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INTRODUCTION

Over the past few years, Portland cement concrete has 
been the product of the greatest volume manufactured on 
the planet. The low-cost and availability of raw materials 
and processing technologies, combined with its wide 
versatility and good performance, are the main reasons and 
advantages for the high consumption of concrete developed 
with Portland cement. However, due to worldwide concern 
about sustainability, the cement industry is facing strong 
pressure as Portland cement production is being perceived 
as unsustainable and ecologically incorrect [1]. This 
environmental pressure occurs mainly due to the emission 
of gases which are responsible for the greenhouse effect and 
the large consumption of energy in the calcination of clinker, 
which occurs at high temperatures (approximately 1400 °C). 
In addition, to meet global demand, the large volumes of 
Portland cement produced lead to high consumption of raw 
materials and dust pollution [2, 3]. Thus, the development of 
new materials plays a major role in increasing sustainable 
construction, as the aim of using such materials is to reduce 
energy consumption, the emission of pollutants, and the 
production of wastes [4]. As an alternative to the issues 
mentioned, geopolymers have come to the fore. These are 
binding agents produced from an aluminosilicate, which 
hardens at room temperature, in a relatively short period 
of time (between 2 and 48 h) [5, 6]. Geopolymers are 
usually produced by combining a precursor material (e.g., 
metakaolin or fly ash) with a highly alkaline chemical 

reagent (activator) [7-9]. They are innovative materials 
that are being studied for a number of applications, 
including fiber-reinforced composites [10-12], refractory 
composites (aerated geopolymers) [13], precursors for the 
formation of ceramics [14-16], and waste adsorption [17]. 
Environmentally, these materials reduce CO2 emission rates, 
compared to those of Portland cement, as they do not use 
the clinker process, thereby reducing energy consumption 
[9, 18].

The geopolymers used as refractory materials have pores 
in their structure that are generated by different mechanisms. 
These porous polymeric materials have low thermal 
conductivities, which resist high temperatures, low densities, 
and are also good acoustic insulators [19]. In this context, 
according to Kumar [20], few studies have been carried out 
with porous geopolymers developed with the addition of 
foam, which can be an alternative to replace foamed cellular 
concretes in civil construction. The vast majority of research 
studies use aluminum powder and hydrogen peroxide 
(H2O2) as pore-forming agents and fly ash as a precursor [19, 
21-24]. Su et al. [25] studied a foamed fly ash geopolymer 
where fly ash was activated by sodium silicate solution, and 
an aluminum powder was employed as an in situ chemical 
foaming agent. For densities from 1200 to 600 kg/m3, the 
thermal conductivity diminished from 0.70 to 0.22 W/(m.K), 
which is much better than that of its counterpart, ordinary 
Portland cement. Phavongkham et al. [26] evaluated the 
effects of surfactant on thermo-mechanical behavior of 
geopolymer foam paste made with sodium perborate 
foaming agent. All foamed geopolymers prepared with and 
without the surfactant showed 28 day-curing compressive 
strength in the range of 4.21 to 4.82 MPa with improvement 
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Abstract

The physical and mechanical properties of foamed geopolymers were determined. The geopolymers were made with two different 
metakaolins (from Metacaulim do Brasil - MB, and Pantano Grande/RS - MPG) as precursors, with NaOH and Na2SiO3 as activators, 
and with the addition of foam, which was produced with the foaming agent diethanolamide of coconut fatty acid with a minimum of 
80% concentration. Also, two times (2.5 and 4 h) were used for the calcination of MPG at 750 °C. The results showed that all factors 
(precursors type, alkali content, silica modulus, and foam content) had a significant influence on the response variables, which presented the 
following variations: compressive strength of 0.36 to 3.23 MPa; thermal conductivity from 0.22 to 0.42 W/(m.K); saturated bulk density 
from 1176 to 1364 kg/m3; dry bulk density of 619 to 864 kg/m3; air void from 46.4% to 62.5%; and water absorption from 55.7% to 95.4%. 
It was also concluded that the precursor type was the factor that had the most influence on the properties of foamed geopolymers, 
with MPG calcined for 4 h being the best, as greater compressive strength and low thermal conductivity were obtained.
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when the surfactant was added and thermal conductivity was 
in the range of 0.27 to 0.32 W/(m.K). Masi et al. [24] used 
fly ash as a precursor and three different foaming agents: 
aluminum powder, H2O2, and surfactant (40 wt% solution 
of fatty acid, amide, and sodium salt of C14-C16 sulphonic 
acid in water). These foaming agents were added to the 
geopolymer pastes separately and mixed. Homogeneous 
microstructures with small pores were obtained by adding 
surfactant and H2O2. The combination of hydrogen peroxide 
(0.1 wt%) and surfactant (1.0 wt%) produced foamed 
geopolymers with density and compressive strength values 
of 940 kg/m3 and 4.6 MPa, respectively. Abdullah et al. [27] 
used superplasticizer as a foaming agent and also fly ash as 
a precursor. For foamed geopolymers, high compressive 
strengths were obtained after 28 days, around 18 MPa. The 
pores were homogeneously distributed in the geopolymeric 
matrix with small diameters, from 4 to 37 μm.

In general, there is still much to be explored with regard 
to foamed geopolymers, and no work has been developed 
using amide 80 as a foaming agent and metakaolins from 
Metacaulim do Brasil or from Southern Brazil (Pantano 
Grande/RS) as precursors. So, the main objective of this 
paper is to evaluate the physical and mechanical properties 
of foamed geopolymers that were developed based on 
different metakaolins and amide 80 as a foaming agent.

EXPERIMENTAL

Materials: Fig. 1 shows the precursor materials used in the 
production of foamed geopolymers. A kaolin sample (Fig. 1a) 
was obtained from the reserve in Pantano Grande-RS, Brazil, 
and calcined for 2.5 and 4 h at 750 °C, thereby generating two 
types of precursor: metakaolin calcined for 2.5 h - MPG2.5 
(Fig. 1b); and metakaolin calcined for 4 h - MPG4 (Fig. 1c). 
The kaolin was calcined in a Romatex muffle and, sequentially, 
the samples were ground using a ball mill and sieved through 

a 200 mesh sieve, following the methodology used by Longhi 
[28]. Also, a commercial metakaolin (HP Ultra, Metacaulim 
do Brasil) - MB (Fig. 1d), was used as a precursor. The 
foaming agent used in the production of foam was amide 80 
(80% fatty acid diethanolamide, Quimicamar). A mechanical 
stirrer was used to produce a foam with a density of 75 kg/m3 
(Fig. 2a), in which, it was considered that 98% was H2O. As 
alkaline activators, sodium silicate (Na2SiO3, Nilla, Fig. 2b), 
with 53% H2O, 15% Na2O, and 32% SiO2, and a SiO2/Na2O 
ratio of 2.14, and scaled sodium hydroxide (NaOH 99%, 
Buschle & Lepper, Fig. 2c) were used.

The major oxides in the precursors were determined by 
X-ray fluorescence spectrometry (XRF) carried out with 
a spectrometer (MiniPal 4, PanAlytical). Table I shows the 
chemical compositions obtained for the metakaolins. The 
SiO2/Al2O3 total molar ratio is also of great importance 
in alkali binder activation. According to Komnitsas and 
Zaharaki [29], when there is an increase in Al2O3 content, 
the SiO2/Al2O3 ratio decreases and the resulting products 
have lower mechanical resistance. Duxson et al. [9] also 
demonstrated that SiO2/Al2O3 ratios below 1.4 generate pastes 
with large, interconnected pores. Samples with a ratio greater 
than 1.65 may have small distributed pores. The crystalline 
phases of the samples were identified by X-ray diffraction 
(XRD) analysis, performed with a diffractometer (X’pert PRO 
Multi-Purpose, PanAlytical) using CuKα radiation (λ=1.5418 
Å) at 40 kV and 30 mA and irradiations varying from 0 to 90° 
(2θ), with an interval of 0.05° for each 1 s. Fig. 3 shows the 
X-ray diffractograms of the kaolin, MPG2.5, MPG4, and MB, 
respectively. Amounts of crystalline and amorphous phases 
were determined using the Rietveld method [30-32]. Fig. 3a 
shows the diffractogram for kaolin in natura, which had the 
same crystalline phases (kaolinite, phengite, muscovite, and 
quartz) as the calcined samples, but with greater crystallinity. 
The kaolin from Pantano Grande calcined for 2.5 h (metakaolin 
MPG2.5, Fig. 3b) showed 85.10% of amorphism and kaolin 

Figure 1: Images of: a) kaolin from Pantano Grande/RS; and metakaolins used in the production of foamed geopolymers: b) MPG2.5; c) 
MPG4; and d) MB.

Figure 2: Images of: a) foam formed from amide 80; b) sodium silicate; and c) NaOH flakes.
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calcined for 4 h (metakaolin MPG4, Fig. 3c) showed 99.99% 
of the amorphous phase. For MB (Fig. 3d), 73.18% amorphous 
phase was found and crystalline phases observed were muscovite 
[KAl2(Si3Al)O10(OH,F)2], kaolinite [Al2Si2O5(OH)4], quartz 
(SiO2), illite {(K,H3O)(Al,Mg,Fe)2(Si,Al)4O10[(OH)2,H2O]} and 
phengite [K(Al,Mg)2(OH)2(Si,Al)4O10]. The characteristic peaks 
of quartz and kaolinite indicated the presence of impurities and 
incomplete calcination. According to Longhi [28], the greater 
the amorphism of metakaolin, the greater the reactivity, i.e. 
the greater amount of active silica is formed to dissolve in an 
alkaline medium.

Synthesis of foamed geopolymer: the specimens were 
initially made by weighing the materials and dissolving the 
flakes of sodium hydroxide in water. Due to the increase in 

temperature because of the exothermic reaction, this solution 
remained at rest for 24 h until it reached room temperature, 
approximately 25 °C. Then sodium silicate was added to 
the solution. In the next step, the precursor was added to the 
solution (NaOH+Na2SiO3) and held in a mechanical mortar 
mixer, thereby forming a geopolymer paste (Fig. 4a). This 
paste was mixed for 5 min at a speed of 140 rpm until its 
homogenization, and then, the foam was added. This mixture 
was then mixed for another 5 min at a speed of 240 rpm, thus 
forming the foamed geopolymer (Fig. 4b). Then, cylindrical 
specimens (Fig. 4c) with dimensions of 40 mm in diameter 
and 80 mm in height were molded. They were subjected 
to curing at room temperature (approximately 20 °C) for 
a period of 28 days for the complete geopolymerization of 

Figure 4: Images showing MB geopolymer paste without (a) and with foam (b), and molded cylindrical specimens (c).

Table I - Chemical compositions by XRF for metakaolin samples.

Sample SiO2 Al2O3 TiO2 Fe2O3 MnO MgO SO3 ZrO2 K2O P2O5 LOI Total

MB 65.57 25.77 1.49 4.10 0.01 0.51 0.12 0.12 2.13 0.03 0.15 100
MPG 59.09 37.47 0.13 1.26 0.01 0.06 nd nd 0.77 nd 1.21 100

LOI - loss on ignition; nd - not detected; MB - metakaolin HP Ultra; MPG - metakaolin from Pantano Grande.

Figure 3: XRD patterns of: a) kaolin from Pantano Grande-RS; b) kaolin calcined for 2.5 h at 750 ºC - MPG2.5; c) kaolin calcined for 4 h 
at 750 ºC - MPG4; and d) metakaolin HP Ultra - MB.
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the material. Rectangular specimens were also molded for 
the thermal conductivity assay, with dimensions of 100 mm 
wide by 300 mm long and 30 mm high. After curing, tests 

were conducted to determine the physical and mechanical 
properties of the specimens.

Characterization of the foamed geopolymer: the specimens 

Table II - Experimental matrix.

Run MK type MK   
(g)

SS   
(g)

NaOH    
(g)

FC    
(g)

H2O    
(g)

Activator Total molar ratio

SM % 
alkali

SiO2/ 
Al2O3

Na2O/ 
Al2O3

H2O/ 
Na2O

Na2O/ 
SiO2

1 MB 100 24.73 14.66 3.44 48.23 0.5 15 3.37 0.88 14.77 0.26
2 MB 100 24.73 14.66 4.59 47.10 0.5 15 3.37 0.88 14.51 0.26
3 MB 100 24.73 14.66 5.73 45.98 0.5 15 3.37 0.88 14.25 0.26
4 MB 100 49.46 9.97 3.30 46.26 1.0 15 3.85 0.89 16.99 0.23
5 MB 100 49.46 9.97 4.40 45.18 1.0 15 3.85 0.89 16.74 0.23
6 MB 100 49.46 9.97 5.50 44.10 1.0 15 3.85 0.89 16.50 0.23
7 MB 100 32.97 19.55 3.59 50.28 0.5 20 3.53 1.17 12.36 0.33
8 MB 100 32.97 19.55 4.78 49.11 0.5 20 3.53 1.17 12.16 0.33
9 MB 100 32.97 19.55 5.98 47.94 0.5 20 3.53 1.17 11.96 0.33
10 MB 100 65.94 13.30 3.40 47.65 1.0 20 4.17 1.18 14.59 0.28
11 MB 100 65.94 13.30 4.53 46.54 1.0 20 4.17 1.18 14.40 0.28
12 MB 100 65.94 13.30 5.66 45.43 1.0 20 4.17 1.18 14.21 0.28
13 MPG2.5 100 24.73 14.66 3.44 48.23 0.5 15 2.61 0.65 14.77 0.25
14 MPG2.5 100 24.73 14.66 4.59 47.10 0.5 15 2.61 0.65 14.51 0.25
15 MPG2.5 100 24.73 14.66 5.73 45.98 0.5 15 2.61 0.65 14.25 0.25
16 MPG2.5 100 49.46 9.97 3.30 46.26 1.0 15 2.96 0.66 16.99 0.22
17 MPG2.5 100 49.46 9.97 4.40 45.18 1.0 15 2.96 0.66 16.74 0.22
18 MPG2.5 100 49.46 9.97 5.50 44.10 1.0 15 2.96 0.66 16.50 0.22
19 MPG2.5 100 32.97 19.55 3.59 50.28 0.5 20 2.72 0.87 12.36 0.32
20 MPG2.5 100 32.97 19.55 4.78 49.11 0.5 20 2.72 0.87 12.16 0.32
21 MPG2.5 100 32.97 19.55 5.98 47.94 0.5 20 2.72 0.87 11.96 0.32
22 MPG2.5 100 65.94 13.30 3.40 47.65 1.0 20 3.20 0.88 14.59 0.27
23 MPG2.5 100 65.94 13.30 4.53 46.54 1.0 20 3.20 0.88 14.40 0.27
24 MPG2.5 100 65.94 13.30 5.66 45.43 1.0 20 3.20 0.88 14.21 0.27
25 MPG4 100 24.73 14.66 3.44 48.23 0.5 15 3.00 0.65 14.77 0.22
26 MPG4 100 24.73 14.66 4.59 47.10 0.5 15 3.00 0.65 14.51 0.22
27 MPG4 100 24.73 14.66 5.73 45.98 0.5 15 3.00 0.65 14.25 0.22
28 MPG4 100 49.46 9.97 3.30 46.26 1.0 15 3.35 0.66 16.99 0.20
29 MPG4 100 49.46 9.97 4.40 45.18 1.0 15 3.35 0.66 16.74 0.20
30 MPG4 100 49.46 9.97 5.50 44.10 1.0 15 3.35 0.66 16.50 0.20
31 MPG4 100 32.97 19.55 3.59 50.28 0.5 20 3.12 0.87 12.36 0.28
32 MPG4 100 32.97 19.55 4.78 49.11 0.5 20 3.12 0.87 12.16 0.28
33 MPG4 100 32.97 19.55 5.98 47.94 0.5 20 3.12 0.87 11.96 0.28
34 MPG4 100 65.94 13.30 3.40 47.65 1.0 20 3.59 0.88 14.59 0.24
35 MPG4 100 65.94 13.30 4.53 46.54 1.0 20 3.59 0.88 14.40 0.24
36 MPG4 100 65.94 13.30 5.66 45.43 1.0 20 3.59 0.88 14.21 0.24

MK: metakaolin; SS: sodium silicate; FC: foam content; SM: silica modulus.
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were characterized by the following experimental tests: 
compressive strength; dry and saturated densities; water 
absorption; air void; and thermal conductivity. The compressive 
strength test followed the procedures of the Brazilian standard 
NBR 7215 [33]. Although this standard is intended to test the 
strength of Portland cement, due to the lack of standardization 
for geopolymeric materials, the specimens were tested 
according to this standard. For this test, a mechanical testing 
machine (PC 200C, Emic) with a capacity of 2000 kN, 
crosshead speed of 0.7 mm/min, and accuracy of approximately 
1% of the applied load was used. In order to determine the 
dry and saturated bulk densities, water absorption, and air 
void (porosity), the procedures of the Brazilian standard NBR 
9778 [34] were followed. The analysis technique described in 
the British standard BS EN 480-11 [35] and by other authors 
[24, 36, 37] was used to determine the shape and size of the 
pores. Two specimens were prepared for each sample, namely, 
one for the longitudinal section and the other for the cross-
section. The specimens were carefully polished, thus avoiding 
the creation of new pores that would cause measurement errors. 
The macrographs were obtained with an electronic magnifying 
glass and analyzed using ImageJ software (National Institutes 
of Health, USA). Thermal conductivity was determined using 
the hot wire surface technique. Several authors [38-43] have 
already corroborated that this technique is a variant of the hot 
wire parallel technique, which is characterized as being a direct 
method that detects the transient temperature. Fourier transform 
infrared spectroscopy (FTIR), using a spectrometer (FTIR-ATR, 
Perkin Elmer) in absorbance mode from 4000 to 400 cm-1, was 
performed to verify the possible effects of the chemical composition 
on the geopolymerization reaction process.

Design of experiments: an experimental design matrix was 
implemented using the complete factorial methodology with 36 
runs as shown in Table II. The experimental design had 4 factors, 
namely, the type of precursor (metakaolin), the alkali content 
(% alkali), the silica modulus (SM), and the foam content (FC). 
Three types of precursors were used and, consequently, there 

were 3 levels for this factor (MB, MPG2.5, and MPG4). For 
the alkali content and silica modulus, two levels were used, 
i.e. specimens were evaluated with 15% and 20% of alkali and 
0.5 and 1.0 SM. The factors and levels were chosen according 
to the literature [5, 8, 44]. For the foam content added to the 
polymeric paste, 3 levels were used, namely, 3%, 4%, and 5% in 
relation to the total mass of solids in the mixture. For each assay 
performed, 3 specimens were produced, totaling 324 specimens. 
As it is a non-destructive assay, the specimens used in the 
thermal conductivity test were used for the tests to determine 
densities (dry and saturated), air void, and water absorption. The 
solid-water ratio was kept constant at 0.45; the amount of water 
considered was the sum of the water contained in the foam, in 
the sodium silicate, and the water that was added to dissolve 
the sodium hydroxide. An analysis of variance (ANOVA) was 
used to determine the influence of factors on response variables 
(compressive strength, densities, air void, water absorption, and 
thermal conductivity). The factors were considered significant 
for p-values ≤0.05 (critical value adopted), which indicated 
a confidence level of ≥95% for the mean. In addition, the 
contribution fraction of each factor was also estimated by the 
sum of squares. The p-value is a probability that measures the 
evidence against the null hypothesis, and the lower probabilities 
provide stronger evidence against the null hypothesis. The F 
value is the statistical test used to determine whether the term is 
associated with the response, i.e. the higher the F value, the more 
influential the factor is in the response [45]. Amorphous phases 
were also considered for the calculation of the total real molar 
ratios, i.e., it was considered that only the silica contained in the 
amorphous phase of the precursor plus the silica of the activator 
(sodium silicate) were reactive for the synthesis of geopolymers.

RESULTS AND DISCUSSION

A geopolymeric product formation can be done by 
evaluating the operational envelope for synthesizing the 
geopolymers, i.e., by evaluating the ternary diagram of 
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SiO2, Na2O, and Al2O3 (Fig. 5a), it was observed that all the 
samples produced in the present work were contained in the 
envelope synthesis of geopolymer described in the literature 
[46, 47]. Fig. 5b shows FTIR spectra for geopolymers 
prepared with MB, MPG2.5, and MPG4, all with 15% of 
alkali content and 0.5 of silica modulus. It was identified 
that the geopolymerization process occurred through the 
formation of a gel, confirmed by the band between 991 and 
974 cm-1 because the degree of geopolymerization through 
this characteristic band is attributed to the asymmetric 
stretching of the Si-O-Si and Si-O-Al. The band between 
3800 and 3450 cm-1 was due to O-H vibrations and the band 
between 1650 and 1630 cm-1 was due to H-O-H vibrations. 
These bands indicated the presence of weak bonds of H2O 
molecules, which were absorbed on the surface or trapped in 
the cavities of the geopolymeric structure. The appearance 
of peaks between 600 and 800 cm-1 indicated the dissolution 
of species for the formation of the proper bonds of the 
geopolymer structure. Results obtained were in accordance 
with the literature [44, 48-50].

Metakaolin type effect: Fig. 6 shows the graphs of the 
response variables according to the type of metakaolin, in 
which the point is equivalent to the average value, the box 
to the standard deviation, and the whiskers to the confidence 
interval of 95%. In Fig. 6a, the relationship can be identified 
between the compressive strength with the different types 
of metakaolin, where the point is equivalent to the average 
compressive strength value. As expected, MPG4 showed 
greater average compressive strength than MPG2.5, 
confirming that the difference in strength was related to the 
calcination process to which each metakaolin was subjected. 

In other words, during the calcination process, structural 
changes of the source material (natural kaolin) occurred, 
which, among other factors, were influenced by the time of 
exposure to heat (calcination time). This fact can be better 
understood when looking at the XRD patterns in Figs. 3b 
and 3c, which show that the metakaolin calcined for 4 h 
had greater amorphism (fewer peaks) than that calcined for 
2.5 h. According to Tukey’s statistical test, a comparison 
between the average compressive strengths of MPG4 and 
MB did not present a difference because the total real molar 
ratios of oxides were close in these samples. The fact that 
MB metakaolin resulted in a higher mean strength compared 
to MPG2.5 was possibly due to the higher SiO2/Al2O3 total 
molar ratio of the paste mixture, as can be seen in the XRF 
results for the metakaolin samples (Table I). In addition, 
the sum of Al2O3, Fe2O3, and K2O of the metakaolin from 
Pantano Grande was higher compared to the commercial 
MB metakaolin. These oxides consumed the alkalinity 
of the system, which was fundamental to dissolving SiO2 
by breaking Si-O-Si bonds and important in forming the 
geopolymeric gel.

In Fig. 6b, the results of dry density and saturated density 
can be observed in relation to the different precursors 
evaluated. It was observed that the specimens made with 
the precursor MPG2.5 presented lower dry and saturated 
densities. Comparing the water absorptions and air voids 
based on the types of precursors used (Figs. 6c and 6d, 
respectively), it was noted a change in these results, in 
accordance with the metakaolin used. The high contribution 
of the precursor material may be related to the fact of low 
polymerization in the specimens made using MPG2.5 as a 

Figure 6: Results of compressive strength (a), dry and saturated densities (b), water absorption (c), air void (d), and thermal conductivity (e) 
of geopolymers prepared with different precursors.
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precursor, thereby generating a porous geopolymeric paste. 
In Fig. 6e, the thermal conductivity in relation to the different 
types of metakaolin can be observed. The greater number 
of pores observed in the specimens of paste made with the 
precursor MPG2.5 resulted in a lower thermal conductivity, 
with an average value of 0.29 W/(m.K). In samples with 
MB, an average thermal conductivity of 0.38 W/(m.K) was 
obtained and, in samples of MPG4, this was approximately 
0.30 W/(m.K).

Since there are no standards specifying mechanical 
property limit values for foamed geopolymers, the minimum 
value required by ASTM C869/C869M-11 [51] of 1.4 
MPa for foam cellular concrete was used to evaluate the 
compressive strength. It was observed that the specimens of 
MPG4 and MB can be obtained with compressive strength 
higher than the minimum value required by this standard. An 
analysis showed that the sample with the lowest compressive 
strength and density had the lowest thermal conductivity. 
This result was in agreement with the results found by Lach 
et al. [52]. Comparing the results obtained with conventional 
concrete blocks that use Portland cement (foamed concrete 
and autoclaved concrete), it was observed that the values of 
dry and wet bulk densities of geopolymers were higher than 
the two types of concrete developed with Portland cement; 
besides, the maximum value of compressive strength 
was higher for foamed geopolymer. Regarding thermal 
conductivity, autoclaved concrete still shows better results 
when compared to foamed geopolymer, as values less than 
0.2 W/(m.K) are obtained. The water absorption and air void 
values for Portland cement-based concretes are contained in 
the ranges of values found for foamed geopolymers. These 
comparisons can be seen in Table III.

The pore size and shape presented were related to the 
specimens developed with different precursors, since 

the type of precursor was the factor that had the greatest 
influence on porosity. In Fig. 7, the macrographs can be 
seen for the specimens with MB (Fig. 7a), MPG4 (Fig. 
7b), and MPG2.5 (Fig. 7c). A uniform distribution of 
the pores was observed for all specimens. However, the 
shapes of the pores were different, i.e. the geopolymer 
made with MPG4 presented regular spherical closed 
(isolated) pores contributing to less water absorption. The 
specimens with MPG2.5 presented irregular shape and 
open (interconnected) pores, thus increasing capillarity 
and, consequently, increasing water absorption. The MB 
specimens, on the other hand, presented an intermediate 
pore shape between MPG4 and MPG2.5, namely, irregular 
shape and regular spherical shape. It was also noticed that 
the less reactive material, in the case of geopolymer with 
MPG2.5, had an average porosity of approximately 62%, 
compared to average porosities of approximately 52% for 
MB and 48% for MPG4 based geopolymers. Fig. 8a shows 
the graph of the cumulative frequency distributions of the 
pore size for geopolymers developed with different types 
of precursors. Also, in Fig. 8b, the binary images used to 
analyze the sizes of the pores, with respective values of 
D10, D50, and D90 can be seen. The results indicated that 
the pore sizes, considered perfect circles, varied from 10 
to 1340 μm. Based on D10, D50, and D90 values (used to 
represent the mean and particle size range), it can be said 
in practical terms that the pore diameters remained constant 
for the different types of precursors for D10. For D50 and 
D90, small increases in pore diameters were observed, i.e. 
the geopolymers with MPG2.5 had a larger diameter than 
the geopolymers with MPG4, which in turn had a larger pore 
diameter than the geopolymers developed with MB (pore 
size: MPG2.5>MPG4>MB).

Alkali content effect: Fig. 9 shows the graphs that relate 

Figure 7: Macrographs showing pores in the geopolymer specimens prepared with: a) MB; b) MPG4; and c) MPG2.5.

Table III - Comparison between properties for different materials.
Property Foamed geopolymer Foamed concrete [53] Autoclaved concrete [53]

Compressive strength (MPa) 0.36 to 3.23 0.44 to 0.73 1.56 to 1.99
Dry bulk density (kg/m3) 619.4 to 864.2 530.5 to 597.8 434.8 to 487.2
Wet bulk density (kg/m3) 1176.5 to 1364.3 976.5 to 1107.3 909.9 to 985.1

Water absorption (%) 55.7 to 95.4 84.7 to 89.8 83.6 to 94.9
Air void (%) 46.4 to 62.5 41.2 to 46.8 46.2 to 53.3

Thermal conductivity (W.m-1.K-1) 0.22 to 0.42 0.23 to 0.28 0.17 to 0.20

a) b) c)
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the compressive strength, densities (saturated and dry), 
water absorption, air void, and thermal conductivity with the 
alkali content, where the point is the median value, the box 
the standard deviation, and the whiskers the 95% confidence 
interval. When analyzing the variation in compressive 
strength (Fig. 9a), it was observed that on average the increase 
in the alkali content generated an increase in compressive 
strength, as well as the increases in the dry and saturated 
densities (Fig. 9b). Regarding the relationship between 
the alkali content and water absorption (Fig. 9c), it was 
identified that a reduction in alkalis increased the porosity of 
the foamed geopolymeric mortar. Regarding the relationship 
between the alkali content and the air void (Fig. 9d), it was 
evident that the reduction of alkalis increased the porosity 
of the foamed geopolymeric mortar. This factor had a high 
contribution on the air void value of the pastes evaluated and 
the increase in the alkali content from 15% to 20% reduced 
the average value from 56% to 52%. Little variation was 
observed on thermal conductivity when the alkali content 
in the foamed geopolymeric paste was changed (Fig. 9e). In 
general, the alkali content in the mixture had little influence 
on this factor, with the averages ranging between 0.32 
and 0.33 W/(m.K) for the alkali content of 15% and 20%, 
respectively. The variations found in the properties of the 
geopolymers in relation to the increase in the alkali content 
were possibly due to the auxiliary increase in breaking the 
bonds Si-O-Si, Si-O-Al, and Al-O-Al, which were present 
in the vitreous phase of metakaolin that condensed after 
forming Si-OH and Al-OH groups, thereby generating the 
aluminosilicate gel [54]. In addition, the increase in the 
alkali content was responsible for dissolving the solid part 
of the precursor, thereby generating a foamed geopolymeric 
paste with less porosity and closed pores [28, 55].

Silica modulus: the graphs in Fig. 10 show the variation 
of the parameters studied according to the silica modulus. 
It was verified that the geopolymeric pastes with silica 

modulus of 0.5 presented average compression strength 
higher than the geopolymer pastes that were developed 
with the silica modulus of 1.0. The silica modulus (SM) 
is represented by the ratio of silicon oxide (SiO2) and the 
sum of aluminum (Al2O3) and iron (Fe2O3) oxides. This 
relationship is closely related to the development of the 
liquid phase. This modulus expresses a correlation between 
components with high hydraulic activity and the liquid 
phase. Also, it can be said that there is no single ideal value 
for the silica modulus since for each precursor there is an 
optimal value, which is governed fundamentally by the 
nature and granulometry of the ‘siliceous’ components [28]. 
Regarding its interference in the strength values obtained 
for the samples of geopolymeric pastes, the increase of 
the silica modulus contributed to the formation of more 
compact pastes, thus giving the geopolymeric paste better 
mechanical properties. However, for foamed geopolymeric 
pastes, the increase in the silica modulus resulted in a more 
voluminous paste. In other words, this increase provided 
less degradation of the foam bubbles, thus forming a less 
dense paste with a greater and, consequently, less resistance 
to compression. This effect may be related to the decrease in 
the degree of geopolymer reaction when the silica modulus 
is increased [22, 56]. The relationship between dry and 
saturated densities with the silica modulus can be seen in 
Fig. 10b. The densities, dry and saturated, decreased on 
increasing the silica modulus. The relationships between 
water absorption and air void with the silica modulus are 
shown in Figs. 10c and 10d, respectively, where it can 
be identified that the addition of soluble silica resulted in 
higher water absorption and greater porosity (air void). Fig. 
10e shows the graph of thermal conductivity based on the 
silica modulus. It was seen that the silica modulus had a 
great influence on thermal conductivity, with the value of 
0.5 resulting in an average conductivity of 0.39 W/(m.K). 
Geopolymers developed with a silica modulus of 1.0 had a 

Figure 8: Cumulative frequency distribution curves of average pore diameter in geopolymers for different precursor types (a), and typical 
binary images for different mixes (b).
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reduction in thermal conductivity to 0.25 W/(m.K).
Foam content: in order to identify the interaction of the 

analyzed parameters with the foam content, the graphs in 

Fig. 11 are presented. Observing the graph of compressive 
strength (Fig. 11a), it was noticed that increasing the 
amount of foam resulted in the decrease of resistance to 
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Figure 9: Results of compressive strength (a), dry and saturated densities (b), water absorption (c), air void (d), and thermal conductivity (e) 
of geopolymers prepared with different alkali contents.

Figure 10: Results of compressive strength (a), dry and saturated densities (b), water absorption (c), air void (d), and thermal conductivity 
(e) of geopolymers prepared with different silica moduli.
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compression, which was due to the incorporation of air, 
which formed the pores in the structure, thereby decreasing 
density and consequently the compressive strength. Fig. 11b 
shows the relationship between dry and saturated densities 
with foam content. As expected, the smallest amount of foam 
resulted in the highest average densities. When the addition 
of foam was lower, the bubbles of incorporated air grouped 
because of dehydration, thus resulting in larger bubbles. 
Density variations can also occur with the collapse of the 
bubbles due to the reduction of the hydro-lipophilic film, thus 
making the bubbles less resistant. According to Cilla [57], 
with the increase in the concentration of the foaming agent, 
its adsorption at the gas/liquid interface is favored and the 
surface tension decreases, thus promoting the formation of 
foam and consequently decrease the density of the specimens 
by increasing the concentration of foam. Regarding the water 
absorption (Fig. 11c), the greater the amount of foam, the 
greater the water absorption. This phenomenon occurred 
due to the increase in the amount of total voids and the 
connectivity between the pores (capillarity). Moreover, it is 
possible to verify in Fig. 11d that the increase of the foam 
content favored the air void in the foamed geopolymeric 
pastes. The specimens made with the addition of 5% of 
foam had an average air void of 57%, while the specimens 
with the addition of 4% of foam resulted in an average air 
void of 54% and the addition of 3% of foam resulted in an 
average void rate of 52%. This increase in the air void can 
be attributed to the increase in the interconnected porosity 
(open pores), i.e., there was a greater connection between the 
pores of the specimens, when the foam content was increased 

[57]. Fig. 11e shows the graph of thermal conductivity based 
on the amount of foam. As expected, increasing the amount 
of foam in the geopolymeric paste, the thermal conductivity 
decreased, because of the greater amount of foam, the greater 
number of pores, and, consequently, the greater amount of air, 
which, inside the pores, behaves as a thermal insulator.

ANOVA for the properties of the foamed geopolymers: the 
compressive strength is essential, as it serves as a parameter 
to understand the quality of the material and to evaluate the 
polymerization, which is directly related to the strength, i.e. 
the mechanical performance is affected by factors such as the 
SiO2/Al2O3 ratio, the nature of the solid, the concentration 
of the activating solution, the solid/liquid ratio (water and 
activator) and the amount of water [36, 37, 58]. Table IV 
shows the results of the analysis of variance for compressive 
strength. It was stated that the precursor, the alkali content, 
the silica modulus, and the foam content had a significant 
influence, as well as the interaction between the factors, 
except for the interactions between the alkali content and 
foam content, the precursor, alkali content, and foam content, 
and the alkali content, silica modulus, and foam content, with 
95% confidence or higher. It was also observed that the type of 
precursor was the factor that most influenced the compressive 
strength, with a contribution of 67.9%. Furthermore, it 
was seen that the interaction between the precursor, alkali 
content, and silica modulus also had a high contribution to the 
compressive strength, which corresponded to the difference in 
the behavior of a given factor at different levels of the other 
factor.

Tables V and VI present the results of the analysis of 
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Figure 11: Results of compressive strength (a), dry and saturated densities (b), water absorption (c), air void (d), and thermal conductivity 
(e) of geopolymers prepared with different foam contents (percentage over total mass).
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variance for saturated density and dry density, respectively. 
For these properties, all factors and all interactions between 
them had a significant influence (significance of 95% or 

more). It was observed that the amount of foam, despite 
having a significant influence, was not the factor that most 
influenced the density of the material. This observation 

Table IV - Results of ANOVA for compressive strength.

Factor Sum of 
squares

Degree of 
freedom

Mean of 
squares F-value p-value Contribution   

(%)
Metakaolin type (MT) 130.127 2 65.064 1385.72 0.0000 67.9

% alkali (A) 0.616 1 0.616 13.13 0.0005 0.3
Silica modulus (SM) 13.954 1 13.954 297.18 0.0000 7.3
Foam content (FC) 7.968 2 3.984 84.85 0.0000 4.2

MT*A 0.516 2 0.258 5.50 0.0060 0.3
MT*SM 6.728 2 3.364 71.64 0.0000 3.5
A*SM 3.542 1 3.542 75.45 0.0000 1.8

MT*FC 3.292 4 0.823 17.53 0.0000 1.7
A*FC 0.006 2 0.003 0.06 0.9391 0.0

SM*FC 0.477 2 0.239 5.08 0.0086 0.2
MT*A*SM 17.852 2 8.926 190.11 0.0000 9.3
MT*A*FC 0.099 4 0.025 0.53 0.7142 0.1

MT*SM*FC 0.686 4 0.172 3.65 0.0091 0.4
A*SM*FC 0.220 2 0.110 2.34 0.1035 0.1

MT*A*SM*FC 2.194 4 0.548 11.68 0.0000 1.1
Error 3.381 72 0.047 1.8
Total 191.659 100.0

* interaction between factors.

Table V - Results of ANOVA for wet bulk density.

Factor Sum of 
squares

Degree of 
freedom

Mean of 
squares F-value p-value Contribution   

(%)
Metakaolin type (MT) 62254 2 31127 91.1 0.0000 5.7

% alkali (A) 5886 1 5886 17.2 0.0001 0.5
Silica modulus (SM) 622116 1 622116 1819.8 0.0000 57.0
Foam content (FC) 11883 2 5942 17.4 0.0000 1.1

MT*A 8750 2 4375 12.8 0.0000 0.8
MT*SM 149693 2 74847 218.9 0.0000 13.7
A*SM 27222 1 27222 79.6 0.0000 2.5

MT*FC 5645 4 1411 4.1 0.0046 0.5
A*FC 9820 2 4910 14.4 0.0000 0.9

SM*FC 9675 2 4838 14.2 0.0000 0.9
MT*A*SM 117426 2 58713 171.7 0.0000 10.8
MT*A*FC 3733 4 933 2.7 0.0356 0.3

MT*SM*FC 18149 4 4537 13.3 0.0000 1.7
A*SM*FC 10104 2 5052 14.8 0.0000 0.9

MT*A*SM*FC 4779 4 1195 3.5 0.0115 0.4
Error 24614 72 342 2.3
Total 1091751 100.0

* interaction between factors.
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was due to the fact that the greater the amount of foam, 
the greater the air void and the lower the density of the 

material. However, the increase in the amount of soluble 
silica in the foamed geopolymeric system contributed to the 

Table VI - Results of ANOVA for dry bulk density.

Factor Sum of 
squares

Degree of 
freedom

Mean of 
squares F-value p-value Contribution   

(%)
Metakaolin type (MT) 429153 2 214576 677.7 0.0000 21.7

% alkali (A) 69507 1 69507 219.5 0.0000 3.5
Silica modulus (SM) 774982 1 774982 2447.7 0.0000 39.2
Foam content (FC) 77721 2 38860 122.7 0.0000 3.9

MT*A 49735 2 24867 78.5 0.0000 2.5
MT*SM 237662 2 118831 375.3 0.0000 12.0
A*SM 31679 1 31679 100.1 0.0000 1.6

MT*FC 18543 4 4636 14.6 0.0000 0.9
A*FC 1792 2 896 2.8 0.0656 0.1

SM*FC 28275 2 14137 44.7 0.0000 1.4
MT*A*SM 179267 2 89634 283.1 0.0000 9.1
MT*A*FC 14147 4 3537 11.2 0.0000 0.7

MT*SM*FC 15655 4 3914 12.4 0.0000 0.8
A*SM*FC 8742 2 4371 13.8 0.0000 0.4

MT*A*SM*FC 17514 4 4379 13.8 0.0000 0.9
Error 22797 72 317 1.2
Total 1977170 100.0

* interaction between factors.

Table VII - Results of ANOVA for water absorption.

Factor Sum of 
squares

Degree of 
freedom

Mean of 
squares F-value p-value Contribution   

(%)
Metakaolin type (MT) 17902 2 8951 788.2 0.0000 38.9

% alkali (A) 2446 1 2446 215.4 0.0000 5.3
Silica modulus (SM) 10740 1 10740 945.7 0.0000 23.3
Foam content (FC) 2174 2 1087 95.7 0.0000 4.7

MT*A 1698 2 849 74.8 0.0000 3.7
MT*SM 4457 2 2228 196.2 0.0000 9.7
A*SM 407 1 407 35.8 0.0000 0.9

MT*FC 277 4 69 6.1 0.0003 0.6
A*FC 116 2 58 5.1 0.0084 0.3

SM*FC 378 2 189 16.6 0.0000 0.8
MT*A*SM 2900 2 1450 127.7 0.0000 6.3
MT*A*FC 597 4 149 13.1 0.0000 1.3

MT*SM*FC 414 4 103 9.1 0.0000 0.9
A*SM*FC 257 2 129 11.3 0.0001 0.6

MT*A*SM*FC 450 4 113 9.9 0.0000 1.0
Error 818 72 11 1.8
Total 46031 100.0

* interaction between factors.
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maintenance and coalescence of the foam, i.e. the bubbles 
formed by the foaming agent merged, thus forming larger 
pores. This explained the greater contribution (57%) of the 

Table VIII - Results of ANOVA for air void.

Factor Sum of 
squares

Degree of 
freedom

Mean of 
squares F-value p-value Contribution   

(%)
Metakaolin type (MT) 3486.9 2 1743.4 408.5 0.0000 59.3

% alkali (A) 349.4 1 349.4 81.9 0.0000 5.9
Silica modulus (SM) 83.9 1 83.9 19.7 0.0000 1.4
Foam content (FC) 316.5 2 158.2 37.1 0.0000 5.4

MT*A 174.4 2 87.2 20.4 0.0000 3.0
MT*SM 214.3 2 107.2 25.1 0.0000 3.6
A*SM 1.7 1 1.7 0.4 0.5313 0.0

MT*FC 71.7 4 17.9 4.2 0.0041 1.2
A*FC 104.6 2 52.3 12.3 0.0000 1.8

SM*FC 116.9 2 58.5 13.7 0.0000 2.0
MT*A*SM 162.3 2 81.2 19.0 0.0000 2.8
MT*A*FC 140.5 4 35.1 8.2 0.0000 2.4

MT*SM*FC 164.4 4 41.1 9.6 0.0000 2.8
A*SM*FC 60.3 2 30.1 7.1 0.0016 1.0

MT*A*SM*FC 127.3 4 31.8 7.5 0.0000 2.2
Error 307.3 72 4.3 5.2
Total 5882.4 100.0

* interaction between factors.

Table IX - Results of ANOVA for thermal conductivity.

Factor Sum of 
squares

Degree of 
freedom

Mean of 
squares F-value P-value Contribution   

(%)
Metakaolin type (MT) 0.155 2 0.077 149.22 0.0000 10.0

% alkali (A) 0.001 1 0.001 2.86 0.0953 0.1
Silica modulus (SM) 0.510 1 0.510 983.15 0.0000 32.9
Foam content (FC) 0.272 2 0.136 262.30 0.0000 17.5

MT*A 0.083 2 0.042 80.27 0.0000 5.4
MT*SM 0.041 2 0.021 39.84 0.0000 2.7
A*SM 0.107 1 0.107 206.43 0.0000 6.9

MT*FC 0.029 4 0.007 13.88 0.0000 1.9
A*FC 0.027 2 0.013 25.95 0.0000 1.7

SM*FC 0.002 2 0.001 1.56 0.2181 0.1
MT*A*SM 0.095 2 0.048 91.73 0.0000 6.1
MT*A*FC 0.033 4 0.008 15.67 0.0000 2.1

MT*SM*FC 0.001 4 0.000 0.37 0.8264 0.1
A*SM*FC 0.070 2 0.035 67.59 0.0000 4.5

MT*A*SM*FC 0.089 4 0.022 42.88 0.0000 5.7
Error 0.037 72 0.001 2.4
Total 1.552 100.0

* interaction between factors.

silica modulus to the density of the material. This fact was 
also shown by Ducman and Korat [22]. Table VII presents 
the results of the analysis of variance for water absorption 
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with 95% confidence. It was observed that, just as for dry 
and saturated densities, it was not the amount of foam that 
had the greatest influence on water absorption, but the 
type of precursor used, with a 38.9% contribution. The 
silica modulus contributed with 23.3%, the alkali content 
contributed with 5.3%, and the foam content contributed with 
4.7%. All interactions showed a significant influence, but the 
interactions between the precursor and silica modulus, and 
the precursor, silica modulus, and alkali content stand out.

Table VIII presents the results of the analysis of variance 
for air void. It was stated with 95% confidence that the 
precursor, the alkali content, the foam content, and the silica 
modulus had a significant influence on the number of pores 
present in the specimens of the foamed geopolymeric paste. 
The factor that had the greatest influence on the air void 
was the metakaolin (precursor), with a 59.3% contribution. 
It was noticed that the alkali content and the foam content, 
in addition to the silica modulus, acting individually had a 
much less significant contribution (5.9%, 5.4%, and 1.4%, 
respectively) on the number of pores. Finally, the results 
of the analysis of variance for thermal conductivity are 
presented in Table IX, in which it can be seen that there was 
no evidence of the influence of the alkali content on thermal 
conductivity since the p-value was higher than 0.05. The 
factor that had the greatest influence on thermal conductivity 
was the silica modulus, with a 32.9% contribution, and the 
foam content, with a contribution of 17.5%.

CONCLUSIONS

Based on the results obtained, it was concluded that 
the formation of a foamed geopolymeric paste is a viable 
alternative to producing foamed blocks with Portland 
cement, as it can be more sustainable material because 
less energy is required for its production, in addition to the 
possibility to obtain satisfactory properties compared to 
conventional cell blocks. Regarding the characterization 
of metakaolin, it was clear that the degree of amorphism, 
in addition to the SiO2/Al2O3 ratio, is an important factor 
in the manufacture of geopolymeric pastes, since they are 
directly linked to reactivity. In this study, the sample with 
the highest degree of amorphism promoted the highest 
strength, followed by the samples with the highest Si/Al 
ratio. Therefore, the chemical composition of the precursor 
is important in the geopolymerization process. From the 
spectroscopic point of view, it was possible to observe the 
synthesis of the geopolymer for all developed pastes, since 
the FTIR bands close to 1000 cm-1 were detected. Another 
important factor when evaluating the samples was the 
dosage of the activators. In this regard, it was concluded 
that the samples with the silica modulus of 1.0 gave more 
satisfactory results in terms of density (lighter materials), 
and lower thermal conductivity; however, they presented 
lower compressive strengths. The compressive strength was 
inversely proportional to the total porosity. The dry density 
and the saturated density decreased with the increase of 
the silica modulus and the foam content in the structure 

of the specimens, the latter related to the increase of the 
open porosity with the increase of the amount of foaming 
agent in the composition. The air void and water absorption 
were strongly influenced by the metakaolin type, i.e. the 
metakaolin calcined for 4 h (MPG4) was the precursor that 
had less water absorption and fewer air voids. The type of 
precursor, mainly due to the content of silica available for 
reaction, affected the compressive strength, water absorption, 
and void content. Also, it was verified that the silica modulus 
affected the conductivity and density of the geopolymer. 
When evaluating the effects of the factors, it was observed 
that the type of precursor and the silica modulus were the 
factors that most influenced the material properties. Thus, 
it was concluded that the best foamed geopolymer was 
synthesized with the precursor MPG4, silica modulus of 1.0, 
and 15% of alkalis. In addition, the amount of foam can be 
added to regulate properties, that is, the amount of foam can 
be added to decrease densities and thermal conductivity.
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