymer foams obtained have porosities lower than 0.6 with mostly
micrometric-size pores [31,22], and that surfactants are added to in-
crease the porosity [23]. Replication and air injection methods are
applied to obtain open porosities with millimeter-size pores [28,76].

2.8.3. Influence of the surfactant

Surfactants are used to stabilize the bubbles during the foaming
process and facilitate the formation of the pore network within the
geopolymer [43]. To evaluate the effect of the amount of surfactant on
porosity (pore size and pore volume), geopolymer foams were devel-
oped using amounts of surfactant ranging from 0.01 to 0.3 g of CTAB.
This corresponds to surfactant-to-alkaline solution ratios ranging from
0.002 to 0.06, which cover a large panel of conditions compared to the
literature [42,43]. The variation of the surface and volume porosity
fractions (Fig. 14a) shows an optimum at the reference conditions given
in the literature. When the amount of CTAB is insufficient, the pore
network is reduced to a value below 0.2, while it reaches 0.7 for a
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volume of 0.05 of CTAB. Then, the porosity fraction gradually decreases
with the amount of CTAB. As suggested by Kaddami [70,73], some
surfactants do not mix well with the Kaolin matrix during synthesis. It is
also the case when an excess of surfactants is added, which leads to the
modification of the rheological behavior of the geopolymer or to the
destabilization of bubbles during the foaming process. Other works seem
to indicate that the pore network including open and closed porosity
increases and then tends to stabilize for a certain amount of surfactant
[78], or that the presence of surfactant facilitates the formation of open
porosity. In this study, the variation of the porosity as a function of CTAB
shows an optimum that corresponds to the transition from geopolymer
foams consisting of closed pores to an alveolar structure (Fig. 5). After
the optimum, porosity decreases significantly, in line with our SEM
observations. Indeed, as surfactant levels rise, the alveolar structure
tends to close and form walls. These observations suggest that an opti-
mum surfactant level leads to the formation of a geopolymer foam with a
reticulated alveolar structure and high porosity.

A closer analysis of the influence of CTAB on the pore-size distri-
bution finds that the pore size classes do not evolve linearly. For high
amounts of CTAB, the three pore size classes are represented almost
equally. In this area, the amount of CTAB has little influence on the pore
size distribution, which does not change significantly. On the other
hand, as illustrated by our observations (Figs. 4 and 5), the pore network
evolves from a closed pore structure to an interconnected reticular
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Fig. 14. (a) Variation of the pore fraction of geopolymer foams (reference foam and foams 6 to 10 in the table n°1), obtained by image processing, as a function of
surfactant volume according to three particle size classes; 0-1000 (dotted line), 1000-2000 (dash line) and greater than 2000 pm pore diameter (line). (b) Variation
in the volume (@) and surface (o) porosity of geopolymer foams as a function of surfactant agent volume.

structure. In this situation, CTAB induces the formation of an inter-
connected pore network at the expense of total-volume porosity. The
reference conditions are very favorable to the formation of small and
medium-sized pores, preferentially consisting of closed or partially
connected pores, which account for almost 90 % of the porosity, with
only a negligible amount of large pores.

It appears from the literature that microporosity and mesoporosity
can be modulated using the type and concentration of surfactant [70,
79]. Whereas small bubbles are slow to produce and ripen fast, large
bubbles (D > 1 mm) do not undergo ripening. Therefore, the
ultra-macroporosity is mainly conditioned by the size of the bubbles
formed during foaming and the presence of surfactant which stabilizes
the large bubbles. CTAB at v = 0.1 g thus helps to stabilize small bubbles
and appears to limit the formation of larger bubbles. When the quantity
of CTAB is low, it tends to preferentially stabilize larger bubble sizes. It
can be assumed that the surfactant concentration is below the critical
micellar concentration and that the surfactant micelles cannot play their
role [70]. This situation is particularly unfavorable for small bubbles,
which due to their higher specific surface area require more surfactant to
cover their surface with micelles. When the quantity of surfactant is
high, it acts in an undifferentiated way on all the bubbles formed, which
leads to an even distribution over the three pore-size classes (Fig. 14).
Note that by adjusting the surfactant-to-alkaline solution ratio, it is
possible to modulate the properties of the pore network, such as the pore
size distribution and the pore volume [70,77,79,80,20].

2.9. Geopolymer foam via the replication method

The replication technique leads to the use of cellular geopolymer
foams that develop an ultra-macroporous network with controlled
porosity [81,82]. Choosing the right support allows to impart controlled
porous characteristics to the geopolymer foams [28]. Here, three types
of polymeric foams were selected as support, i.e. one polyurethane
sponge made up of open and closed cells with a large pore distribution,
and two cellular-type polyethylene (PE) foams of differing cell size. The
porosities obtained with the two PE foams reached 0.85 and 0.9,
respectively, with the PEM and PEL media. The porous structure of the
foams made with PE media is reticulated, thus forming a network of
interconnected pores, as the structure of the PE media consists of
well-defined cells and membrane. In the literature, geopolymer foams
generally form networks of interconnected pores with porosities in the
range 0.7-0.9 [28]. Some works show that it is possible to achieve po-
rosities above 0.9 [45]. Geopolymer foams obtained from a PU sponge
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give a porosity of 0.65. The PU sponge support, consisting of partially
interconnected closed and open pores, leads to the formation of a less
organized structure with a large pore-size distribution.

Fig. 15 plots the pore-size distribution in three size classes for the
three geopolymer foams developed by replication. The geopolymer
foams obtained with a PEM support, consisting of small pore sizes
fraction of 0.8 (<1 mm), do not have any pores >2 mm. The pore size
distribution is due to the initial structure of the PEM support with
monodispersed cells. The pore size distribution of the foams made from
PEL supports is homogeneously distributed over the small and medium
pore-size classes, while the large pore sizes represent less than 0.1 of the
pore fraction. The foams made with PU stand out by developing a
porosity that is homogeneously distributed over the three pore classes.
The majority of the foams developed by direct foaming have sub-
millimeter pore-size distributions [83,84], whereas those developed
via replication show a greater diversity of pore networks [22]. Although
it is possible to impart millimeter-size porosities via the replication
technique [22,45], a large proportion of the foams produced develop
sub-millimeter-size pore networks that depend on the structural char-
acteristics of the replicate [28]. In this study, the replicates were
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Fig. 15. Variation in the pore fraction -obtained by image processing-of geo-
polymer foams elaborated with replica method by using three polymeric sup-
ports, PU (black), PEM (grey) and PEG (white), according to three particle
size classes.
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selected in such a way as to obtain a macroporous network consisting
mainly of millimeter-sized pores. The structure of the PEM and PEL
geopolymer foams is reticulated. The properties of the resulting foams
correspond to ultra-macroporous structures characterized by an inter-
connected network of pores. These geopolymer foams, which are easy to
process and offer modular pore characteristics by adjusting the structure
of the replicate, make good candidates for many applications. On the
other hand, the foams obtained via the PU carrier are made up of a
variety of pores ranging from closed, open, and partially-connected
pores. When the processing procedure is appropriately adapted, the
replication technique can reproduce the porous characteristics of the
support media quite accurately.

3. Discussion

The experiments were carried out to cover a wide range of operating
conditions, with the aim of modulating the porosity characteristics of
geopolymer foams. Ultimately, the aim is to develop geopolymer foams
that meet the constraints imposed by use of the solar resource. For a
solar photocatalysis application, if we refer to the high-performance
macroporous photocatalytic materials developed in the literature, the
desired characteristics are oriented towards interconnected alveolar
structures with variable porosities depending on the photoreactor
configuration [7,9,62]. Indeed, the geometries and thicknesses of the
material vary depending on the reactor configuration. For example, for a
flat reactor [85], the material integrated into the photoreactor must be
thin (1-2 cm), which implies a cellular foam with low porosity or made
up of small-diameter (i.e. around 1 mm) pores to capture all the solar
radiation over the given thickness. For a tubular geometry, greater
thicknesses can be envisaged to ensure that more incident radiation is
captured, which makes foams with high porosities or with larger pore
diameters (a few millimeters) more suitable [9,86,87]. In this context,
the results obtained here are important as they show that it is possible to
obtain a wide panel of geopolymer foams that differ in terms of their
structure, porosity level, and pore size distribution according to the
three classes selected. Depending on the process conditions, the foams
present matrices with partially or totally closed pores, matrices with
totally or partially connected open pores, and interconnected alveolar
structures.

In line with what is described in the literature, a foam elaborated
with no or very little surfactant leads to the formation of a low porosity
exclusively made up of closed pores, especially with SDS compared to
CTAB. This may be relevant for a civil engineering application to pre-
serve mechanical properties, but is unsuitable for a solar photo-
oxidation application. The influence of surfactant quantity is crucial.
Maximum porosity is obtained for surfactant-to-alkaline solution ratios
of 0.01-0.02, in line with the literature [41,88]. The transition from a
closed-pore structure to an alveolar structure occurs at a
surfactant-to-alkaline solution ratio of 0.02. As surfactant ratio in-
creases, porosity decreases. The meshes and walls of the alveolar
structure also tend to thicken. In these conditions, pore-size distribution
is equally distributed over the three pore-diameter classes (Fig. 14).
Thus, for the intended application, a surfactant-to-alkaline solution ratio
of 0.02 seems to be a good compromise for obtaining an interconnected
alveolar foam, even if it is possible to modulate the mesh/pore charac-
teristics by playing on this ratio.

Results on the effect of the foaming agent, which was studied over a
wide range of values, confirm what has been established in the literature
[22,31,88]. Logically, the greater the amount of foaming agent, the
greater the increase in porosity. A threshold foaming agent-to-alkaline
solution ratio of 0.8, beyond which the foam’s mechanical properties
become too weak, has been observed. Although drying and calcination
improve the mechanical properties (hardness and Young’s modulus) of
the foam, our conditions do not allow the use of foams produced with
higher ratios. This is an avenue to be explored with a view to developing
cellular foams with higher porosities. Note that there is a minimum
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amount of foaming agent required (foaming agent-to-alkaline solution
ratio of 0.1) to move from a closed-pore matrix to a cellular structure.
Beyond this threshold, the alveolar structure evolves towards the for-
mation of finer walls and meshes, while the pore-size distribution re-
mains almost unchanged. It is therefore possible to modulate foam
properties both in terms of total porosity over a range from 0.4 to 0.8
(Fig. 13) and the characteristics of the alveolar structure (meshes and
walls) (Fig. 4), while preserving a substantially similar pore-size distri-
bution. Note, too, that structures with a high pore size distribution
induce radiation scattering phenomena within the photoreactor, which
is a desirable feature for these applications [53,62].

Drying temperature plays a key role in controlling the porous
properties of geopolymer foams and has a strong influence on pore size
distribution, structure type, and total porosity. First, drying tempera-
tures above 40 °C produce the highest porosities (0.6-0.8). However,
only the 40°C-60 °C temperature range leads to the formation of an
interconnected alveolar structure. Outside this range, geopolymer foams
tend to produce closed pores (T = 25 °C) or an alveolar structure con-
sisting of pores with very large walls and meshes that tend to close
(Fig. 6). Pore-size distribution varies considerably is from one drying
condition to another. If we focus our attention on the 40°C-60 °C range,
which enables the formation of alveolar structures, we note that these
two conditions enable us to obtain two complementary structures
(Fig. 12). A drying temperature of 40 °C favors the formation of small-
diameter pores is (fraction>0.55) at the expense of other pore diam-
eter classes, whereas a temperature of 60 °C leads to predominantly
medium-size-diameter pores. This finding is valuable for adapting the
characteristics of foams to the configuration of a photoreactor, as it of-
fers the possibility of modulating the pore size distribution without
changing the pore characteristics.

We also investigated the possibility of creating geopolymer foams
using the replication method. Our results show that it is possible to
reproduce complex geopolymer structures fairly faithfully to replicas,
and thus to offer a wide range of porous structures based on the char-
acteristics of existing polymeric foams. PU replicas enabled the devel-
opment of geopolymer foams that were fairly chaotic in terms of
structure but that had a homogeneous pore size distribution. PE replicas,
on the other hand, enabled alveolar structures to be obtained while
modulating pore size distribution. The value of this approach lies in the
possibility of elaborating foams with repeatable and well-defined char-
acteristics in order to carry out comparative studies, for example, on the
influence of porous properties on radiative transfer, flow conditions, or
photo-reactive capacities [2,53,62]. This method seems to offer the
means to modulate and control the porous characteristics of the geo-
polymeric foams produced. It confers the expected properties, i.e. a
macroporous (porosity >0.85) interconnected honeycomb network
made up of millimetric pores.

4. Conclusion

The aim of this study was to optimize an experimental methodology
for developing macroporous geopolymer foams with an interconnected
honeycomb structure. The target criteria were to obtain a honeycomb
structure, a macroporous network of millimetric pores and a high
porosity greater than 0.75, which is the threshold for the transition from
closed to open porosity. The materials were first characterized to verify
that their structural properties, composition and mechanical properties
were as expected. Our approach consisted in using the two main elab-
oration methods and studying the influence of the main elaboration
parameters, i.e. (1) for the direct foaming method, the concentration of
foaming agent, surfactant and drying temperature were studied, and (2)
for the replication method, the type and porosity of the replica were
considered.

The replication method was used to obtain foams with the desired
porous properties. As expected, with this method, it was possible to
obtain macroporous cellular geopolymer foams made up of
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interconnected millimetric pores. The characteristics of the geopolymer
foams obtained are similar to those of the replicas. On the other hand,
PU replicas fail to control the porous characteristics of geopolymer
foams, resulting in a disordered structure with a high pore size
distribution.

The direct foaming method has produced a wide range of foams
distinguished by their porous properties. Under certain conditions, and
in particular when the foaming agent or surfactant is insufficient in
quantity, the foams obtained have low porosity structures, consisting of
closed pores or partially connected pores. The drying temperature tends
to greatly increase porosity and promote the formation of a honeycomb
network. Once the amount of surfactant and drying temperature have
been optimized, the key operating parameter for modulating pore
characteristics is the foaming agent. The selected foaming agent signif-
icantly increases the porosity of geopolymer foams while preserving
relatively similar pore size distributions. By optimizing the synthesis
conditions in adjusting the amount of foaming agent, it has been possible
to elaborate macroporous geopolymer foams (porosity 0.75-0.89), with
a honeycomb structure made up of interconnected millimetric pores.

In perspective, this study has demonstrated the feasibility of pro-
ducing macroporous cellular geopolymer foams. By adjusting the con-
ditions of elaboration, it is possible to modulate the porous
characteristics. Once functionalized with a photocatalytic film, these
geopolymer foams are intended for integration into a solar photoreactor.
These materials are of great interest for improving the ability of pho-
toreactors to make optimum use of solar resources.
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