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Abstract

Robust, lightweight, and thermally insulating building materials, developed according to
the In Situ Resource Utilization (ISRU) paradigm, are essential for enabling Moon settle-
ments. With this aim, we have investigated the formulation and characterization of porous
geopolymeric materials based on a lunar regolith simulant, focusing on the influence of
surfactants and rheology-modifying additives on pore structure and final material perfor-
mance. As an optimized procedure, a pre-formed TTAB foam was, in fact, incorporated
into the geopolymeric precursor slurries to achieve a suitable porosity. Then, the effects
of three thickeners (xanthan gum, bentonite, and Actigel-208) were evaluated in view of
the possible utilization for the production of building blocks by 3D printing. Observations
of the pore structure after the geopolymeric consolidation of the slurries showed predom-
inantly closed-cell networks across all formulations, with a pore morphology strongly
dependent on the thickener used. Xanthan gum promoted high porosity but reduced
mechanical integrity, whereas bentonite produced denser structures with higher thermal
conductivity. Actigel-208 provided the most balanced performance, combining adequate
porosity with improved strength. These findings demonstrate the potential of producing
thermally insulating, structurally stable solid foams from lunar regolith simulants via a
geopolymerization route.

Keywords: porous materials; regolith; geopolymer; surfactants; thickener

1. Introduction
The development of innovative materials for space infrastructure represents a com-

plex challenge, as these materials must operate under extreme extraterrestrial conditions.
These include low gravity, large temperature fluctuations, high vacuum, and exposure
to micrometeoroid impacts [1,2]. The construction of habitable outposts on the Moon is
widely recognized as a crucial intermediate step in the broader advancement of space
exploration [3].

In this context, the ability to produce structural materials directly on the lunar surface
is essential to reduce logistical costs and increase mission sustainability.

A key requirement for lunar construction is the adoption of In Situ Resource Uti-
lization (ISRU) strategies, which aim to minimize dependence on raw material transport
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from Earth by exploiting locally available resources such as lunar regolith [4–7]. Lunar
regolith is a fine-grained, silica-rich particulate material that covers the Moon’s surface.
Its mineralogical composition and granulometry make it a promising feedstock for the
synthesis of geopolymeric binders, which can be activated by alkaline solutions to form
solid matrices suitable for construction [8–11].

Geopolymers have attracted considerable attention as alternative construction mate-
rials due to their high compressive strength, low permeability, good chemical durability,
and excellent fire resistance [12–17]. Several studies have shown that geopolymer-based
concretes can replace conventional Portland cement systems, often exhibiting superior
mechanical performance and durability, while also offering reduced environmental impact
through lower CO2 emissions associated with their production [18,19].

Within the context of extraterrestrial construction, regolith-based geopolymers are
particularly attractive because they enable the direct application of ISRU concepts, also
by minimizing the water consumption, which for a large amount is released at the end of
the consolidation process, and that can therefore be recovered [20]. Additional benefits of
these materials are the potential for radiation shielding and for the mitigation of extreme
thermal fluctuations on the lunar surface. To support their development, the use of regolith
simulants allows researchers to replicate the mineralogical and granulometric characteris-
tics of real lunar soil. These simulants provide a valuable platform for testing geopolymer
formulations and foaming strategies under controlled laboratory conditions [21–24].

Among the possible fabrication methods, additive manufacturing (AM) through 3D
printing has emerged as a particularly promising strategy, allowing the layer-by-layer
construction of structural units directly from geopolymeric slurries [25,26].

One of the most promising directions in the development of regolith-based materi-
als is the creation of porous geopolymeric structures with controlled morphology. These
materials offer a combination of lightweight characteristics, thermal insulation, and ad-
equate mechanical strength. Similar porous materials are widely used across terrestrial
construction sectors and are produced through well-established technologies [27,28]. In
recent years, these approaches have been increasingly adapted to geopolymeric systems,
with several studies investigating the relationship between porosity, pore morphology, and
mechanical and thermal performance [29–31].

The production of porous geopolymers typically relies on the generation of foamed
slurries, which consolidate in porous networks with closed or open cells. Three primary
approaches can be found in the literature to create porosity in geopolymeric systems: me-
chanical foaming, where a pre-formed foam is mixed with the slurry [32]; chemical foaming,
which involves adding gas-releasing agents such as aluminum powder or hydrogen perox-
ide [33,34]; and physical foaming via gas injection, such as air or CO2 insufflation during
mixing [35]. Each method requires specific adjustments due to the unique rheological
and chemical behavior of geopolymeric slurries. In particular, the interaction between the
slurry’s solid phase and the foaming agents plays a critical role in determining the final
pore structure and stability, as well as the ability of the material to retain its shape after
extrusion during 3D printing [36].

For the AM application, controlling the geopolymeric slurry rheology is particularly
critical. The slurry must exhibit sufficient viscosity to maintain its shape during extrusion
and prevent collapse of the printed layers, while remaining flowable enough to allow con-
sistent deposition [26]. Therefore, thickening agents and viscosity modifiers are commonly
employed to tailor the flow behavior of geopolymeric slurries without compromising foam
stability or final mechanical performance of the porous geopolymer [37–39].

Different thickening agents are in fact tested in the present study, to identify the slurry
composition that ensures proper rheological behavior for AM.
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The foam morphology, including pore size distribution, connectivity, and uniformity,
is further affected by the mixing conditions. The optimization of these parameters is crucial
for achieving the desired balance between foam stability, structural integrity, and thermal
insulation performance.

Therefore, the ultimate goal is to develop optimized processes and formulations for
porous, regolith-based geopolymeric materials suitable for 3D printing and intended for
use as construction elements in extraterrestrial habitats.

2. Materials and Methods
2.1. Raw Materials

The geopolymeric materials are obtained by the reaction of the regolith simulant
powder with an alkaline solution and the addition of a surfactant liquid foam, able to
confer the final porous structure, and a thickening agent, which modifies the rheological
behavior of the slurry.

2.1.1. Regolith Simulant and Solid Geopolymeric Precursors

The simulant and primary solid precursor employed in this study was the lunar
regolith simulant LMS-1D (Lunar Mare Simulant 1 Dust) produced by Space Resource
Technology (Oviedo, FL, USA). This product simulates the fine granulometry of the lunar
mare dust, with about 80% of the particles having sizes below 10 µm and nearly 100%
below 30 µm. This simulant is composed for the largest part, 75%, by aluminosilicates.
More details about its production, composition, and features are available in refs. [40].

The use of a regolith-based aluminosilicate source enables the adaptation of estab-
lished geopolymer processing strategies to materials representative of ISRU-oriented
construction systems.

Metakaolin (MK, Imerys MetaStar 501, Imerys, Paris, France) was used as an additional
reactive aluminosilicate component to promote geopolymerization and improve matrix
homogeneity. The addition of metakaolin was also intended to better approximate the
amorphous aluminosilicate content of actual lunar regolith, which is higher compared to
that present in LMS-1D [22], consequently enhancing the material reactivity.

2.1.2. Alkaline Activating Solution

The aluminosilicate powders (LMS-1D and metakaolin) were activated using an
alkaline solution to produce alkali-activated binders. The activating solution was prepared
by dissolving sodium hydroxide (NaOH, 99% purity, Riedel-de-Haën, Hannover, Germany)
pellets in ultrapure water (Milli-Q, Millipore, Burlington, MA, USA), followed by the
addition of sodium silicate solution (Honeywell, Morris Plains, NJ, USA) under stirring
until complete homogenization. The solution was allowed to equilibrate for at least 3 h
prior to mixing with the solid precursors.

2.1.3. Surfactant

The cationic surfactant tetradecyltrimethylammonium bromide (TTAB, Sigma-Aldrich/
Merck, Darmstadt, Germany) was selected as a foaming agent due to its effective interfacial
activity and foam stabilization capability [41,42] together with its relatively low cost, mak-
ing it attractive for potential scale-up and industrial applications. TTAB presents a Critical
Micelle Concentration (CMC) in water of 4 × 10−3 M. Cationic surfactants in negative
particle dispersions are also able to create amphiphilic complexes by adsorbing on these
particles, which in turn may contribute to increasing the stability of the obtained foams.
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2.1.4. Thickening Agents

To regulate rheology and structural build-up of the fresh slurry, three thickening
agents were investigated:

• Xanthan Gum (XG, Erbotech, Esine, Italy): used as a 0.1 wt.% aqueous solution. XG is
a polysaccharide characterized by strong shear-thinning behavior and the ability to
increase yield stress [43,44].

• Na-bentonite (ClearOFF Minerals, Ashreigney, UK): a high-purity montmorillonite
clay. Its swelling capacity and morphology increase viscosity and improve structural
build-up [45].

• ActiGel-208 (Active Minerals, Sparks, MD, USA): a magnesium aluminosilicate
nanofiber additive commercialized as a strong thixotropic agent. Its fibrillar struc-
ture promotes network formation within the slurry, improving both thixotropy and
resistance to collapse [46].

Thickeners were incorporated to balance viscosity and shape retention, necessary for
3D printing applications, while maintaining sufficient fluidity for air incorporation.

2.2. Optimization of Alkali-Activated Binder Composition

An optimal formulation for the alkali-activated binder was selected based on previ-
ous experiments relying on a Design-of-Experiments (DoE) approach, which envisaged
the variation in the solution SiO2/Na2O molar ratio (0.8 to 1.6), solution/powder ratio
(0.4 to 0.44), and metakaolin addition (0 to 15 wt.%). Details of the procedure are reported
elsewhere [47]. The final formulation, named Opt2, as mentioned in the ref. [47], was
selected as a trade-off between the strength and amount of added MK, with the aim of min-
imizing the latter. Specifically, it comprised 8.5 wt.% MK added to the LMS-1D simulant, a
SiO2/Na2O molar ratio of 1.5 for the sodium silicate solution, and a solution/powder ratio
of 0.41.

2.3. Development of Foamed Geopolymer Formulations

Foamed geopolymeric slurries were developed starting from the reference alkali-
activated binder formulation Opt2 described in Section 2.2. This formulation was progres-
sively modified through the addition of specific additives, aimed at ensuring adequate
rheological behavior and foam stability.

Four Opt2-based foamed systems were prepared: a reference formulation containing
only TTAB and three additional formulations obtained by incorporating one of the selected
thickening agents. The compositions of the investigated Opt2-based foamed formulations,
expressed per 100 g of total mixture, are summarized in Table 1.

Table 1. Composition of investigated foamed formulations.

Foamed
Formulation

LMS-1D
(wt.%) MK (wt.%) Alkaline

Solution (wt.%)
TTAB

4 × 10−2 M (wt.%) Thickener Thickener
(wt.%)

1 64.89 6.03 20.51 8.56 - -

2 64.19 5.91 24.22 2.83 XG (0.1%) 2.83

3 61.86 5.75 25.64 3.38 Bentonite 3.38

4 64.52 5.99 26.19 1.75 Actigel-208 1.5
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2.4. Foam Generation and Mixing Procedure
2.4.1. Foam Formulation

Based on preliminary exploratory tests, the incorporation of a pre-formed aqueous
foam into the geopolymer slurry resulted in the most promising approach to obtain stable,
air-entrained slurries, suitable for being consolidated into porous materials.

The stability of foams obtained from TTAB aqueous solutions of various concentrations
was then investigated. The foams were obtained using a homogenizer (Ultraturrax T25
Digital, IKA-Werke, Staufen, Germany) at 10,000 rpm for 3 min.

Figure 1 reports the relative height of the studied foams as a function of the aging time.
The studied concentrations span from 0.1 × CMC to 10 × CMC.

Figure 1. Aging of foams obtained from bare TTAB aqueous solutions. See the text for details.

Considering the operative and processing time constraints set by the protocol for
obtaining the final materials (see next section), we followed the straightforward approach
of incorporating the most stable foam, obtained with a TTAB concentration of 4 × 10−2 M
(10 × CMC). As for the above figure, after an initial stage of relatively quick destabilization,
this foam enters a different regime, exhibiting about one hour of slow destabilization:
sufficient for the purpose of incorporating it into the slurry.

2.4.2. Foamed Geopolymer Production Protocol

Based on preliminary trials, an optimized procedure was developed.
All the reagents involved in the materials production were mixed together by mechani-

cal stirring using a two-bladed shaft connected to a motor (RW16 basic, IKA-Werke, Staufen,
Germany) while the pre-formed TTAB foam was obtained separately, as described above.

In more detail, the preparation of the foamed geopolymer slurry was carried out
according to the following protocol:

1. The alkaline activating solution was stirred at low speed using a two-bladed shaft.
2. The powder mixture (LMS-1D and MK) was gradually added to the activating solution

and mixed for 15 min to ensure homogeneity.
3. The selected thickening agent, when included, was incorporated, and mixing contin-

ued for an additional 15 min to achieve the desired rheological properties.
4. In parallel, the TTAB-based liquid foam was prepared.
5. The pre-formed foam was added to the geopolymeric slurry, and the mixture was

carefully blended using a spatula to ensure uniform bubble distribution while min-
imizing bubble rupture and foam collapse, then poured into a container (plastic or
silicone) of the desired shape.
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6. These samples were left at room temperature for 48 h, during which they hardened
under the effect of the spontaneous geopolymerization process. However, to ensure
complete moisture removal and full stabilization of the material, characterization was
performed after at least two weeks of curing under room conditions.

2.5. Interfacial Characterization of the Dispersion

An alternative possibility for obtaining aired slurries is represented by the direct
incorporation of the TTAB solution into the dispersions to be foamed. In principle,
this approach warrants the possibility of decreasing the quantity of surfactant. It is
in fact well known [48,49] that under specific conditions, particles may interact even
with small amounts of surfactants, forming amphiphilic complexes which, segregating
at the interface and changing its mechanical properties (surface tension and rheology),
act as efficient foam stabilizers. The occurrence of these interactions, if any, can be ef-
fectively studied and characterized based on the interfacial properties of these mixed
particle-surfactant dispersions.

To this aim, measurements of the dynamic surface tension (ST) at 20 ◦C were performed
at the air-dispersion interface using a Pendant Drop Tensiometer (PAT-1, Sinterface, Berlin,
Germany). The tensiometer warrants an accuracy of ±0.1 mN/m on the measurement of
the ST of a drop formed at the tip of a stainless steel capillary, whose area is kept constant
during the duration of the test. According to a standardized procedure, the drop to be
measured is quickly formed at the tip of the capillary, in order to create a “fresh” surface,
that is, nearly free from surfactant. The ST of the drop is then monitored as the process of
adsorption of the surface-active species progresses.

LMS-1D particles exhibit a bimodal size distribution, comprising a submicron fraction
(<1 µm) and a second fraction centered around approximately 10 µm. The larger particle
fraction tends to settle rapidly right after the dispersion preparation. That makes the use of
the whole dispersion unsuitable for ST measurements, since the particle settlement creates
non-homogeneous conditions in the sample. On the other hand, it is reasonable to consider
that the interfacial properties of the dispersion, being determined by microscopic effects,
are related to the particle submicron fraction. The latter, being less prone to spontaneous
segregation, remains in the supernatant and can be suitably utilized for tensiometric
measurements. Thus, only with the purpose of investigating the interfacial properties,
a suspension of 30 wt.% of LMS-1D in water was prepared. After waiting 16 h for the
deposition of bigger particles, the supernatant was removed. Dynamic Light Scattering
(Zetasizer, Malvern Panalytical, Malvern, UK) measurements of the particle size in the
supernatant provide an average value for the particle diameter of 560 nm with a standard
deviation of 71 nm. By weighing known volumes of supernatant and of their dry residuals,
it was possible to estimate a particle concentration of the supernatant of the order of
0.01 wt.%.

To prepare the supernatant dispersions containing the surfactant, a proper volume of
TTAB solution was added dropwise and under stirring to a proper volume of supernatant
dispersion, in order to obtain, in the whole dispersion volume, uniform concentration
conditions for possible interactions between the surfactant molecules and the particles.

2.6. Physical and Mechanical Characterization
2.6.1. Microscopic Analysis

After consolidation, the samples were examined using a Scanning Electron Micro-
scope (SEM, LEO 1450VP, LEO Electron Microscopy Ltd., Cambridge, UK), and a Leica
DVM6 optical microscope (Leica Microsystems GmbH, Hamburg, Germany), to assess
pore morphology and distribution. The size distribution was obtained from the optical
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microscopy images using the tools of the above optical microscope proprietary software
(Leica Application Suite X-v3.0.4, Leica Microsystems GmbH, Hamburg, Germany).

2.6.2. Density and Porosity

Cylindrical specimens were prepared for density and porosity determination. Geo-
metric density was calculated as the ratio between specimen mass and measured volume.

The relative density, ϱrel, was calculated as the ratio between the sample density and
its theoretical density. The density of the geopolymeric material, including the added
components, was obtained by grinding consolidated samples and measuring their true
density using a helium pycnometer (AccuPyc 1330, Micrometritics, Norcross, GA, USA).
Porosity was then calculated as (1 − ϱrel).

2.6.3. Thermal Conductivity

Thermal conductivity was measured using an optical thermal conductivity scanner
(TCSCAN, Schwab Research Technology, Achim, Germany). Prior to testing, one face of
each sample was coated with a thin layer of black acrylic paint to minimize reflection effects.
The calibration standards used for thermal conductivity measurements ranged from 0.71 to
1.35 W·m−1·K−1 and they were selected as being those with values closer to the expected
conductivity range, based on published data on foamed alkali-activated materials [50,51].

2.6.4. Compressive Strength and Elastic Moduli

Mechanical performance was evaluated through uniaxial compressive strength tests
conducted on cubic specimens (25 × 25 × 25 mm3) using a testing machine (ZwickRoell
Z05, Zwick-Roell, Ulm, Germany) equipped with a load cell of 50 kN. The stress–strain
response was recorded to determine compressive strength and elastic moduli for the
investigated systems.

3. Results
3.1. Interfacial Characterization of the Supernatant Dispersion in the Presence of TTAB

As detailed in Section 2.5, the possible interaction effects between the TTAB and the
submicrometric fraction of the simulant particles in the supernatant were investigated by
surface tension measurements. In particular, the ST of TTAB solutions was compared with
that of the supernatant of the original LMS-1D dispersion, loaded with corresponding
quantities of TTAB. The dynamic ST of these dispersions for increasing quantities of TTAB
is reported in Figure 1. In the absence of TTAB (TTAB concentration = 0 M), the bare
particles are essentially not surface active, since the corresponding dynamic ST shows
values similar to those of pure water and practically no decrease. Dispersions formulated
with the addition of a small amount of TTAB, up to 2 × 10−5 M, show a similar behavior.
Increasing further the concentration of TTAB, all systems exhibit a progressive decrease in
ST over time, approaching a plateau after about 1 h, which we can conventionally assume
as a near-equilibrium ST. As shown in Figure 2, a clear trend is observed for these near-
equilibrium values: increasing the TTAB concentration leads to a progressive reduction
in it, as for a common surfactant. For concentrations higher than 3 × 10−3 M, the near-
equilibrium ST shows a practically constant value around 36 mN/m, similar to the CMC
behavior in a common surfactant.

When comparing these results with those of the corresponding bare TTAB solutions,
the latter show systematically larger values of the equilibrium ST, as also shown in Figure 3.
Both curves, however, achieve the same ST above the CMC, which, however, appears at
slightly lower concentration for the simulant dispersion.
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Figure 2. Time evolution of surface tension for the supernatant of LMS-1D 30 wt% dispersion versus
the added TTAB concentration. See text for details.

Figure 3. Comparison between the measured equilibrium ST of the supernatant of the 30% simulant
dispersion additivated by TTAB (see text for details) and that of the corresponding TTAB aqueous
solution (latter data taken from Lamch et al. [52]).

The typical signature that one would expect from the interaction between TTAB and
particles are larger values of ST in the region up to about 0.1 × CMC. This is, in fact, the most
evident effect of the depletion of the free surfactant molecules, caused by the adsorption of
the surfactant at the particle surface. The behavior observed here is instead reminiscent
of that commonly reported for cationic surfactant solutions in the presence of small ionic
salt quantities: see, for example, the results for similar alkyltrimethylammoniumbromides
in the presence of small quantities of monovalent salts, as reported in the supplementary
material of ref. [52], or of NaCl in ref. [53]. In fact, for these systems, the adsorption
of the surfactant at the aqueous surface is favored, while its CMC decreases due to the
decreased surfactant solubility in the salty solution. On that basis, it is therefore reasonable
to speculate that the differences observed for the ST of the supernatant dispersion of
simulant in the presence of TTAB are due to ionic salt impurities that may be present in
the powders. The measured value of the conductivity of the supernatant in the absence of
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TTAB is 233 µS/cm, corroborating this hypothesis. At present, we do not have evidences
to speculate about the nature of the ionic species. However, just as an example, for NaCl,
this conductivity corresponds to a concentration close to about 2 mM. For this order of
NaCl concentration in CTAB solutions, reductions in the ST of the order of 5–10 mN/m are
reported, which are fully compatible with what is observed here. According to these results,
for the studied mixed dispersions obtained with the supernatant, there is little evidence of
the presence of amphiphilic particle-surfactant complexes useful to enhance the stability of
a foam. Therefore, at least under the described conditions, there are no advantages in using
the supernatant to formulate the pre-formed foam to be incorporated in the slurry.

3.2. Solid Materials Characterization

The hardened samples resulting from the geopolymerization process were analyzed to
evaluate the influence of surfactant concentration, mixing method, and thickening agents
on the final microstructure and functional properties. All samples were prepared using
the pre-formed TTAB foam incorporation procedure, according to the optimized protocol
summarized in the above Section 2.4.2.

3.2.1. Microscopic Analysis

In the consolidated sample containing only TTAB (blank formulation) and no other
additives, optical microscopy observations revealed a porous structure characterized by
a relatively uniform pore distribution, consisting of small, mostly spherical pores and
occasional larger voids. Most pores exhibited diameters in the 100–200 µm range, and the
structure appeared to comprise predominantly closed cells (Figure 4a). To further investi-
gate pore morphology at higher magnification, SEM analysis was employed, revealing the
presence of additional smaller pores with diameters down to approximately 35 µm, while
confirming that the porosity was mainly closed, with no clear evidence of interconnected
macroporous channels (Figure 4b).

  
(a) (b) 

Figure 4. Microscopic images of the foamed geopolymer formulated with the sole TTAB (no thicken-
ers), obtained with: (a) optical microscope; (b) SEM.

The sample containing 0.1 wt% XG solution exhibited a high density of large pores
(Figure 5a), mostly within the 200–400 µm range. Smaller pores, with diameters around
70 µm, were frequently observed within these larger voids. The structure appeared het-
erogeneous, with thin pore walls and regions of local structural discontinuity. In contrast,
bentonite-containing samples exhibited lower apparent porosity and a more compact struc-
ture. The overall morphology appeared denser, with thicker solid walls separating the
pores (Figure 5b). The pores were less spherical and displayed higher polydispersity, with
the presence of larger, elongated pores and smaller, more regular ones. In both types of
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samples, most pores were found within the 100–150 µm range. Actigel-208 demonstrated
intermediate behavior (Figure 5c) among the tested thickeners. The pore distribution was
more homogeneous than in the bentonite system, with most pores again falling within the
diameter range of 100–150 µm. The pore size distribution in the samples containing ben-
tonite and Actigel-208 was quantitatively evaluated based on the analysis of several optical
images, taken randomly along each sample. These distributions are plotted in Figure 6,
and the corresponding average diameters and widths are given in Table 2, confirming that
for both types of utilized thickeners the resulting pore diameters lie mostly within the
100–150 µm range.

(a) (b) (c) 

Figure 5. Optical images of foamed geopolymer samples containing different thickening agents, as
for Table 1: (a) Xanthan gum (0.1 wt.%); (b) Bentonite; (c) Actigel-208.

Figure 6. Relative number frequency of the pore size distribution from the analysis of optical images
of foamed geopolymer samples containing 0.1 wt.% of Bentonite (circles) and Actigel-208 (squares).

Table 2. Average pore diameter of foamed geopolymer samples containing 0.1 wt.% of Bentonite and
Actigel-208, calculated from the pore size distributions plotted in Figure 5.

Bentonite Actigel-208

Average pore
diameter (µm) ± SD 149.4 ± 107.6 126.6 ± 86.3

https://doi.org/10.3390/colloids10020029
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It is important to underline that the size distribution analysis was carried out only for
the samples obtained with Bentonite and Actigel-208, since they exhibit the most regular
pore structure. For the samples containing XG, the presence of large irregular cavities
prevented a reliable quantitative analysis, while the qualitative pore size ranges reported
above remain valid.

3.2.2. Porosity

Considering a solid matrix density of 2.8163 g/cm3, measured by the pycnometer,
the total porosity of the samples obtained with the different thickeners was calculated.
The results are summarized in Table 3, reporting the values measured for two samples of
the same type and their average value. Among the investigated formulations, the sample
containing 0.1 wt.% XG solution exhibited the highest porosity, with a value comparable
to that of the formulation prepared without additives (blank). In contrast, the addition of
bentonite and Actigel-208 resulted in lower porosity values, indicating the formation of a
denser structure. It is also useful to notice that the value reported in Table 3 for the relative
percent difference between the values measured for the two samples formulated with the
same thickener, briefly indicated as ∆-reflects the same gradation in the regularity of the
pore structure emerging from the microscopy analysis, discussed in the previous section.

Table 3. Total porosity of foamed geopolymer samples. The table reports the values measured for
two samples formulated with the same thickener, their average value, and the relative difference
(Variance) between the two values.

Porosity (%) Blank Xanthan Gum Bentonite Actigel-208

Sample 1 51.9 55 38.9 35.3

Sample 2 50.7 51.3 39.5 36.8

Average 51.3 53.1 39.2 36.1

∆ (%) 2 7 2 4

3.2.3. Thermal Conductivity

Thermal conductivity measurements are summarized in Table 4. Compared to the
sample containing only TTAB, the addition of bentonite and Actigel-208 resulted in a
marked increase in thermal conductivity, reaching approximately twice the value of the
blank sample. On the other hand, the incorporation of 0.1 wt.% XG solution resulted in
a slight reduction in the insulating properties. The values reported in the Table are the
average of five different samples formulated with the same thickener. The maximum and
minimum measured values for each type show a variability of the order of ±10%, calling
for a good homogeneity of this property over the material.

Table 4. Thermal conductivity values of foamed geopolymer samples prepared with different, or none,
thickening agents. For each type, the reported value is the average of measurements performed on
five different samples. The maximum and minimum values of these measurements are also reported.

Blank Xanthan Gum Bentonite Actigel-208

Thermal conductivity
(W·m−1·K−1) 0.348 0.300 0.695 0.719

Range (min–max) 0.296–0.381 0.269–0.327 0.647–0.761 0.660–0.769

3.2.4. Compressive Strength and Elastic Moduli

Figure 7 shows examples of the compressive stress–strain curves of foamed geopoly-
mer samples containing different thickening agents. A clear dependence of the mechanical
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response on the type of thickener is observed. The sample containing bentonite exhibits the
highest compressive strength, with a steep initial slope and a peak stress close to nine MPa
before failure, indicating higher stiffness and a more resistant pore structure.

Figure 7. Examples of the compressive stress–strain curves of foamed geopolymer samples prepared
with different thickening agents.

This behavior is confirmed by the elastic modulus (Ec), which reaches 442 MPa for
the bentonite-based formulation, as reported in Table 5. The latter Table reports, in fact,
the highest stiffness observed during the compression tests for two samples formulated
with the same thickener. The samples formulated with Actigel-208 show an intermediate
behavior, with a maximum stress around 5 MPa. The curve is characterized by local
drops, suggesting progressive pore collapse and subsequent structural rearrangement
within the porous matrix. Its elastic modulus (Ec = 234 MPa) reflects a moderately stiff but
more deformable structure compared to the bentonite system. The sample containing no
thickeners presents lower compressive strength, while the XG solution formulation displays
the weakest mechanical performance, with limited stress development, instability during
compression, and the lowest elastic modulus. It is useful to observe that the described
behavior correlates with the regularity of the pore structure observed in the previous
section for the materials formulated with the different thickeners, which is also reflected
by the values of ∆ reported in Table 5. Overall, the samples characterized by a more
porous internal structure exhibit higher friability, as reflected in the non-linear behavior
of the stress–strain curves. After the initial fracture, the curves display successive stress
drops associated with progressive pore collapse and densification of the material during
further compression.

Table 5. Elastic modulus (Ec) obtained from compressive stress–strain curves for the investigated
foamed geopolymer formulations. The table reports the values measured for two samples formulated
with the same thickener, their average value, and the relative difference (Variance) between the
two values.

Elastic Modulus (MPa) Blank Xanthan Gum Bentonite Actigel-208

Sample 1 161.8 66.0 447.7 231.8

Sample 2 173.5 58.8 436.8 237.3

Average 167.7 62.4 442.3 234.6

∆ (%) 7 12 2 2
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The two panels of Figure 8 report the thermal conductivity and the compressive
strength of all studied materials as a function of their density. As can be appreciated, the
thermal conductivity shows a remarkable direct correlation with the density of the materials
for all formulations. A similar correlation can also be appreciated for the compressive
strength, for all materials, except the one formulated with Xanthan Gum. This is again a
consequence of the observed heterogeneity of pore structure observed in the latter material
that, even having the largest density, presents a large intrinsic fragility.

Figure 8. Thermal conductivity (left) and compressive strength (right) of the produced materials as a
function of their densities.

4. Discussion
The extreme environmental conditions of the Moon, characterized by large thermal

excursions, vacuum, and reduced gravity, require materials capable of combining thermal
insulation and sufficient mechanical strength [1].

The results obtained in this work demonstrate that these requirements can be ad-
dressed through the careful design of surfactant-stabilized foams and the optimization
of slurry rheology, via the selection of appropriate additives. Interfacial measurements
revealed that the interaction with LMS-1D particles and the possible formation of am-
phiphilic complexes [54,55] play a secondary role with respect to potential ionic impurities
that may be present in the dispersion. Such a conclusion holds, however, for the large
TTAB concentrations utilized here for the formulation of the pre-formed foam. However,
with the aim of increasing the ISRU interest of this research, a consistent reduction in the
amount of surfactant to be transported from Earth is a valuable objective. In that case, the
mentioned interaction, between the cationic surfactant and the predominantly negatively
charged particles of the regolith components, could become a key factor for the formation
and stabilization of the foam instead, as already assessed by several works [56–59]. That
will therefore be one important research direction for the next investigations on the subject.

Microscopic observations showed that the consolidated materials exhibit predom-
inantly closed-cell porosity. This feature is particularly relevant for lunar applications,
as closed pores reduce convective heat transfer and enhance thermal insulation while
preserving structural continuity of the matrix. The stability of the initial liquid foam was
found to directly influence the final pore architecture, highlighting the strong link between
fresh-state interfacial phenomena and hardened-state performance.

The addition of thickening agents played a crucial role in modulating foam retention
and final material properties. XG solution allowed the incorporation of a larger volume of
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foam, resulting in the highest total porosity, lowest thermal conductivity, and enhanced
insulation performance. However, this highly porous structure exhibited the lowest com-
pressive resistance, reflecting the trade-off between porosity and mechanical stiffness in
cellular materials [60–62].

Bentonite and Actigel-208 significantly increased slurry viscosity, limiting bubble ex-
pansion and leading to lower porosity values. This densification resulted in higher thermal
conductivity, due to the reduced air content and the thicker solid walls separating the
pores. At the same time, mechanical performance improved markedly. The bentonite-based
formulation exhibited the highest elastic modulus and compressive strength, indicating a
more efficient load-bearing structure, whereas Actigel-208 showed intermediate mechan-
ical features, suggesting a pore architecture that, although similar in overall porosity to
bentonite, may differ in terms of wall thickness distribution or structural homogeneity.

These observations highlight how the material’s structure directly governs its perfor-
mance. Increased porosity enhances thermal insulation but reduces stiffness and strength,
whereas reduced porosity improves mechanical resistance at the expense of insulation
performance. The correlation observed between porosity, thermal conductivity, and elastic
modulus is consistent with the mechanical behavior of cellular solids, where elastic modu-
lus scales with relative density [60,62]. The rheological control exerted by the thickening
agents, therefore, directly determines pore architecture and, consequently, the macroscopic
thermal and mechanical response.

Among the tested formulations, both Actigel-208 and bentonite appear attractive can-
didates when considering the combined requirements of thermal insulation and mechanical
performance. They provide the most balanced compromise between porosity, insulation
capability, and structural integrity, making them particularly suitable for AM of lightweight
regolith-based components.

Overall, these findings confirm that surfactant-stabilized foamed geopolymers based
on lunar regolith simulants provide a viable route for producing lightweight, thermally
insulating construction elements. By tailoring interfacial properties and slurry rheology, it
is possible to optimize the balance between insulation and mechanical performance, paving
the way for AM of structural components in future lunar habitats.

Although these results are promising, several limitations must be acknowledged.
All experiments were conducted under terrestrial and laboratory room conditions, while
the influence of reduced gravity, reduced atmosphere, and lunar dust electrostatics on
foam formation and consolidation remains to be investigated. Moreover, from an ISRU
perspective, water recovery during the geopolymerization process needs to be studied
to ensure efficient use of this precious resource in a lunar environment. Accordingly,
studies are underway to explore geopolymer formulations that reduce water demand,
replacing liquid foams with porogenous agents, aiming at simplifying and validating the
foaming process under realistic lunar conditions and to enhance even more its suitability
for 3D printing.

Additionally, alternative surfactants and stabilizers even more compatible with ISRU
constraints will be evaluated. A particularly interesting route in that direction could be
the exploitation of the enhanced foam stabilization properties that may emerge from the
associations of surfactants with the submicrometric fraction of regoliths, after developing
more efficient procedures to extract and concentrate it. In fact, even if the study of the
interfacial properties presented here did not provide positive evidence, that could be the
result of the small load of solid particles in the supernatant. The possibility of working
with more concentrated dispersions of submicrometric regolith could open new interesting
routes for investigating these synergetic effects with surfactants.
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