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Abstract
Phosphate geopolymers are part of chemically bonded phosphate cements obtained from an aluminosilicate and phos-
phate solution. Their structure consisting of phosphate bonds makes them suitable for use as refractory material. This 
study deals with the influence of phosphoric acid concentration (6, 8 and 10 mol/L) on the stability of volcanic ash-based 
phosphate geopolymers exposed to 100, 600 and 1000 °C. The results reveal that the onset of crystallization is about 
600 °C with the formation of aluminum phosphate (V) and tridymite, then crystallization of iron (III) phosphate (V) and 
hematite at 1000 °C. The degree of crystallization of these phases increases with phosphoric acid concentration. The 
geopolymers obtained with 8 mol/L of phosphoric acid showed the best thermal stability at 1000 °C in terms of compres-
sive strength change. The maximum thermal linear shrinkage recorded was 3%. The major phases of all geopolymers 
remain stable up to 1000 °C, after which the melting of phases happens.
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1  Introduction

Geopolymers are known as 3D network inorganic polymer 
obtained by chemical reaction of a solid precursor (alumi-
nosilicate) and an alkaline or acidic medium [1]. Sometimes 
the alkaline part in powder form is directly mixed with the 
aluminosilicate and water used as liquid phase to make the 
binder. In that case it is called one-part geopolymer [2]. The 
geopolymer gained popularity because of the potential low 
CO2 emission and energy efficiency during its manufactur-
ing compared to conventional cement [3, 4]. Moreover, the 
superior thermal stability of geopolymer compared to Port-
land cement has also increased the interest in that material 
for high-temperature applications [5]. However, this charac-
teristic is closely related to the type of aluminosilicate used 
as well as the synthesis conditions [6–8]. For example, an 
addition of calcium sources to Metakaolin (MK) improves the 

thermal resistance of geopolymers in terms of compressive 
strength compared to solely MK-based geopolymers when 
exposed at 1000 °C [9]. It was reported a loss of 40% of ini-
tial strength after a cycle of heating–cooling of geopolymer 
from volcanic ash at 1000 °C [10]. When prepared in an alka-
line medium, the phases of volcanic ash-based geopoly-
mers are not stable beyond 1000 °C as they start melting 
contrary to MK-based ones. It was also shown that volcanic 
ash based-geopolymers obtained with potassium silicate 
as alkaline solution develops superior stability at elevated 
temperatures with thermal shrinkage less than 3% com-
pared to the ones with sodium silicate [11]. In general, when 
exposed to elevated temperatures the physical properties of 
geopolymers obtained in alkaline solution are significantly 
deteriorated in the range of 750–900 oC [12, 13]. The latter 
constitutes the highest temperature range of application 
of geopolymer obtained in alkaline medium in the field of 
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heat resistance materials. This is due to cations present in 
the alkaline solution which lower the temperature of glass 
transition, hence induce sintering with the decrease of the 
mechanical strength along with severe thermal shrinkage 
[8, 11]. Up to now, few studies deal with the phase stability 
or physical properties of geopolymers obtained in an acidic 
medium after exposure at elevated temperatures.

The phases of MK-based geopolymers obtained with 
phosphoric acid were reported to be thermally stable, with 
linear shrinkage of 5.3% after exposure at 1450 °C [14]. Also, 
phosphoric acid activation of synthetic Al2O3–2SiO2 powders 
showed extremely high thermal stability of phases with no 
sign of melting up to 1550 °C [15]. Recent work reported 
that the structural evolution of phases with temperature 
and their stability depend on the phosphate content of the 
matrix [16]. However, MK-based phosphate geopolymers 
have low thermal stability in terms of compressive strength 
evolution. Bewa et al. reported a decrease of more than 
75% of the compressive strength development only after 
exposure at 200 °C [17]. While Celerier et al. [18] showed the 
complete destruction and/or extensive cracks apparition 
with a significant decrease of the compressive strength of 
MK-based phosphate geopolymer after heating to 1000 °C. 
These behaviours at elevated temperatures depend on the 
Al/P ratio of the matrix, the reactivity of the MK used and 
its wettability. Moreover, the high-water content of the MK-
based phosphate geopolymer was also responsible of the 
destruction of the binding phase because of the dehydroxy-
lation that happens after heating. Since MK particles have 
a high specific surface area, thus high-water demand and 
high liquid to solid mass ratio are required for reaching good 
workability.

The investigation of geopolymers from volcanic ash 
and phosphoric acid has never been reported yet. Since 
the improved thermal stability of phases of MK-phos-
phate geopolymer was due to the high stability of the 
phosphate bond, the low thermal stability of phases 
of volcanic ash-based geopolymer in alkaline solution 
could also be improved when synthesized in acidic 
medium. Moreover, volcanic ash has a lower specific 
surface area compared to MK and generally low liquid 
to solid mass ratio is required for achieving good work-
ability [19]. This work aims to investigate the influence of 
phosphoric acid concentration on the thermal stability 
of volcanic ash-based phosphate geopolymers for high-
temperature applications. These include the study of the 
transformation and transition of phases, the thermal 
shrinkage as well as porosity and compressive strength 

of geopolymers exposed to high temperatures. The 
thermal transformation and transition of phases were 
investigated by X-ray diffractometry (XRD), Fourier trans-
formed infrared spectroscopy (FTIR), Thermogravimetry 
analysis coupled with Differential Scanning Calorimetry 
(TGA–DSC) and Dilatometry analysis. The porosity was 
determined using mercury intrusion porosimeter (MIP) 
and the microstructure by using scanning electron 
microscope with energy dispersive X-ray spectroscopy.

2 � Materials and methods

2.1 � Materials

Volcanic ash (VA) was collected along “the Line of Cam-
eroon” and ground in a ball mill to get a powder with 
particle size < 200 μm. The chemical analysis carried out 
by X-ray fluorescence is reported in Table 1. The particle 
size distribution carried out using a laser particle size 
analyzer (MASTERSIZER S, Malvern, UK) is depicted in 
Fig. 1. It shows a trimodal distribution with characteris-
tic diameters as follows: d10 = 0.26 μm d50 = 3.7 μm and 
d90 = 57 μm. Orthophosphoric acid (H3PO4, 85wt%) was 
used to prepare the hardeners. The latter were obtained 
by diluting the as received orthophosphoric acid with 
water to get concentrations of phosphoric acid solution 
6, 8 and 10 mol /L.

Table 1   Chemical composition 
of volcanic ash

Oxides SiO2 Al2O3 Fe2O3 CaO MgO Na2O TiO2 K2O MnO P2O5 LOI Total

wt% 40.41 15.90 13.46 8.87 8.45 1.75 3.08 0.91 0.21 0.88 4.25 98.17

Fig. 1   Particles size distribution of milled volcanic ash
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2.2 � Experimental methods

The geopolymer pastes were prepared by mixing in an 
automatic Hobart mixer for 3 min volcanic ash and phos-
phoric acid according to liquid to solid mass ratios of 
0.32, 0.36 and 0.4 respectively. These different ratios were 
chosen according to the texture of each paste which 
allows easy pouring in the mold before losing any work-
ability. The pastes obtained were poured in 40 mm cubic 
moulds, vibrated for 3 min and covered with a plastic foil 
to avoid cracks or pores due to rapid water evaporation. 
The specimens were kept at 27 ± 3 °C and 62%Relative 
humidity for 24 h before demolding, then stored in the 
same curing condition for 28d. Afterward, the geopoly-
mer specimens were heated to a temperature of 100, 600 
and 1000 °C at a heating rate of 5 °C/min in a program-
mable electrical furnace and kept at this temperature 
for 4 h. The analysis of the mineralogical composition of 
the geopolymers before and after exposure to elevated 
temperatures was carried out using X-ray diffractom-
etry (Bruker X-ray diffractometer (D8 Discovery, US)). 
The device operates with Cu Kα1 radiation (λ = 1.54 Å), 
at 35 kV, 45 mA. The XRD patterns were recorded in the 
range of 15–70° 2θ. The changes in the chemical bonds 
of unheated and heated geopolymers were investigated 
by FTIR spectroscopy (Nicolet 5700 spectrometer). The 
analysis was carried out on KBr pellets. For each sample, 
32 scans with a resolution of 4 cm−1 were recorded in the 
frequency range 4000–400 cm−1. The porosity and pore 
size distribution of unheated geopolymers were inves-
tigated by mercury intrusion porosimeter (Auto pore IV 
9500 Micromeritics) It operates with the set-time equilib-
rium of 10 s and pressure ranges of 345 kPa and 228 MPa 
that allows to measure pore size range between 0.005 
and 360 μm. The compressive strength of geopolymers 
before and after exposure to elevated temperatures 
was measured thanks to an automatic compressive test 
machine (Impact Test Equipment Limited) with a maxi-
mum load of 250 KN. The microstructure was carried out 
on unheated geopolymer using Zeiss Gemini SEM 500 
NanoVP microscope (Oberkochen, Germany) coupled 
with an Energy-Dispersive X-ray spectroscopy (EDX) that 
operate at low-Vacuum mode with 15 kV acceleration 
voltage.

Thermal transformation and transition phases were 
monitored using Thermogravimetry analysis coupled 
with Differential Scanning Calorimetry (Linseis, Model 
STA PT1000). The equipment operated in the tempera-
ture ranges 20–1000 °C with a heating rate of 20 °C/min 
at an ambient atmosphere. An optical dilatometer (ESS 
MISURA HSM ODHT Model 1600/80) was used to assess 
changes of length of specimens shaped 5 × 5 × 15 mm3.

3 � Results and discussion

3.1 � Influence of phosphoric acid concentration 
on mineralogy at 27 and 1000°C

The phase compositions of raw volcanic ash and geopoly-
mers before and after exposure to 1000 °C are depicted 
in Figs. 2 and 3 respectively. The main minerals identified 
in volcanic ash using X’Pert High Score Plus software are 
as follows: augite (PDF# 98-005-6926); albite high (PDF# 
98-010-0499); jadeite-diopside (PDF# 98-006-9709); 

Fig. 2   X-ray patterns of volcanic ash and resulting geopolymers at 
27 °C

Fig. 3   X-ray patterns of geopolymer after heating at 1000 °C
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forsterite, ferroan (PDF# 98-003-9795) and magnetite 
(PDF# 98-008-5807). In the unheated geopolymers, no 
new crystalline phases were identified (Fig. 2), but a sig-
nificant decrease of peaks intensity of major minerals is 
visible. This behaviour is like what happens with volcanic 
ash-based geopolymers obtained in alkaline solution [20, 
21]. The intensities of the peaks of augite (Al0.1Ca0.83Fe0
.34Mg0.77Na0.02O6Si1.92Ti0.02) at 29.80° (2.99 Å), 35.53° 
(2.52 Å) and 35.74° (2.51 Å) respectively decrease by 38, 
27 and 28% respectively after reaction of volcanic ash 
with 6 mol/L acid solution. Also, intensities of the main 
peaks of albite (NaAlSi3O8) at 2θ = 27.73° (3.21 Å), 23.57° 
(3.77 Å) and 21.87° (4.05 Å) respectively are reduced by 
26, 22 and 17% respectively. These data show that augite 
is more dissolved than albite. This is likely due to the pref-
erential dissolution of augite (Pyroxene group) in low pH 
(below 3–4) in comparison with albite (Feldspar group) [22, 
23]. However, the extent of dissolution of those minerals 
is not proportional to the acid concentration, though it 
remains low in volcanic ash. A tentative explanation of this 
behaviour might be the rapid dissolution of amorphous 
phase and fast setting as observed during mixing, which 
would have delayed the further dissolution of unreacted 
particles with time. Nevertheless, a deep investigation to 
understand the dissolution behaviour of volcanic ash in 
an acidic medium is requires and this will be carried out 
in our upcoming studies.

The X-ray patterns of heated geopolymers at 1000 °C 
(Fig. 3) show several changes in the phase compositions 
compared to unheated ones. The main diffraction peaks 
of minerals like Jadeite-Diopside (PDF# 98-006-9709); For-
sterite, ferroan (PDF# 98-003-9795) and Magnetite (PDF# 
98-008-5807) are no longer identifiable, which means 
that they were transformed into other phases. It can also 
be seen the significant decrease of intensities of peaks at 
2θ = 29.80° (2.99 Å) and 27.74° (3.21 Å) corresponding to 
the main peak of augite and albite respectively with acid 
concentration. This happens along with the change in 
the profile of the broad peak at 2θ = 35.74 (2.51 Å) on the 
X-ray pattern of volcanic ash which becomes narrow. The 
extent of the decrease of the main peak intensity of these 
major minerals shows that in addition to acid concentra-
tion, the stability of augite is more sensitive to tempera-
ture than albite. The new crystalline phases are aluminum 
phosphate (V) (PDF# 98-028-0307), tridymite (PDF# 
98-009-4090), hematite (PDF# 98-008-8418) and iron (III) 
phosphate (V) (PDF# 98-009-8063). Their main peaks are 
as follows: 2θ = 20.46° (4.33 Å), 21.52° (4.12 Å) and 23.15° 
(3.84 Å) for aluminium phosphate (V); 2θ = 20.32° (4.36 
Å), 21.62° (4.10 Å) and 23.08° (3.85 Å) for tridymite); 
2θ = 25.68° (3.46 Å), 37.63° (2.38 Å) and 20.33° (4.36 Å) for 
iron(III) phosphate(V); 2θ = 33.25° (2.69 Å), 35.72° (2.51 Å) 
and 54.23° (1.70 Å) for hematite. Iron phosphate minerals 

have a similar structure like the SiO2-based minerals [24]. 
It can be noticed an increase of these main peak intensi-
ties with the increase of phosphoric acid concentration. 
The formation of aluminum phosphate(V) and silica-based 
minerals such as tridymite are common in phosphate 
geopolymers treated at 1000 °C [15, 17, 25–27]. The for-
mation of these two minerals is due to the crystallization 
of amorphous AlPO4-SiO2 solid solution constituting the 
binding phase of the phosphoric acid-based geopolymer 
[27]. Thus, the increase of the amount of these minerals 
demonstrates the extent of dissolution of reactive phases 
that happens with the increase of phosphoric acid con-
centration. Moreover, the formation of hematite and iron 
phosphate is new in high-temperature heating of phos-
phate geopolymers. Their presence is the proof that in 
addition to AlPO4-SiO2 solid solution as binder in phos-
phate geopolymer there is also FePO4 in the case of ferro-
aluminosilicate materials like volcanic ash. Moreover, simi-
larly to aluminum phosphate and tridymite, the presence 
of hematite and iron phosphate comes from the partial 
breakdown of the Fe–O–P bonds of the amorphous phase 
of the geopolymer binder.

Structural bond changes in geopolymer with varying 
phosphoric acid concentration before and after expo-
sure to elevated temperatures are highlighted in Figs. 4 
and 5 respectively. The vibration band appearing at 1650 
and 3420 cm−1 in all IR spectra are respectively charac-
teristic of bending and stretching vibrations of H–O–H 
and H–O bonds of water molecules. In Fig. 4, the band on 
VA at 1020 cm−1 is characteristic of stretching vibrations 
of Si–O bonds of silicate chain. With 6 mol/L of phos-
phoric acid used as a hardener, that band has shifted by 
about 52 cm−1 to a higher value after geopolymerization. 

Fig. 4   IR spectra of volcanic ash and resulting geopolymers at 27 °C
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It further shifted by 11 cm−1 when the acid concentra-
tion rises respectively to 8 and 10 mol/L. Such change 
is also noticeable on the band at 750 cm−1 of volcanic 
ash, which is characteristic of stretching vibration of Si–O 
bonds of the silicate network, that shifted to 792 cm−1 
on geopolymer. This observation indicates that there is 
a formation of new bonds as a result of reaction occur-
ring [21, 28]. Such a phenomenon can be attributed to 
the formation of the polymeric structure of geopolymer 
binder which structural unit includes connection among 
tetrahedra [AlO4]5−, [FeO4]5−and [PO4]5−. The changes 
observed in that main vibration band also ascertain 
that increasing the concentration of phosphoric acid 
improves the extent of the dissolution of reactive phases 
as stated by XRD patterns. The bands appearing at 630, 
578 and 541 cm−1 are respectively related to the various 
vibrating modes of the Si–O bonds in the silicate chains 
of volcanic ash [29].

Figure 5. shows the IR spectra of geopolymer with 
varying acid concentration after heating at1000oC. After 
heating geopolymer, there is a significant decrease in 
the intensity of bands at 3420 and 1650 cm−1 which are 
characteristic of vibration modes of water molecules. 
Compared to the IR spectra of geopolymer cured at 27 °C 
(Fig. 4.) it can also be observed a shift of the wavenum-
ber of the main band characteristic of Si–O vibration 
(1072–1083 cm−1) to a higher value (1112 cm−1) and the 
apparition of new bands at 1029 and 1064 cm−1 respec-
tively. Other changes are the disappearance of the vibra-
tion band at 541 cm−1 and the appearance of the band at 
713 cm−1 after heating. Similar changes were observed 
in previous work [16, 17]. In this study, these changes are 

attributed to the crystallization of tridymite and phos-
phate minerals as shown in XRD patterns of geopolymer 
after heating at 1000 °C.

3.2 � Influence of heating temperature 
on the mineralogy of phosphate geopolymer 
obtained with 10 mol/L acid concentration

Figure 6 shows the X-ray patterns of volcanic ash-based 
geopolymers obtained with 10 mol/L of phosphoric acid 
after exposure to various temperatures. As it can be seen, 
the crystalline phases initially present in unheated geo-
polymers remain stable up to 600 °C, where the onset 
of crystallisation is observed. The latter phenomenon is 
however characterized by the formation of new miner-
als, aluminum phosphate (V) (PDF# 98-028-0307) and 
tridymite (PDF# 98-009-4090). Although the initial min-
erals remain up to 600 °C, their peak intensities some-
what diminish with increasing temperature. This is more 
prominent at 1000 °C where other new minerals (hema-
tite and iron (III) phosphate (V)) are formed along with 
the disappearance of some of the initial ones (jadeite-
diopside; forsterite, ferroan and magnetite). There is also 
a significant increase of the peak intensities of aluminum 
phosphate (V) and tridymite at 1000 °C. It arises from 
these results that, the stability of minerals of the studied 
system is temperature sensitive and the onset of crystal-
lization is at around 600 °C.

Fig. 5   IR spectra of geopolymer after heating at 1000 °C

Fig. 6   X-ray patterns of geopolymer obtained with 10  mol/L acid 
concentration after heating at various
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3.3 � Physical characteristics and microstructure

The IR spectra of geopolymers obtained with 10 mol/L of 
phosphoric acid and heated at various temperatures are 
shown in (Fig. 7). The effect of heating is highlighted by 
the main changes between 600 and 1000 °C. The latter 
include the shift of the main vibration band from 1093 to 
1122 cm−1, the disappearance of the bands at 541 cm−1 
and the appearance of the bands at 713, 1029 and 
1064 cm−1. These results confirm the fact that the onset of 
crystallisation of phosphate geopolymers is around 600 °C.

3.3.1 � Visual aspect

After maintaining geopolymers at various temperatures, 
changes in colour and the formation of cracks on the sur-
face of some specimens were observed (Fig. 8). The speci-
mens obtained with 6 mol/L of phosphoric acid show no 
sign of surface deterioration when exposed to 100 °C, 
whilst other specimens show some cracks. The latter 

Fig. 7   IR spectra of geopolymer obtained with 10 mol/L acid con-
centration after heating at various temperatures

Fig. 8   The physical appear-
ance of geopolymers before 
and after exposure to various 
temperatures
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seems to be more prominent and larger on the specimen 
obtained with 10 mol/L of phosphoric acid than the one 
obtained with the concentration of 8 mol/L. The presence 
of these cracks can be due to the evaporation of free water 
present in the pores network or to the dehydroxylation 
of geopolymer binder. Thus, the extent of cracks dem-
onstrates that the geopolymer obtained with 10 mol/L 
of phosphoric acid undergoes more damages at 100 °C 
compared to other specimens. At 600 °C, the geopolymer 
specimens obtained with 6 and 8 mol/L of phosphoric acid 
display minor microcracks and there are changes of initial 

colours from black to light and dark brown. When heated 
to 1000 °C all the specimens do not show any sign of exter-
nal damage except the colour which is now light red and 
becomes dark with increasing phosphoric acid concentra-
tion. Based on a correlation between the change of col-
ours and the mineral evolution with temperature, it can be 
concluded that the change of colour observed at 600 °C 
results from the crystallisation of aluminium phosphate(V) 
and tridymite, whereas those observed at 1000 °C corre-
sponds to the crystallisation of iron (III) phosphate and 
hematite.

3.3.2 � Porosity

The total porosity and pore size distribution of unheated 
geopolymers are shown in Figs. 9 and 10 respectively. Total 
porosity (Fig. 9) of geopolymers obtained with 6 or 8 mol/L 
of phosphoric acid are 22 and 21vol% respectively. The 
porosity significantly decreases to 10.7vol% when the acid 
concentration rises to 10 mol/L, which means that the lat-
ter has fewer pores compared to the formers. However, it is 
clearly shown in Fig. 10a that the specimen obtained with 
10 mol/L of phosphoric acid exhibits larger pore diame-
ters than those obtained with 6 and 8 mol/L respectively. 
The range of pore size (Fig. 10b)is 0.01–5 µm, 0.01–1 µm 
and 0.027–5 µm for specimens with 6, 8 and 10 mol/L of 
phosphoric acid respectively. Within these pore diameter 
ranges, the geopolymers obtained with 6 and 10 mol/L 
of phosphoric acid have a unimodal pore diameter dis-
tribution with maxima at 0.09 and 0.55 µm respectively. 
Whereas specimens obtained with 8 mol/L of phosphoric 
acid show a bimodal distribution with maxima at 0.04 and 
0.06 µm respectively. The effect of pore size distribution on Fig. 9   Total porosity of geopolymers

Fig. 10   Pores size distribution of geopolymers: (a) Cumulative pores volume, (b) Differential volume of intruded mercury
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the thermal stability of geopolymers will be well discussed 
in the next section.

3.3.3 � Compressive strength

Figure 11 depicts the 28d compressive strength evolution 
of geopolymer before and after heating at various temper-
atures for 4 h. At room temperature, compressive strength 
increases with acid concentration. After heating at 100 °C, 
the strength of geopolymer obtained with 6  mol/L of 
phosphoric acid increases by about 84% (49 MPa) while 
that at the other temperatures decreases. For geopoly-
mers obtained with 8 and 10 mol/L of phosphoric acid, 
the decrease of compressive strength is 14.7% (43 MPa) 
and 17% (60 MPa) respectively. This trend correlates well 
with the observation made on (Fig. 8) where major cracks 
were observed only on geopolymers obtained respectively 
with 8 and 10 mol/L of phosphoric acid. These observa-
tions allow surmising that although high dissolution of 
reactive phase using of 6 mol/L of phosphoric acid was 
observed in XRD patterns, the reaction of volcanic ash 
with 6 mol/L acid concentration remains low. Thus, when 
exposed at 100 °C, the heat supplied rather improves the 
geopolymerization leading to a more condensed and 
stronger polymer chain. This seems to be the contrary to 
geopolymerization with 8 and 10 mol/L acid concentra-
tion. In these latter cases, the reactions that take place are 
faster and lead directly to the formation of strong geo-
polymer structures at room temperature. Thus, the heat 
supplied has rather triggered the dehydroxylation of the 
binding phase, leading to the formation of cracks, hence 
weakening of the structure. The strength of geopolymer 
obtained with 10 mol/L of phosphoric acid continues to 

decrease till the temperature 1000 °C (26.5 MPa), whereas 
the strength of geopolymer obtained with 8  mol/L of 
phosphoric acid (56.5 MPa) remains high compared to the 
one before heating. This difference of behaviour might be 
due to the pores size distribution of the geopolymers. In 
fact, the geopolymer obtained with 8 mol/L of phosphoric 
has high number of pores with various diameters, which 
allows easy evaporation of water during the dehydroxyla-
tion stage of the binder with less impact on compressive 
strength.

3.3.4 � Scanning electron microscopy‑EDX

The microstructures of unheated geopolymers are shown 
in Fig. 12. The micrographs are characterized by the pres-
ence of several cracks that might come from the evapora-
tion of water during the geopolymerization. That process 
is fostered by the heat released during the reaction, as 
when volcanic ash is mixed with the phosphoric acid an 
exothermic reaction occurs. It was reported that in phos-
phate cement the temperature of the fresh paste can 
reach up to 100 °C depending on the mix design [30]. The 
high temperature reached is due to the presence of metal 
oxides CaO and MgO in volcanic ash. All the samples are 
composed of a dense phase characteristic of the binder. 
Whereas the sample obtained with 6 mol/L shows the 
presence of unreacted particles translating the low for-
mation of reaction products.

3.4 � Phases and dimensional stability

3.4.1 � Mass loss and phase stability

The monitoring of the mass change, the phases trans-
formation and transition of the geopolymer with tem-
perature were carried out by TGA–DSC (Fig. 13). The TGA 
curves are characterized by a single mass loss of 13–14 
wt% which starts nearly at room temperature and ends 
at around 600 °C. That mass loss is accompanied by an 
endothermic peak at 86 °C. These changes correspond to 
the removal of free water contained in the pores network 
and the dehydroxylation of polymer chains of the geo-
polymer binder [31, 32]. Between 600 and 1000 °C, there 
is not any significant mass change. The DSC curves show 
respectively a succession of three small exothermic peaks 
at 634–657 °C, 690 and 820 °C, and an endothermic peak 
at 805 °C. The first one (634–657 °C) corresponds to the 
crystallization of ferrous/ferric phosphate minerals from 
the amorphous phase. In the crystallization process of iron 
phosphate glasses, that first peak is generally followed by 
a second exothermic peak at 820 °C related to the crys-
tallization of ferric phosphate minerals (FePO4) [33, 34]. 
The latter obviously confirms the crystallization of iron 

Fig. 11   Compressive strength evolution of geopolymers with tem-
perature
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(III) phosphate identified only in the XRD patterns of geo-
polymer maintained at 1000 °C. The endothermic peak at 
805 °C corresponds to the decomposition of remaining 
amorphous iron phosphate FePO4 to crystallized Fe2O3 
[33]. This confirms the crystallization of hematite observed 
in XRD patterns. Noteworthy that during the phase transi-
tion of iron phosphate there is sometimes a competition 

between decomposition FePO4 into Fe2O3 and the crystal-
lization of new form of FePO4 [35]. The temperature of the 
apparition of the first exothermic peak (634–657 °C) shifts 
to lower value with increasing phosphoric acid concentra-
tion. This is due to the increase of the content of Fe2+/Fe3+ 
ions in the bulk composition [33]. The exothermic peak 
appearing at 690 °C corresponds to the crystallization of 
aluminum phosphate and /or tridymite [27].

3.4.2 � Dimensional stability

The dilatometry curves (Fig. 14a) show that up to 1000 °C, 
thermal linear shrinkage of geopolymers are 1.8, 2.9 and 
3.1% respectively. These shrinkages are mainly observed in 
two temperature ranges (110–140 °C and 630–665 oC). It is 
worth pointing out that beyond 1000 °C the higher sinter-
ing of volcanic ash particles induces the beginning of melt-
ing of mineral phases [10, 11]. This can explain the higher 
shrinkage beyond 1000 °C. Hence, this shrinkage was not 
included in the total shrinkage calculation because the 
material melts and does not withstand. The first shrinkage 
occurs between 25 to 600 °C and reaches the maximum 
at 110–140 °C. This shrinkage is of about 1.6, 2.3 and 2.4% 
for geopolymer specimens obtained respectively with 6, 
8 and 10 mol/L of phosphoric acid. The increase of the first 

Fig. 12   Micrographs of unheated geopolymer samples

Fig. 13   TGA (solid lines) and DSC (dotted lines) curves of geopoly-
mers with varying phosphoric acid concentrations
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shrinkage with phosphoric acid concentration correlates 
with the extent of cracks as observed on the surface of 
specimens after exposure at 100 °C (Fig. 8). This shrinkage 
is linked to the mass loss recorded in TGA and which cor-
responds to the evaporation of water. The second shrink-
age begins at around 600 °C and ends before 1000 °C, 
and is about 0.2, 0.6 and 0.7% for geopolymer specimens 
obtained respectively with 6, 8 and 10 mol/L of phosphoric 
acid. This second shrinkage, which does not correspond 
to any mass loss, is due to the crystallization of ferrous/
ferric phosphate minerals. The shift of the maximum tem-
perature related to this second shrinkage (Fig. 14b) agrees 
with the similar phenomenon observed in the DSC curves 
(Fig. 13), and which was ascribed to the increase of the 
amount of Fe2+/ Fe3+ ions in the bulk composition. The 
latter arising from the increased dissolution of the reactive 
phase of volcanic ash with the increase of phosphoric acid 
concentration. Most interesting in the differential curve of 

the percentage of expansion beyond 1000 °C is the delay 
of the temperature at which maximum shrinkage due to 
melting occurs (Fig. 14b). Such behaviour means that the 
increase of the dosage of phosphate bonds in the geo-
polymer binder prevents the early melting of phases.

4 � Conclusion

The influence of phosphoric acid concentration on the 
thermal stability of volcanic ash-based phosphate geo-
polymers was reported. It appears that changes occur-
ring in mineralogical phases are highly sensitive to tem-
perature and phosphoric acid concentration. The major 
phases including geopolymer binder remain stable up to 
1000 °C and beyond the latter temperature, the melting 
of geopolymers becomes predominant. The geopoly-
mer binder is based on ferro-silico-aluminophosphate 
(AlPO4-SiO2-FePO4) chains. The total porosity of unheated 
geopolymers decreases from 22 to 10% with increasing 
phosphoric acid concentration. The heterogeneity of pore 
diameter distribution enhances the thermal stability of 
geopolymers in terms of strength loss and thermal shrink-
age. The maximum strength loss was 63% and the highest 
thermal shrinkage 3% after heating geopolymers up to 
1000 °C. The geopolymers produced with a phosphoric 
acid concentration of 8 mol/L demonstrated superior ther-
mal stability. Thus, phosphate geopolymer is suitable for 
high-temperature applications up to 1000 °C.
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