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Abstract: Irreversible climate change, including atmosphere temperature extremes, is one of the most
important issues of the present time. In this context, the construction industry requires solutions for
increasing the energy efficiency of buildings through feedback between temperature adjustment inside
buildings and better isolation of the external parts of buildings. Newly developed thermal insulation
materials play an important role in this strategy. This paper presents the foamed geopolymer
based on metakaolin that can be used as a modern facade material. In order to further improve its
thermal insulation properties, the composition of geopolymer was modified with organic substances,
i.e., perlite and cellulose fibers (30% and 50% of the volume). The thermal conductivity and insulation
properties, density, mineral phases, absorbability, and compressive strength were improved for
composite materials. It has been shown that the final properties of the foamed geopolymer can be
controlled to a great extent by modifications, and the final properties determine its applicability.

Keywords: thermal insulation; thermal conductivity; civil engineering; compressive strength;
composite materials; metakaolin

1. Introduction

The demand for energy is increasing along with industrial development and human
population growth [1,2]. According to predictions, energy consumption will increase by
53% in the next ten years [3]. In most countries, the energy use for buildings accounts
for one-third of total energy consumption [4]. An energy crisis or energy shortage is a
significant bottleneck in the economy. Therefore, many actions are taken to balance energy
distribution, including legal regulations on the energy efficiency of residential buildings. In
Europe, approximately 70% of the electric energy in the buildings is utilized for heating
in winter and cooling in summer. For this reason, particular attention is now paid to the
assessment and the possibility of improving the thermal performance of buildings [5].
The use of effective thermal insulation materials in residential, commercial, and industrial
buildings will help reduce energy consumption, ensuring the proper urban management
of energy use and smart city development. Geopolymer is a modern inorganic material
intensively developed for various applications, including civil engineering. A geopolymer
aluminosilicate structure is produced on the basis of various precursors, among others
kaolinite, metakaolin, fly ash, or slag [6,7]. Raw materials are activated with alkaline
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solutions, e.g., sodium hydroxide or potassium hydroxide mixed with sodium silicate
or potassium silicate [6]. The process of hardening the geopolymer mass can take place
at room temperature; however, in order to obtain better properties, heating is used at a
temperature of 60 to 100 ◦C for 24–48 h [7]. Geopolymer is characterized by high mechanical
strength, including high early compressive strength, excellent durability, good chemical
resistance, and great fire resistance [6,7].

In order to achieve the great insulating properties of geopolymers, they can be pro-
duced as a porous material [8,9]. The porous structure of the geopolymer is obtained
through its foaming by (1) a mechanical method, consisting of the addition of a surfactant
agent, e.g., rosin, sodium dodecyl sulfate (SDS), sodium lauryl ether sulfate (SLES), Triton
X-100, proteins, and mixing at a high speed; or consisting of the in situ reaction on intro-
duced vegetable and animal fatty acids in alkali medium, known as saponification; (2) a
physical method, e.g., intumescence of solid geopolymer with a higher Si/Al ratio (>20)
after heating or exposition to microwave radiation; (3) a chemical method based on the
chemical reactions in the presence of fine metallic powder zinc or aluminum powder that
are oxidized in the presence of water and release H2 gas; or H2O2, sodium hypochlorite,
sodium perborate, which decompose to release O2 gas; or (4) other methods, namely replica
method, sacrificial filler method, and additive manufacturing [10–13].

Various additives could also be introduced into the concrete or geopolymer ma-
trix, e.g., polypropylene fiber [14], carbon nano-tubes [15], nano-SiO2 [16], and methyl
2-hydroxyethylcellulose [17], to improve thermal insulation properties. For economic
and ecological reasons, additives should be cheap, commonly available, and easy to use.
Organic materials such as expanded perlite or cellulose fibers meet all of these criteria.

The perlite, a siliceous amorphous volcanic rock naturally found in the environment,
when rapidly heated up to 850–1000 ◦C can expand its original specific surface area up to
20 times. It is caused by the water molecules evaporating from the interior of the perlite [18].
The perlite, expanded in this way, has a low bulk density (0.03–0.150 g cm−3), low thermal
conductivity coefficient (0.04–0.06 W m−1 K−1 at 24 ◦C), and high resistance to alkaline
reaction. Therefore, expanded perlite could be used as an additive to geopolymer in order
to reduce their weight and improve their insulation properties; however, only limited
information on the perlite as a raw material or additive in the production of geopolymer
composite can be found [19–22].The reason for this is that perlite has long been considered
an inefficient raw material that gives the final product with low mechanical properties;
however, early studies applied perlite as the main alumino-silicate source [23–27]. In such
case, fine perlite (e.g., d50 = 6.87 µm skeletal density which is related to 2433 kg m−1) was
used for geopolymer production [26]. Increasing the fineness of perlite to some extent (from
3.10 to 3.58, but not up to 4.30 m2 kg−1) can improve the compressive strength amounts
of the produced geopolymer and as a result its chemical resistance against aggressive
agents [23]. The compressive strength of ≈30–40 MPa can be obtained [24]. The optimally
fine perlite is fairly reactive, increases the compaction ratio, reduces the pores, forms a
more compact structure and thus develops greater compressive strength. In contrast, a
too fine fraction may cluster, and similarly, a coarse fraction acts only as a filler. The
mechanical properties of geopolymers can be enhanced with increasing NaOH molarity
as well as prolongation of the oven-curing period and temperatures [25]. The effect of the
NaOH content during activation of the geopolymer mortar was studied within the range
of 2–12 M, and the results indicated that along with its concentration increase, the setting
time was longer almost six-fold. This effect did not result from changes in the solid to
liquid ratio, which need to be kept constant (1.2 to 1.4 g mL−1) in order to optimize the
workability of the pastes. On the other hand, the geopolymer/perlite pastes solidified faster
at higher curing temperatures, with a minimum time at 100 ◦C [26]. The 10% addition of
perlite during the synthesis of geopolymers from fly ash caused an increase in the material
elasticity whilst reducing its compressive strength by 40% [28]. Waste perlite in alkaline
solutions (10 M NaOH) formed crystalline zeolite 4A and other minor crystalline phases.
Low compressive strength of final geopolymer material was obtained. The addition of
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fly ash (41.1 wt %) or calcined kaolinic clay (10 wt %) to the perlite (22.5 wt %) improved
mechanical properties to acceptable values [27,29,30]. Furthermore, compressive strength of
≈50 MPa can be obtained by partially replacing the pozzolan with 40% of the perlite, which
leads to the formation of an amorphous N-A-S-H type gel. In contrast, lower compressive
strength was observed along with the increase in perlite fraction, as the zeolite phase and a
heterogeneous structure were developed. The maximal amount of perlite to geopolymer
at which mechanical properties justify the production of the materials is 70–80% [31,32].
Perlite also reacts less effectively in a potassium-based activator [33,34].

Another useful additive of natural origin can be cellulose fibers. The good coherence
between the metakaolin-based solid geopolymer matrix and cellulose fibers and good
mechanical properties were found after the introduction of cellulose to geopolymer materi-
als [35–37]. Adding fibers to the geopolymer can limit the growth of cracks, lowers density,
and at the same time enhances the ductility, toughness, tensile strength, bending strength,
and compressive strength of the geopolymer. However, there is a problem related to the
use of natural fibers in geopolymer matrices. Natural cellulose fibers occur together with
lignin, hemicellulose, and pectin [38–41], which are easily degraded in alkaline solutions to
glucose and thus lower the strength of geopolymer. The content of up to 5 wt % of lignin,
cellulose, and hemicellulose enhanced the flexural and compressive strength of the geopoly-
mer. Along with the increase in cellulose fibers, the consistency of the mixture changed
dramatically, becoming viscous, impairing its workability and limiting the incorporation of
more cellulose [42], while fewer pores and thus a denser structure but ductile failures of
final geopolymer product were observed [43]. Similarly, cellulose nanocrystals have shown
considerable reinforcement potential in construction materials, provided the concentrations
were less than 0.5%. The ultrasonication can disperse nanocrystals of cellulose in material,
and it improves strength up to 50%, which is greater than the strength of raw cellulose
(20 to 30%). The tensile strength of the geopolymer reinforced with 9% hemp fibers (vol %)
was also improved to 5.5 MPa. As the content of fibers increased from 5 to 35 wt % in
the geopolymer based on fly ash and sand, the mechanical properties of the final material
decreased [35,44]. Geopolymer composites reinforced with 0–1 wt % maize stalk single
cellulose had a sponge-like structure with 58–68% of meso and macroporosity. Measured
compression strength ranged from 1 MPa up to 27 MPa [45].

The main purpose of this work was focused on the development of an eco-geopolymer
with natural additives having a low thermal conductivity. The results of this study also
facilitated a better understanding of the effect and behavior of cellulosic fibers and perlite
in matakaolin-based geopolymers as well as the influence of reinforcement on the physical,
chemical, and mechanical properties of geopolymers. Different content of additives was
tested in order to design reinforced geopolymer foam as the basis for ecological applications.
The developed eco-composite materials were dedicated to the thermal insulation of energy-
efficient buildings and cementless material technology. Therefore, this research relates to a
circular economy and zero waste approach; in addition, it responds to issues concerning a
reduction in the carbon footprint and questions about global climate warming.

Geopolymer is the promising alternative to the Ordinary Portland Cement (OPC),
whose annual production emits 5% to 8% of carbon dioxide responsible for global warm-
ing [46]. In contrast, four to eight times less carbon dioxide is evolved, and two to three
times less energy is needed during geopolymer production [6–8]. The classification pub-
lished in “the Eco-products Directory 2010” defines “eco-material” as the material with
great properties, that is produced, applied, and reused, providing a minor effect on the
natural environment and human population. Bearing in mind this definition, we named
the materials presented here the eco-geopolymer or eco-composite material.

2. Materials and Methods

The basic raw material for the production of the geopolymer matrix was the metakaolin
KM 60 (Keramost Company, Most, Czech Republic, Table 1). In order to improve the
mechanical properties and workability, 10% of sand by weight was added to metakaolin.
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Metakaolin and sand were mixed (LMB-S mixer, Geolab, Warszawa, Poland) for 10 min to
the homogenous distribution of both components.

Table 1. The chemical composition of the metakaolin KM 60 and sand.

Oxides Content (%)

Metakaolin KM 60 Sand

SiO2 50–55 90.0–90.3
Al2O3 min. 40 0.4–0.7
Fe2O3 max. 1.45 max. 0.2
CaO 0.05–0.5 0.17
MgO 0.20–0.45 0.01

K2O + Na2 max. 1.5 -
TiO2 - 0.08–0.1

An activator was made 24 h before the geopolymerization process; an aqueous solution
of sodium silicate (R-145, a molar module of 2.5, ChemiKam, Będzin, Poland) was added
to 8 M NaOH (Avantor Performance Materials, Gliwice, Poland) in a ratio of 2.5:1 [36].
The activator was mixed (LMB-S mixer, Geolab, Warszawa, Poland) for 1 min with raw
materials at a speed of approximately 100 rpm.

A mixture of 3% hydrogen peroxide (Sigma-Aldrich) solution together with an alu-
minum powder (Skawina, Poland) was used as the foaming agents [47]. They were mixed
(LMB-S mixer, Geolab, Warszawa, Poland) for 1 min with a mixture of raw materials and
alkaline activator to produce a G type sample of geopolymer, which serves as a reference
material (Table 2).

Table 2. Rate of raw materials, foaming agent, activators, and additives used to produce geopolymer
and composites.

Sample Sample Description Raw Materials Activator Foaming Agents Additives

KM 60 (% *) Na2SiO3/
NaOH (% *) Sand (% *) Al (% *) H2O2 (% *) (% *) (% **)

G foamed geopolymer 52.5 39.3 5.8 0.6 1.8 - -

GP30
foamed geopolymer

with 30% of
expanded perlite

38.4 53.1 4.3 0.5 1.4 2.3 30

GP50
foamed geopolymer

with 50% of
expanded perlite

36.9 53.1 4.1 0.5 1.4 4.0 50

GC30
foamed geopolymer

with 30% of
cellulose fibers

37.9 53.1 4.2 0.5 1.4 2.9 30

GC50
foamed geopolymer

with 50% of
cellulose fibers

35.9 53.1 4.0 0.5 1.4 5.1 50

* by weight, ** by volume.

In order to modify the geopolymer G, the additives were introduced. The expanded
perlite (EP–150, Jawar, Glinojeck, Poland) with a grain size < 1.25 mm was added as the last
component of the prepared geopolymer mass in an amount of 30% (GP30) and 50% (GP50)
by the volume (Table 2), while cellulose fibers (ProMC2000, ProAgro, Wołomin, Poland)
with an average fiber length of 1.35 mm was added in an amount of 30% (GC30) or 50%
(GP50) of the volume to raw materials (metakaolin and sand) before the alkali activation
(Table 2). The additives were mixed (LMB-S mixer, Geolab, Warszawa, Poland, at a speed
of approximately 100 rpm) with other components for 1 min and 10 min, in order to obtain
GP and GC samples, respectively.

The prepared geopolymer pastes were molded to 50 mm × 50 mm × 50 mm cubes for
the compressive strength analysis or 250 mm × 250 mm × 50 mm cubes for the thermal
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conductivity analysis. The specimens were cured at 70 ◦C for 24 h; then, they were
demolded and stored under ambient conditions.

The density measurement was performed by the geometric method and with the use
of a helium pycnometer. The geometric material density (ρ0) was determined using an elec-
tronic caliper with a measurement accuracy +/−0.01 mm (Helikos-Preisser, Gammertingen,
Germany) and a laboratory balance with an accuracy +/−0.001 g (PS 1000.X2, Radwag,
Radom, Poland). The skeletal density (ρ) was determined using a helium pycnometer
(Pycnomatic ATC, Thermo Fisher Scientific, Waltham, MA, USA) and helium with a purity
of 99.999%. The total porosity (P) was calculated with the equation P = 1 − (ρ0/ρ).

Observation of sample morphology was made by a Motic SM2-188 stereomicroscope
(Motic, Hong Kong, China). In order to evaluate the internal morphology of the structure
of the materials, the Y.MU2000-D X-ray detection system (YXLON, Hudson, OH, USA) was
used. For each material composition, at least 3 projections were made.

The mineralogical investigation and the Rietveld quantitative phase analysis of sam-
ples were determined using X-ray diffraction (XRD). The X-ray diffraction pattern was
recorded on a PANalytical Aeris diffractometer (Malvern Panalytical B.V., Almelo, The
Netherlands) with a scan range from 10◦ to 100◦ 2θ. Cu-Kα was the source of the radiation;
step size was fixed at 0.003◦ (2θ) and a time per step at 340 s. The High Score Plus software
(version: 4.8, Malvern Panalytical B.V., Almelo, The Netherlands) and the ICDD (Interna-
tional Center for Diffraction Data, PDF4+) crystallographic database (Newtown Square,
PA, USA) were used to identify the XRD diffractograms.

The water absorption test (ASTM C1585) was carried out for the samples (250 mm
× 250 mm × 50 mm) immersed in the distilled water to 1/4 of their height for 30 min,
1/2 of their height for 1 h, 3/4 of their height for 1 h, and above the height for 24 h. At each
time point, the samples were weighed. Water absorption (n) was calculated according to
the formula:

n =
ms − md

md
∗ 100%, (1)

where

ms—the mass of the sample in a saturated state;
md—the mass of the sample in the dry state.

The compressive strength test was carried out on the MATEST 3000 kM device. The
linear rate of force increase was 1.25 kN per second. The test for each material composition
was made at least three times.

Measurement of thermal conductivity at 50 ◦C, 30 ◦C, 10 ◦C, and −10 ◦C was made
using the HZM 446 Lambda Smal plate apparatus (NEZTSCH, Selb, Germany). The
accuracy of the temperature stabilization was ±0.2 ◦C.

All tests were carried out after 28 days of sample curing. All data are the average of
three to six repetitions. The standard deviation was calculated and presented.

3. Results and Discussion

Density values determined with the geometric method and helium pycnometer are
presented in Table 3. The density of porous materials, determined by the geometric method,
defines space occupied within the envelope pore space of solid material and includes any
interior voids, cracks, or pores (spaces within the material are included in the total volume);
thus, it is named geometric, envelope, or bulk density. In contrast, skeletal density (in
some cases named the true density) is the ratio of the mass of solid material to the sum
of the volumes of the solid material and closed (or blind) pores within the material. The
density measured by the helium pycnometer excludes open pores in the calculation, since
He cannot access closed pores. Therefore, it is not surprising that the geometric density
values were much lower than the skeletal density value obtained by the pycnometeric
method; the result confirmed many internal closed voids, cracks, or pores. The density of
expanded perlite (from 0.05 to 0.15 g cm−3) is much lower compared to natural cellulose
fiber (from 1.5 to 1.6 g cm−3), even if cellulose density differs from plant species to species
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and depended on the type of preparation [33,38]; thus, GP geopolymers showed the lowest
density values, regardless of the method. It was also found that the volume of additive
fractions that were introduced into the geopolymer matrix, i.e., 30% or 50%, did not change
significantly the density of the samples: GP30 vs. GP50 and GC30 vs. GC50. The effect was
independent of the type of additive introduced and the measurement method.

Table 3. The density and porosity of foamed geopolymer and composite materials. Geometric density
was measured with the geometric method; skeletal density was measured by the helium pycnometer;
total porosity was evaluated based on geometric and skeletal density.

Sample Geometric Density (g cm−1) Skeletal Density (g cm−3) Total Macroporosity

G 0.69 ± 0.08 2.33 ± 0.0004 0.70 ± 3
GP30 0.51 ± 0.07 2.19 ± 0.0005 0.77 ± 3
GP50 0.53 ± 0.06 2.16 ± 0.0002 0.75 ± 2
GC30 0.79 ± 0.07 2.23 ± 0.0005 0.65 ± 4
GC50 0.73 ± 0.09 2.23 ± 0.0006 0.67 ± 4

The geometry and morphology of the additives introduced into the foamed geopoly-
mer matrix can be a key factor in forming the various structure of porous materials. There-
fore, in order to verify the influence of spherical particles of perlite vs. fibers of cellulose
on the spatial structure of foamed geopolymers, their radiographs were analyzed. The
representative radiographs of geopolymer and composite materials are shown in Figure 1.
Pores can be clustered into few types, and micro-, meso-, and macroporous structures
can be distinguished. In the case of G, GP, and GC samples, the macropore structure was
defined in the earlier studies [34]. The macropores were heterogeneous in their shape,
they had different sizes, and they were randomly distributed in the entire volume of the
foamed geopolymer G and composite materials with the expanded perlite and cellulose.
In all samples, the majority of pores had a diameter of 0.2–4 mm, similarly as reported
earlier [36].
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The decomposition/reaction of foaming agents, hydrogen peroxide and aluminum
powder, respectively, produces oxygen, which produced bubbles in the geopolymer pseudo-
plastic fluid paste. The pressure inside the bubbles causes their expansion and consequently
geopolymer foaming. However, this effect simultaneously lowers the oxygen pressure
inside the bubbles and thus reduces the foaming process [48]. Therefore, the microstructure
of foam materials is dependent on the type and concentration of foaming agents as well
as the composition/consistency of the paste. The sample of foamed geopolymer GP30
containing expanded perlite was characterized by a spatial structure with the different
number and size of big pores. The addition of perlite beads at the last stage of the com-
posite material production allowed the particles to retain their original shape. Thus, they
could decrease the solidity of the geopolymer matrix, enable the fixing of the pores in the
geopolymer matrix during the foaming process, and create additional spaces resulting
from the round shape and loose packing of the pearlite. A key factor of a foaming process
(pore evolution and spreading) is ingredient density, which influences the viscosity of the
paste [36]. An increase in the paste viscosity decreases the movement of gaseous molecules.
The destabilization of bubble membranes leads to their breaking; then, they can merge,
and finally, large bubbles with elongated shapes are developed (coalescence process), as
observed for the GP30 sample. The density of the raw materials was ≈2.6 g cm−3 for
metakaolin and 0.05–0.15 g cm−3 for perlite. Therefore, perlite in the geopolymer samples
could reduce the viscosity of the prepared pastes and thus impair the coalescence process
in the porous material. The statement was also strengthened considering the reduced
geometric and skeletal density of the GP samples (Table 3). Moreover, as can be seen in
Figure 1, an increase in the addition of expanded perlite from 30% to 50% reduced the
foaming process, because the plastic properties of the paste decreased; thus, a network of
interconnected and aggregated cells was not observed.

In contrast, cellulose fibers introduced into the geopolymer GC30 and GC50 made
the spatial structure of the samples less porous compared to the G samples. The structure
showed only minor discontinuities, the dimensions of which did not exceed 5 mm. The
effect resulted from the elongated shape of particles, which tend to stick to each other
during the preparation of geopolymer mass. The foaming agents introduced into the
mixture were unable to foam geopolymer mass effectively. Additionally, the dispersion of
cellulose fibers could result in their improved wettability and thus increase the consistency
of the geopolymer matrix, its solidity, and homogeneity (shaping a limited number of pores
and/or preventing the development of their size by the coalescence process). It was also
reported earlier that geopolymer–cellulose composite foam had reduced number of the
biggest pores and thus a reinforced geopolymer matrix structure [36,37]. In contrast, the
geopolymer matrix of the GC organic-geopolymer hybrid foams had improved the pore
number with the smallest size classes [36]. Furthermore, cellulose fibers that originated
from different plants also had meso- (pore diameter of 2–50 nm) and microporous (pore
diameter less than 2 nm) structures [39–41]. Bering in mind all the above, despite having a
visually more solid structure, differences in the size and number of the pores within the
classes can explain the higher geometric density and at the same time lower skeletal density
of GC when compared to G samples.

Apart from regular pores, in cases of both geopolymer sample types, with perlite and
cellulose addition, the most important result was the lack of voids, cracks, or other internal
defects visualized macroscopically, which can develop after the foaming and curing process,
and in turn, greatly decrease the mechanical properties of materials.

Regardless of the composition of the foamed geopolymer and composite materials, the
XRD analysis (Figure 2) showed the presence of phases rich in Si, such as quartz (SiO2; 01-
070-2517), and phases rich in Si and Al, such as mullite (Al6Si2O13; 00-015-0776), kaolinite
(Al2Si2O5(OH)4; 00-058-2028), and orthoclase (KAlSi3O8; 00-022-1212). The main crystalline
phases identified in geopolymer and composite materials were identical to those found in
the raw precursor, i.e., metakaolin [49,50]. It indicated only a partial geopolymerization and
the presence of unreacted particles in the geopolymers. Although the crystalline phases are
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regarded as contaminants in geopolymers [51], they can positively influence the properties
of final products. For instance, quartz may improve the physical and mechanical properties
of final geopolymer products [52] due to the quartz particle capacity of creating barriers for
crack propagation [53]. The geopolymerization process decreased the amorphous phase
visible in the form of an amorphous hump in the 2θ account range between 18 and 40 when
metakaolin [36,49] and geopolymer (Figure 2) were compared. The metakaolin amorphous
hump had a higher intensity, while the geopolymer amorphous hump was wider and
prolonged up to 40◦. In geopolymer materials, the hump is related to glassy phases origi-
nateding from quartz and mullite. The mullite and quartz phases, which do not dissolve
readily in an alkaline activator, lower the effectiveness of the geopolymerization process.
Furthermore, the presence of kaolinite in geopolymers may demonstrate an incomplete cal-
cination process, which is dependent on the temperature treatment [54–56]. The crystalline
structure can be broken down to form an amorphous phase during calcination at a temper-
ature lower than that necessary to generate a liquid phase and produce glass on cooling.
The orthoclase in geopolymers and composite materials contains K, which in the case of
geopolymerization of the reacting minerals (dissolution and polycondensation) can have a
significant effect on the increase in strength of the geopolymerization products [57,58].
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The quantitative analysis of the phases in the foamed geopolymers (Table 4) showed
that the addition of expanded perlite to geopolymer decreased significantly the quartz
content, and to a lesser extent, the mullite content, while it increased the kaolinite and
orthoclase content. The addition of cellulose fibers did not change the proportion of quartz
phases compared to the G material, lowered the amount of kaolinite, and increased the
mullite and orthoclase. One can conclude that the differences in geopolymer and composite
materials resulted from the type of additions and the step of the protocol at which additions
were incorporated. Such differences caused specific physical and mechanical properties of
final materials, as described below.
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Table 4. Quantitative analysis of foamed geopolymer and composite materials with different compositions.

G GP50 GC50

Phase (%)

Quartz 12.1 6.9 12.1
Mullite 2.9 2.7 3.2

Kaolinite-1A 17.6 19.0 10.7
Orthoclase 67.3 71.4 74.0

The results of the absorbability test are presented in Figure 3. After a 30 min analysis,
the water absorption of most of the examined foamed geopolymers was similar. The
kinetics of the soaking process of the geopolymer and composite materials showed the
highest values for the GP samples after 90 min. The effect was independent of the perlite
volume introduced to geopolymer. The absorbability was much slower for the GC samples.
The further progress of water absorption was dependent on material type; its intensity
decreased over time for samples with cellulose fibers, while a continuous increase was
observed for samples with expanded perlite, even after 1440 min. Finally, after 24 h,
the absorbability of the samples with the addition of expanded perlite was almost 50%
higher compared to the value measured for the foamed geopolymer sample. The samples
containing cellulose additive achieved the water absorption values only about 10% higher
compared to the G sample. The observed effects are closely related to capillary phenomena
dependent on the internal structure of foamed samples (Figure 1). Porous perlite has a high
water capacity and hold water in three ways: in between individual grains, on the highly
irregular surfaces of each particle, and in perlite interior channels leading to the cores of
the grains (Figure 1). Larger particles tend to absorb/desorb water more quickly, while the
finer grades of perlite hold on the water for longer periods of time. However, crushing
perlite particles during the geopolymerization process can lower the hygroscopic properties
of perlite. The strong effect of crushing on the perlite permeability was also shown [59].
The cellulose has less water capacity, as the absorption area is mainly available in interior
channels; thus, the effectiveness of water absorption was found to be between the G and
GP samples. Although it is well known that in thermal insulation applications, porous
structures are the most desirable, it should be noticed that material exposure to the water
promotes the growth of microorganisms, lichens, and mosses in ambient temperatures,
while the reduction in temperature can lead to the formation of cracks and degradation of
the material when water is present in high amount in the interior of the material.

Although it seems that the major effect on the water absorption is the type of additive
(Figure 3), it is worth noticing that the mineral composition of the geopolymer matrix can
also result in lower or higher adhesive and cohesive forces interacting between the H2O
and the internal surface of pores. Since the presence of kaolinite favors the more rapid
water sorption/desorption, and the addition of expanded perlite to geopolymer influences
the higher content of kaolinite, the improved total absorbability of GP samples can be a
cumulative result of perlite and geopolymer matrix properties.

Table 5 shows the results of the compressive strength test. Geopolymer samples with
the addition of expanded perlite showed about 20% lower compressive strength than G
geopolymer samples. The amount of expanded perlite in the geopolymer did not have a
significant impact on the compressive strength. In contrast, the addition of cellulose made
the compressive strength of GC samples almost twice as high as that of the G samples. As
described above, cellulose was characterized by a fibrous morphology. In GC samples, good
fitting cellulose with matrix and thus restricted cracks and macropores development was
observed. Together with the favorable phase composition (higher quartz and orthoclase,
while lower kaolinite content in comparison to G and GP samples, Table 4), these properties
resulted in the improved strength of GC samples. Interestingly, mullite rich in aluminum
(Al > Si) was slightly lower in GP and higher in GC samples. Earlier, it was shown that
mullite reduction can be correlated with the dealumination process. For geopolymers
enriched with organic fibers GC, the mullite phase was improved and the dealumination
process was inhibited; the opposite effects were observed for basic geopolymers [36,37].
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The higher the mullite content and the higher the interlocking of the mullite needles, the
higher the strength. The strength of the material depends on the factors that affect the
amount and size of mullite needles, such as the calcination temperature and composition
of alumina and silica of the raw materials.
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Table 5. Compressive strength of foamed geopolymer and composite materials with
different compositions.

Sample Average Compressive Strength (MPa) Standard Deviation

G 2.32 0.26
GP30 1.87 0.52
GP50 1.82 0.30
GC30 5.47 1.2
GC50 4.27 0.7

It is well known that the thermal conductivity of a material is a measure of its ability
to conduct heat, whereas thermal insulance is the thermal resistance of the unit area of
a material. Heat transfer occurs at a lower rate in materials of low thermal conductivity;
therefore, these are popularly used as good insulation materials. On the other hand,
materials with high thermal conductivity are widely used in heat sink applications. In
Table 6, the thermal properties of investigated materials are presented. It was found that
regardless of the composition of the tested foamed geopolymers, with the increase in the test
temperature, the value of the measured thermal conductivity increased in a linear manner,
while the thermal insulation properties decreased (Figure 4). Moreover, the addition of
30% expanded perlite to the foamed geopolymer matrix caused a decrease in thermal
conductivity by about 19% compared to the reference sample. This effect was repeatable
regardless of the temperature at which the measurements were carried out. The increase in
the volume fraction of expanded perlite from 30 to 50% resulted in a further decrease (5%)
in the thermal conductivity of the tested composites. The addition of cellulose fibers also
reduces the thermal conductivity of geopolymers, but this effect was not as significant as
in the case of expanded perlite (8% and 18% when a 30% or 50% additive was introduced,
respectively). Moreover, it was observed that depending on the measurement temperature,
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the results for the same material composition differ by about 4%. This effect proves the
inhomogeneity of the distribution of the additive in the structure of the produced composite
and the inhomogeneity of the porosity in foamed geopolymers.

Table 6. Properties of concrete with porous structure according to different authors.

Material Density
(kg m−3)

Compressive
Strength

(MPa)

Thermal
Conductivity
(W m−1 K−1)

Reference

Porous concrete – 8.0–14.7 0.47–0.87 [60]
Oil palm shell

foamed concrete 1100 3.5–5.3 0.4 [61]

Cellular concrete 600 1.0–1.5 0.11–0.17 [62]
Cellular concrete 500 1.0 0.08–0.13 [62]
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Figure 4. Thermal conductivity (a) and thermal insulance (b) measured at different temperatures for
foamed geopolymer and composite materials with different compositions.

Rashad et al. [18] observed that the addition of expanded perlite to concrete, by
partially replacing fine aggregate, resulted in increased water absorption, permeability,
porosity, workability, sound insulation as well as decreased density and thermal conduc-
tivity. However, in the case of replacing cement with expanded perlite, its influence on
the mechanical properties of the tested samples was ambiguous. Based on the presented
results, it can be concluded that the effect of expanded perlite used as an additive to foamed
geopolymers is similar to that in concrete. Table 6 shows the properties of various types of
concrete with a porous structure. It can be concluded that the lower the density of these
materials, the lower the compressive strength and the thermal conductivity. The analyzed
foamed composite on the geopolymer matrix in terms of density can be best compared to
cellular concrete with a density of 500 kg m−3. Their thermal conductivity values are in the
same range, but the geopolymer composite has a higher compressive strength.

Vaou and Panias [22] found that a perlite-based foamed geopolymer compared to
thermal insulation materials, such as expanded and extruded polystyrene, glass, and stone
wool has a thermal conductivity in the same range but a higher compressive strength,
application temperature limit, and water absorption. Moreover, Papa et al. [20] examined
an alkaline-bonded expanded perlite by potassium di-silicate solution. The density of the
obtained material was 467 kg m−3, the compressive strength was 1.6 MPa, and the thermal
conductivity was 0.084 W m−1 K−1 at 25 ◦C. Compared to the foamed composites based
on geopolymer, these materials were characterized by a similar density and compressive
strength but lower thermal conductivity. In addition, Vance et al. [21] showed that perlite
waste can be used as reactive aluminosilicates for the production of geopolymers and as a
filler in geopolymers. This enables the use of waste materials in future research, e.g., fly
ash or waste perlite instead of metakaolin and expanded perlite, which will significantly
increase the ecological aspect of the produced foamed geopolymer composites.
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4. Conclusions

It has been shown that the geopolymer product is influenced by different variables,
including properties of raw materials, i.e., the presence of specific mineralogical phases,
various chemical compositions, structural, and physical properties. Further, depending
on the type of the additive, the final properties of the foamed eco-geopolymer can be
controlled, including its density, thermal conductivity, water absorption, and compressive
strength, which can significantly affect the applicability of the products.

The use of an additive in the form of expanded perlite to the geopolymer matrix
resulted in a significant decrease in thermal conductivity and density with an insignificant
change in compressive strength. These composites, compared to the unmodified material,
were, however, characterized by greater water absorption. This material, due to its obtained
properties could be used as a thermal insulation element in construction, e.g., as a replace-
ment for the popularly used cellular concrete. On the other hand, the use of an additive
in the form of cellulose fibers increases the value of thermal conductivity compared to
expanded perlite. Moreover, these composites had higher compressive strength > 200%)
when compared to the geopolymer samples without cellulose additive and lower water
absorption in comparison to the composites containing the addition of expanded perlite.

Further directions of development of this type of composites are seen in the use of
waste as raw materials, which will significantly increase the ecological benefits. An interest
in materials dedicated to ecological buildings follows the huge environmental pressure of
the global utilization of ordinary concrete. The level of demand for cement is estimated
as the second-largest, just behind the level of demand for water. The development of
eco-geopolymers based on waste materials with natural additives having low thermal
conductivity can decrease the consumption of both energy and natural resources. For
instance, the limited possibilities of the usage of class F fly ash (FFA) necessitate efforts to
solve the environmental and economic problems with this waste, and FFA can serve as an
excellent raw material in geopolymer with natural additives.
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