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Abstract 

This paper aims to determine the feasibility of phosphoric acid-based geopolymer highly 

porous foams elaborated by a surfactant induced mechanical foaming. The processing and 

consolidation parameters of the basalt fibers reinforced foams were determined. The influence 

of the aluminosilicate source on the synthesis of usable samples is reported, showing that the 

Si/Al ratio as well as the reactivity of the source is crucial to ensure a good consolidation. The 

effect of the Al/P composition of the geopolymer foam on its properties is also discussed. Two 

optimal formulations with very good properties (water and temperature resistance, mechanical 

strength, low thermal conductivity) could be established. Their working properties as well as 

their main physico-chemical characteristics, allowing to understand their formation mechanism 

were studied. Both withstood immersion in water and exposition to high temperatures. Their 

size may also be increased without any difference. Their insulating (61 to 75 mW.m-1K-1) and 

mechanical performances (80 to 190 kPa) are reported, as well as the study of their networks 

and microstructures. 
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I. Introduction 

In recent decades, a new category of materials called "geopolymers", belonging to the family 

of cements and concrete products, has appeared [1]. They result from the dissolution of an 

aluminosilicate in an activating solution, and then consolidate at relatively low temperatures 

(less than 100°C), unlike traditional ceramics [2]. The sources of aluminosilicate can come from 

a variety of clays used in raw or calcined form (argillite, kaolinite, etc.). The most commonly 

used are metakaolins, which composition, physical and chemical characteristics will strongly 

influence the reactivity and thus the polymerization reaction [3].This new generation of 

materials, whether used pure, with fillers or reinforced, has already found applications in many 

industrial areas, including automotive, aerospace or civil engineering [2].  

The geopolymers obtained by the activation from an alkaline solution have been known for 

many years. Their geopolymerization mechanism has been established in the literature and can 

be compared to a gel formation [4]. First, the dissolution of the aluminosilicate source takes 

place by alkaline hydrolysis, and lead to the formation of oligomers. Their reorganization and 

polycondensation then allows the formation of a three-dimensional tetrahedral network [5] of 

SiO4
4- and AlO4

5- + M+ with M+ a charge-compensating alkaline cation. In this structure, the 

tetrahedra are linked together by covalent bonds. More recently, research on geopolymers 

synthesized by the acid route has been carried out because of their promising properties, 

especially their high mechanical and high temperature resistances [6]. These materials are 

synthesized by the activation of the aluminosilicate source by an acid, typically phosphoric 

acid. After the geopolymerization process, the structure of these amorphous materials seems to 

be characterized by the strong presence of aluminophosphate networks, and the less prominent 

signature of silicate, phosphosilicates and hydrated networks [7, 8, 9]. Finally, these materials 

tend to crystallize at quite low temperature, evolving into a crystalline AlPO4 based matrix, 

with reported temperatures from 110 to 500°C [8, 10].  
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Similarly, the formation of geopolymer foams in the alkaline route is well documented 

[11, 12] and show the high number of applications these bulk materials can be used to. 

Concerning the foaming process alone, they include different methods, belonging either to 

chemical or mechanical foaming. The first one is based on the direct formation of bubbles which 

are trapped in the slurry during its consolidation and is considered as one of the most flexible 

methods for producing porous monolithic materials [13, 14]. Hydrogen peroxide or fine 

metallic powders are common foaming agents in this process [15, 16, 17, 18, 19]. Typical 

density of 0.3 to 0.8 g/cm3, compressive strength from 0.3 to 8 MPa and porosity from 62 to 

86 vol% were measured in these materials [20]. The second one consists in the direct addition 

of foam, which can be previously produced (e.g. prepared by passing air through a diluted 

surfactant), or foam concentrates, which are then vigorously mixed with the slurry before 

consolidation [21, 22]. The optimization and combination of the processes lead to very good 

quality samples with a maximum total porosity of ∼81 vol%, an open porosity of ∼79 vol%, 

and a compressive strength of ∼3.1 MPa [23, 24]. 

However, in the case of acid-based route, few works are reported up to now. The 

formation of foam inside a phosphoric acid activated geopolymer has been achieved by the 

addition of foaming agents such as aluminum powder [25, 26], hydrogen peroxide [27], iron 

powder [26], limestone [28] or using Triton X-100 [29]. These new compounds exhibit an 

excellent thermal stability, high porosity and low compressive strength [25, 27, 29]. In all these 

materials, in addition to the composition of the material, the mechanical strength and thermal 

conductivity of geopolymer foams are strongly dependent on the amount of total (open and 

closed) porosity as well as on the amount of micro- and meso-pores in the matrix (struts and 

cell walls), the average pore size and its size distribution [11]. Most of the works were 

performed with chemical foaming and focus on either mechanical performance or thermal 

conductivity. 
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In this study, different aluminosilicate sources were tested to develop phosphoric acid-based 

geopolymer porous materials using an emulsion method to produce the foam. First the existence 

domains of the samples were established as a function of the chemical formulation. Then the 

thermal conductivity, mechanical and structural properties of two selected samples were 

investigated in several conditions such as water immersion, freeze-thaw cycle and high 

temperature treatment. Finally, the use of these new foams as insulating agents on a larger scale 

was assessed.  

II. Experimental 

1 Synthesis 

The synthesis of the geopolymer foams was performed using different aluminosilicate 

sources. More specifically some metakaolins (labeled as M2, M3 and M5 [3]), calcined argillite 

(denoted as A600 and A700 [30]) and a laterite clay (L [31]) were selected. The other chemicals 

used were phosphoric acid (VWR International, Pessac, France, purity 85%), triton CG110 

(Dow Chemicals Company), and basalt fibers for mechanical reinforcement. The synthesis was 

conducted using the following procedure. Firstly, a geopolymer binder was prepared by mixing 

the aluminosilicate source with phosphoric acid and deionized water. The Al/Si composition 

was defined by the source, with no modification. The added phosphoric acid corresponded to 

half of the Al/P of the final composition of the foam (see the compositions of the samples in 

Figure 1), and the quantity of water was defined to suit the wettability of the aluminosilicate 

source and ensure the formation of a fluid binder. In parallel, an aqueous foam was prepared 

with the same amount of water, the remaining part of the phosphoric acid and 4 %mass of 

surfactant. The acid + water + surfactant mixture was then vigorously mechanically stirred at 

1000 rpm during 15 minutes in order to obtain a low-density aqueous foam. In the final step, 

3 %mass basalt fibers reinforcements were added into the binder reactive mixture, which was 

finally introduced into the aqueous foam and mechanically stirred. The obtained result was then 
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kept at 70°C during 4 days in an open mold to ensure the complete solidification of the 

geopolymer network and the removal of extra water it contained.  

 

2 Characterization techniques 

The samples were immersed in deionized water with a volume liquid to solid ratio of 25 for 

7 days, then the visual aspect of the samples was assessed. The absence of coarse cracks or 

disaggregation led to classify the samples as water resistant. In addition, a pH-metric 

monitoring of the water containing the sample was carried out every day in order to identify the 

eventual dissolution of acidic species. Moreover, the consolidated samples were heat-treated in 

order to evaluate their resistance to high temperature. They were calcined during 1 hour at 

1200°C, with a heating rate of 5°C.min-1 and a natural cooling down to room temperature. 

Finally, the freeze-thaw cycle effect was studied by using a ClimeEvent c/180/73/3 

(Weisstechnik, Schunk GmbH) apparatus. The samples were submitted to a repetition of five 

20°C / -20°C cycles. The samples in this work are thus labelled as follows: RS-C, with R being 

the Al/P ratio, S corresponding to the aluminosilicate source (M2, M3, M5, A600, A700, L) and C 

to the condition applied to the sample (F – freshly synthesized, W – immersed into water, FT – 

submitted to freeze-thaw cycles, and HT – calcined at 1200°C). 

The mechanical resistance of the foams was characterized by compression tests. They were 

carried out on 20 mm sided cubic samples using an Instron 5969 device equipped with a 5 KN 

sensor and the Bluehill3 software. The samples were submitted to an increasing load until 

failure at the speed of 2.5 mm.min-1. The thermal conductivity measurements of the samples 

were carried out using the transient phase source technique using a Hot Disk Transient Plane 

Source 1500 analyzer [32] equipped with 3.189 mm and 6.403 mm probes, adapted to the size 

of the samples. The 100 seconds measurements were carried out in transient regime on a 

homogeneous, isotropic material and of sufficient size to be able to consider it as infinite. The 
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thermal conductivity measurements were carried out four times on the same and on several 

samples of the same material to ensure the repeatability of the measurement. 

The microstructure of the samples was analyzed via scanning electron microscopy (SEM), 

using a Quanta 200 FEG FEI microscope. The samples were glued on the sample holder using 

a silver paste and then coated with a 5 nm layer of Pt. 

Fourier-transform infrared (FTIR) spectroscopy spectra of the crushed samples, mixed in 

KBr, were recorded in transmittance mode on a ThermoFisher Scientific Nicolet 380 infrared 

spectrometer. The spectra were recorded after 64 scans over a range of 500 to 4000 cm-1 with a 

resolution of 4 cm-1. The data were analyzed on the OMNIC software provided by Nicolet 

Instrument. Samples were also characterized by X-ray diffraction (XRD) on a Bruker D8 

Advance diffractometer using CuKα radiation. The data were collected over the 2θ angular 

range of 10-50° with a step size of 0.02° and an equivalent measured time per step of 50 s. The 

crystalline phases were identified from the experimental patterns using the powder diffraction 

file (PDF) database of the International Center for Diffraction Data.  

 

III. Results and discussion 

1 Formulation of the foams 

a. Feasibility 

Firstly, the influence of the aluminosilicate source on the formation of foams was 

investigated. For this, formulations with different sources and Al/Si/P compositions were 

synthesized; they are represented in the ternary diagram shown in Figure 1. The argillites-based 

foams were not considered for further analyses, as the consolidated samples could not be 

manipulated without breaking into pieces. This can be explained by their low content of reactive 

dehydroxylated aluminosilicate, as identified by Dupuy et al. [33, 34]. In this case, the reactive 

aluminum only exists in small quantities and thus reacts with a very limited part of the phosphor, 
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leading to an excess of these atoms which inhibits the consolidation [35]. Moreover, according 

to a previous work by Celerier et al. [36], dedicated to dense phosphoric acid-based 

geopolymers, the Al/Si rich and low P samples tend to consolidate better. This was not the case 

for argillite-based foams, as represented with the shaded area in Figure 1. The laterite-based 

foams did belong to the previously identified zone of consolidation. Porous samples could be 

obtained without the use of metallic powder as described in [31], which validates the process 

using a mechanical foam alone. The consolidation of these samples relied partly on the presence 

of impurities [37] such as albite (NaAl3Si3O11) which, by reacting with the activating solution, 

modified the polycondensation rections and thus the porous microstructure.  

 

Figure 1: ternary diagram showing the synthesized geopolymer foams, using  M2 (2.04), 

 M5 ( 3.10),  A600,  A700 and  laterite. In addition, the hatched (▨) and shaded () 

zones show the feasibility and non-consolidation zones determined for dense samples [36]. 

 

Concerning metakaolins used as aluminosilicates sources, the use of the highly reactive 

metakaolin M3 was also unsuccessful in this synthesis conditions. In this case, the quick release 

of both aluminum and silicon atoms within the reaction medium induced the local presence of 

high concentrations and therefore gradients of chemical potentials inhibiting the quick 
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formation of Al-O-P network. In the case of M2 and M5 the reactivities of the metakaolins were 

lower, the Al-O-P networks were created easily [38] and the consolidation of the sample 

occured before the collapse of the aqueous foam. Moreover, it seems that the crystalline phases 

contained in the aluminosilicate source act as enhancing sites for geopolymerization by 

modifying locally the aluminum concentration [39]. It is to be noted that although the 

synthesized samples can be manipulated, they tend to break easily when cut. To avoid such an 

outcome, the addition of 3%mass basalt fiber as a mechanical reinforcement in the reactive 

mixture increased the resistance of the samples. Finally, out of the samples that were prepared, 

two compositions were selected for further characterizations, as they were the most resistant to 

manipulations during synthesis and shaping. These two compositions were 2.04M2-F and 3.10M5-

F.  

 

b. Stability of the samples 

After consolidation, the water, freeze-thaw cycle and high temperature resistances of the 

selected samples were assessed, the results being shown in Table 1. After one week in water, 

the foams kept their cohesion with no modification of their visual aspect. The pH value of the 

immersion water, originally at 6.5, tended to slightly decrease over time, reaching 4.5 for 2.04M2-

F and 4 for 3.10M5-F, respectively. This indicates that a small quantity of acidic species were not 

strongly bonded to the foam and could migrate into the solution. The samples subjected to 

freeze-thaw cycles also remained visually unchanged and could still be manipulated after the 

treatment. Lastly, after the calcination of the samples at 1200°C, apart for a slight modification 

of the coloration, probably due to the oxidation of the impurities contained in the 

aluminosilicate source [40], the samples kept their cohesion and remained usable from a 

mechanical point of view. Overall, all the samples could withstand the different treatments that 

were applied to them, being water-based, temperature-based or both. The thermal and 
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mechanical properties of the samples before and after each treatment were thus measured for 

every configuration. 

 

Table 1: visual aspect of the 2.04M2- and 3.10M5-based samples after consolidation, water, 

freeze-thaw and high temperature resistance characterizations. All the represented cubes have 

a side of 20 mm. 

Conditions 
Metakaolin 

2.04M2-based samples 3.10M5-based samples 

Fresh 

(20°C) 

2.04M2-F 

 

3.10M5-F 

 

Water 

immersion 

(20°C) 

2.04M2-W 

 

3.10M5-W 

 

Freeze-thaw 

cycle 

(20°C; -20°C) 

2.04M2-FT 

 

3.10M5-FT 

 

High 

temperature 

(1200°C) 

2.04M2-HT 

 

3.10M5-HT 
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2 Mechanical, thermal properties and microstructure 

Figure 2 shows the measured compressive stress values as a function of the deformation of 

the samples based on the compositions 2.04M2 and 3.10M5. The profiles of the curves are 

characteristic of composite materials without brittle fracture which is due to the fibers contained 

in the sample [41, 42]. For lower values of deformation, both formulations display an elastic 

behavior; this was previously observed in dense geopolymers, although with a higher maximum 

stress value [43]. The reported compressive strength value for 2.04M2-F was 130 kPa, and 3.10M5-

F exhibited a slightly lower value of 90 kPa, these values being stable after a week-long water 

immersion or freeze-thaw cycle. After a 1200°C heating cycle, the mechanical behavior is 

modified for the two compositions. The maximum stress increased slightly, although the 

general comportment of the sample did not change for 2.04M2-HT. The same was observed for 

3.10M5-HT, with a more brittle behavior in this case. These increases are due to the formation of 

crystalline species occurring during the thermal treatment [8] and the presence of different 

amounts of Si-based compounds in the original metakaolins. The values of the compressive 

strength measured on all the samples are listed in Table 2. 

 

Figure 2: evolution of compressive stress as a function of the deformation for (a) 2.04M2-based 

and (b) 3.10M5-based geopolymer foams samples. 
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The densities of the samples were measured, and are given in Table 2. Whatever the samples, 

they are relatively low (0.35 to 0.38 g.cm-3 for 2.04M2-based and 0.46 to 0.50 g.cm-3 for 3.10M5-

based samples), the value usually measured on dense metakaolin-based geopolymers ranging 

from 1.8 to 2.1 g.cm-3 and the density of the fibers being 2.8 g.cm-3 [44]. This can be related to 

the high level of porosity in the samples, which in return can explain the relatively low values 

of resistance to compressive stress as compared to what is usually measured on dense samples 

of similar compositions. The reported valued for dense phosphoric acid-based geopolymers 

indeed range from a few MPa for low phosphorous content, up to 110 MPa for high 

phosphorous content samples [38]. 

 

Table 2: density, thermal conductivity and compressive strength of 2.04M2-based and 3.10M5-

based samples, measured before and after the different resistance treatments. 

Conditions 

2.04M2-based samples 3.10M5-based samples 



g.cm-3 



mW.m-1K-1 



kPa 



g.cm-3 



mW.m-1K-1 



kPa 

Fresh 0.35 64 130 0.46 72 90 

Freeze-thaw 

cycle 
0.37 62 110 0.48 74 80 

Water 

immersion 
0.36 61 110 0.48 70 90 

High 

temperature 
0.38 63 210 0.50 75 190 

Similarly, the thermal conductivities (see Table 2) of the samples are low, reaching 61 to 64 

mW.m-1K-1 for 2.04M2-based samples and 70 to 75 mW.m-1K-1 for 3.10M5-based samples. The 

values are not sensitive to the former treatment applied to the samples, which means that the 

presence of humidity or exposure to high temperature does not degrade the insulating 

performances of the foams. It is to be noted that in the case of M5-based samples, the slightly 

higher thermal conductivity could be caused by the presence of iron-based impurities and 

siliceous species, which might play an important role in the heat conduction. 
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Figure 3: SEM micrographs of (a, a’) 2.04M2-F (b, b’) 2.04M2-HT, (c, c’) 3.10M5-F and (d, d’) 
3.10M5-HT geopolymer foams at low (a, b, c, d) and high (a’, b’, c’, d’) magnification. 
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The microstructures of the 2.04M2-F, 2.04M2-HT, 3.10M5-F and 3.10M5-HT samples are 

presented in Figure 3. The micrographs were used to evaluate the modification of the porosity 

occurring during heating at high temperature, and to observe the changes in the fine 

microstructure of the geopolymer skeleton. At room temperature, the low magnification images 

(Figure 3a and c) reveal the presence of a large number of macropores as well as the random 

distribution of the basalt fibers visible at room temperature. The size of the pores is up to 300 

µm, with the presence of interconnected pores of about 70 µm. This macrostucture was not 

modified during a heat treatment at 1200°C for both samples, as can be seen in Figure 3b and 

d. At such temperatures, the fibers are not visible anymore due to their thermal degradation in 

acidic medium [44]. At a higher magnification, the microstructure of 2.04M2-F skeleton (Figure 

3a’ and b’) is characteristic of an acid-based geopolymer [36], with the presence of unreacted 

metakaolin in the form of small pellets. After a calcination at 1200°C, the small particles are 

agglomerated, which can be caused by the sintering of the phases. The high magnification 

images of 3.10M5-F (Figure 3c’ and d’) are similar, although the as prepared sample reveals a 

more granular structure, typical of agglomerated particles. After a thermal treatment at 1200°C, 

the particles forming the skeleton seem to be coated in a flow. This could be explained by the 

presence of a high level of silica and iron oxide in M5, which favors the appearance of a viscous 

flow [45] at high temperature. 

 

3 Structural characterization 

a) As-prepared and room temperature samples 

The samples were analyzed by FTIR in order to identify the evolution of their networks 

under the several room temperature conditions. The spectra of 2.04M2-based samples, shown in 

Figure 4a, display bands at 3700, 3630, 3440, 3350 and 3240 cm-1, respectively attributable to 

OH (PO-H) [46],  OH (Si-O-Si Asym),  OH (Si-O-Si sym),  OH (AlPO4) [8] and  OH 
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(H2O linked). Then, the two bands at 1640 and 1620 cm-1 are respectively due to vibrations 

 O-H (PO-H) and  O-H (H2O). The bands located in the 1200- 900 cm-1 range are due to the 

vibrations of the Si-O-Si and Si-O-Al bonds. [3]. In addition, the bands at 1230 and 1206 cm-1 

are assigned to AlOP and  SiOP. The presence of the quartz doublet at 797 and 780 cm-1 is 

also observed [47]. No change is detected after the tweeze thaw cycle and water immersion. 

The same behavior is evidenced in the case of 3.10M5-based samples (Figure 4b). Consequently, 

the same networks are present in the different samples with the existence of a predominant Al-

O-P type network, as well as one or more secondary networks based on siliceous and phosphate 

entities. To sum up this behavior, Figure 4c displays the intensity ratios of some selected bands, 

representative of the formation of Al-O-P, of a silicate network and a phosphate network ( Al-

O-P,  Si-O-P and  P-O), normalized from the band of water at 1620 cm-1. The ratio are given 

as a function of the measured humidity level of the treatment, namely 40% for freshly 

consolidated, 50% for freeze-thaw cycles and 100% for water immersion. As it can be observed, 

almost no change is observed with the relative humidity corroborating the networks stability of 

these samples. 

 

4000 3500 3000 2500 2000 1500 1000 500

u OH

 OH

u PO4

Wavenumber(cm-1)

(A)

(B)

(C)

u Si-O-Si

Quartz

4000 3500 3000 2500 2000 1500 1000 500

u PO4

Wavenumber(cm-1)

(A)

(B)

(C)

u OH

 OH

u PO4

u Si-O-Si

Quartz

a) b) 



15 

 

 

Figure 4: (a) FTIR of (a) 2.04M2-based and (b) 3.10M5-based geopolymer foams samples under 

different conditions: (A) fresh, (B) water immersion and (C) freeze-thaw cycle. (c) Relative 

evolution of the intensities from the different identified contributions as a function of 

humidity for geopolymer samples (full) 2.04M2-based and (empty) 3.10M5-based samples. 

(,) formation of an Al-O-P network, (,) Si-based network and (,) P-based 

network. 

 

The same samples have been analyzed by XRD (Figure 5) in order to identify the crystalline 

phases that they contained and estimate the evolution of their amorphous networks [8]. On the 

Figure 5a, 2.04M2-based samples show a characteristic dome centered at 24°, indicating the 

presence of the geopolymer network and remaining Si-based network [36], and various 

crystallized mineral phases. They were identified as muscovite, quartz and anatase. The same 

crystalline phases and amorphous contribution have been identified in the different samples, 

regardless of the treatment applied to them. On the Figure 5b, the diagrams of 3.10M5-based 

samples seem to have a less intense amorphous dome, probably because of the predominance 

of the quartz-type impurity. Its position is however very close to what can be seen in 2.04M2, 

which points out the relative similarity of the geopolymer networks in these two families of 

samples. The crystalline phases present in this metakaolin are muscovite, quartz, anatase, 

mullite and an iron-based compound which has been identified as hematite, giving its red color 

to M5 [48]. The presence of mullite can be explained by the over-calcination of particles passing 
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near the flame in the case of flash calcination of kaolin into metakaolin [48]. Again, the same 

crystalline phases and amorphous dome are found in the different samples. 

 

Figure 5: (a) XRD diagrams of (a) 2.04M2-based and (b) 3.10M5-based geopolymer foams 

samples under different conditions: (A) fresh, (B) water immersion and (C) freeze-thaw cycle. 

((A) anatase, 00-021-1272, (Mu) mullite, 01-079-1456, (M) muscovite, 01-082-3722, (Q) 

quartz, 01-070-7344, (He) hematite, 01-079-1741) 

 

It would seem that the amorphous phases identified by FTIR and XRD, defined as 

geopolymer phase and a small amount of amorphous silica, are favorable to a stable network, 

evolving little with the different room temperature treatments. The crystalline phases are also 

not sensitive to water-based or freeze-thaw cycles. This stability can account for the lack of 

difference in the thermal conductivity of the samples before and after resistance treatments. 

However, when modifying the composition from 2.04M2 to 3.10M5, the competition between the 

different networks can explain the observed small increase of the conductivity, as the lower 

phosphorous content does not allow the formation of the same amount of Al-O-P networks, 

leading to refractory phases of the AlPO4 type. Also, the presence of crystalline iron-based 

impurities with higher thermal conductivity is slightly detrimental to the insulating properties 

of 3.10M5-based samples. 
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b) Evolution of the structure after a high temperature thermal treatment 

The foam samples were analyzed both by FTIR and XRD after a high temperature treatment 

to see the formation of crystalline phases from the amorphous networks (Figure 6). The Figure 

6a presents the comparative FTIR spectra of the two samples. Both are very similar. For 2.04M2-

HT, after thermal treatment, the spectrum no longer presents the bands at 1640 and 1620 cm-1 

respectively attributed to vibrations  O-H (PO-H) and  O-H (H2O). In addition, the main 

contributions centered around 1200 - 800 cm-1 are refocused around 1122 cm-1. This underlines 

the crystallization of phases such as mullite or AlPO4 type phases, along with the presence of 

disordered siliceous entities. More specifically, it can be noted the presence of the bands at 

1228 cm-1 (PO4 in triclinic AlPO4), 1206 cm-1 (Si-O-P), 1170 cm-1 (PO4 in berlinite-type 

AlPO4), 1122 cm-1 (PO4 in orthorhombic AlPO4), 1095 cm-1 (PO4), 1070 cm-1 (Si-O-

Si/Al), 955 cm-1 (Si-O-Si or amorphous phosphate ion) and 920 cm-1 ( P-OH). The lower 

frequency bands at 797 and 780 cm-1, already seen at room temperature, are due to quartz. The 

ones at 729 and 710 cm-1 are characteristics of PO4 in triclinic AlPO4 and PO4 in 

orthorhombic AlPO4, respectively. Finally, two contributions at 692 cm-1 (O-Si-O) and 

669 cm-1 ( Si-O-Si) are due to siliceous entities. The same observations apply for the 3.10M5-

HT sample, and confirm the crystallization of Al-O-P and Al-O-Si networks, leaving some 

silicate networks in their original amorphous form. 

According to XRD diagrams (Figure 6b), the two samples are crystallized due to the high 

temperature, and contain the same crystalline phases. The quartz, which was observed in the 

room temperature samples, is not modified because of its stability up to 1500°C, while the 

muscovite is not visible anymore. The anatase, which was already in small quantities, was not 

identified in these samples, although such thermal treatment should not have an influence on 

this phase. However, with heating, the crystallization of AlPO4 (triclinic and orthorhombic 

forms) and mullite is observed. The firsts have been previously observed, in particular by 
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Mathivet et al. with the crystallization of the first AlPO4 polymorphs from 110°C [8]. The 

mullite crystallizes from unreacted metakaolin at 980°C. The probable crystallization of the 

hexagonal polymorph of AlPO4 (berlinite-type) has been observed in other systems [8, 49] 

synthesized from amorphous metakaolins. It is difficult to confirm its presence in these 

diagrams, its diffracting positions being mixed with those of Si-based quartz. Finally, the 

diagram of 3.10M5-HT sample shows peaks which tend to be broader, especially at low 

intensities. This is typical of the presence of a higher level of structural disorder in the sample. 

To summarize, after a thermal treatment at 1200°C, the amorphous part of the samples 

decreases, and refractory AlPO4-type phases crystallize from the amorphous networks. This has 

no effect on the thermal conductivity of the samples, which remain low. In the meantime, it 

slightly increases the compressive strength of the foams, due to the increased rigidity of the 

crystalline phases as compared to the amorphous networks. 

 

 

Figure 6: a) FTIR spectra and b) XRD patterns of (A) 2.04M2-HT and (B) 3.10M5-HT 

geopolymer foams after thermal treatmant at 1200°C. ((Mu) mullite, 01-079-1456, (Q) quartz, 

01-070-7344, (O) orthorhombic AlPO4, 04-014-2298and (T) triclinic AlPO4, 04-012-4467). 
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4 Use as insulating agents 

The different results showed that close values of λ and similar mechanical behaviors in 

temperature were obtained in different water- or temperature-based environments. In this work, 

phosphoric acid-based foams of thermal conductivity around λ~ 70 mW.m-1.K-1 and mechanical 

strength around  ~ 100 kPa were indeed produced. All the experimental points were listed in 

Figure 7 in an Ashby diagram [50] (, λ), to compare them with traditional insulating materials, 

as well as the various data from the literature on both acidic and basic foams. In terms of 

mechanical and thermal properties, the samples from this study are situated between basic 

foams obtained either from metakaolin or laterite; the reported values mostly evolve according 

to the aluminosilicate source. 

It should be noted that for foams prepared by an acidic route and using a variety of 

precursors, higher mechanical values were reported. Using mechanical foaming, compressive 

strength between 570 and 810kPa were reported after thermal treatments from 25 to 1000°C 

[29]. Samples prepared by chemical foaming could reach values of 1170 KPa for a content of 

2% H2O2 [27]. Both addition of Al or Fe could strengthen the material by forming crystalline 

phases and values of 2.6 and 9MPa (for 5% Al and Fe respectively) could be reached [26]. From 

a thermal conductivity point of view, chemical foaming allowed to reach values between 48 

and 161 mW.m-1K-1 with hydrogen peroxide as pore forming agent [27]. Tests with limestone 

also lead to a value of 83 mW.m-1K-1 [28]. However, among the literature data few works 

mentioned both the thermal conductivity and the mechanical resistance, values which were in 

the same range as the values obtained in this study (48 mW.m-1K-1) and 310kPa for the lowest 

measured thermal conductivity [27]). It seems that the selected process, with the use of 

emulsion, allows to reach competitive materials in terms of thermal conductivity and thermal 

resistance. 
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Finally, for the two compositions, 2.04M2-F and 3.10M5-F, an increase of the scale of the 

synthesized foams (up to 35 times of the original samples volume) was successful, indicating a 

possible upscaling of the process. The obtained foams are represented in Figure 8.  

 

Figure 7: Ashby diagram of () 2.04M2-based, ()3.10M5-based and () literature acid-based 

geopolymer foams samples [27]. Properties of () laterite [31] and () metakaolin [51] 

alkali-based geopolymer foams. The performances of other insulating materials are also given 

as a comparison. Note: the blue and red dots indicate room temperature and samples treated at 

1200°C, respectively. 

 

 

Figure 8: Pictures of (a) 2.04M2-F and (b) 3.10M5-F geopolymers foams produced with increasing 

sizes. 
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IV. Conclusion 

This work was aimed at determining the feasibility of phosphoric acid-based geopolymer 

foams with a low thermal conductivity and sufficient mechanical resistance. The process was 

based on the mechanical mixing of a pre-synthesized aqueous foam and a geopolymeric reactive 

mixture, with the addition of basalt fibers as reinforcements. A selection of aluminosilicate 

sources was investigated, and the ones most suitable for the final application were selected. 

Different compositions were synthesized, and led to the establishment of an Al-Si-P-based 

ternary diagram. This one was coherent with previous observations on dense acid-based 

geopolymers. Moreover, the upscaling of the process is promising as no difference was 

evidenced for synthesis volumes up to 35 times the original. 

The samples were then characterized, and confirmed the good thermal and mechanical 

behavior of 2.04M2-F and 3.10M5-F. All the samples presented water and thermal resistance, 

which qualifies them as materials usable in different environments. Moreover, the structural 

and microstructural analyzes illustrated the presence of several amorphous networks in the 

foams, which are similar before and after room temperature resistance characterizations. After 

being thermally treated at high temperature, the same phases crystallized in both samples. It 

seems that the good thermal properties are favored by the presence of a high level of pores, and 

the example of 3.10M5-based foams showed that some impurities tend to decrease these 

properties even if the geopolymer network is identical. This highlights the crucial importance 

of the selection and characterization of the aluminosilicate sources in the syntheses. 

Finally, these materials are of great interest in the fields of construction for insulation 

applications but also in the field of refractories to lighten bricks as well as for filtration. The 

properties measured on the samples synthesized during this work are in line with these 

expectations. 
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