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ABSTRACT: The present study evaluates the possibility of using a by-product of phosphate mines, such as red clay, as a precursor 
for the elaboration of acid geopolymers, using H3PO4 phosphoric acid (5M and 8M) as an activator. Considering the chemical 
composition of the clay, sodium aluminate (NaAlO2) was added as an aluminum corrector. To increase the reactivity of the precursor, 
the clay was thermally treated at 900°C for 2 hours. Pastes were prepared and characterized from the mechanical (compressive 
strengths), microstructural (BSEM/EDX and MIP), mineralogical (XRD and FTIR), and nanostructural (27Al, 29Si and 31P MAS 
NMR) point of view. The results showed that the type of reaction products is highly dependent on the chemical composition of the 
precursor and the acidic conditions. In addition, the presence of sodium aluminate improves the mechanical strengths in systems 
activated with 8M H3PO4.
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RESUMEN: Valorización de subproductos de minas de fosfato para producir geopolímeros ácidos. En el presente estudio se 
evalúa la posibilidad de emplear un subproducto de minas de fosfato, tales como la arcilla roja, como precursor a la hora de elaborar 
geopolímeros ácidos, empleando como activador, ácido fosfórico H3PO4 (5M y 8M). Considerando la composición quimica del 
precursor de partida (la arcilla roja), se empleó como corrector de aluminio, aluminato sódico (NaAlO2). Con el fin de aumentar la 
reactividad de la arcilla, esta se activó térmicamente a 900°C durante 2 horas. Con los materiales anteriormente mencionados (la 
arcilla deshidroxilada y el H3PO4) se prepararon pastas se caracterizaron desde el punto de vista mecánico (resistencias a compresión), 
microestructural (BSEM/EDX y Porosimetia de Intrusión de Mercurio), mineralógico (DRX y FTIR) y nanoestructural (27Al, 29Si y 
31P NMR-MAS). Los resultados obtenidos manifiestan que el tipo de productos de reacción generados depende en gran medida de la 
composición química del precursor y de las condiciones de activación ácidas. Además, la incorporación de aluminato sódico mejora 
las resistencias mecánicas en los sistemas activados con 8M H3PO4.
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1. INTRODUCTION

Nowadays, scientific researchers are increasing-
ly looking for optimal solutions that simultaneously 
mitigate the negative impact of industrial waste and 
produce ecological materials that contribute to en-
vironmental protection. One example of this is the 
alkaline cements also known as geopolymers, which 
are recognized as sustainable materials, usually made 
with secondary by-products as precursors (such as 
blast furnace slags or coal fly ash), and alkaline sourc-
es as an activator. These can play an important role in 
many fields such as the construction industry, immo-
bilization of hazardous materials, adsorption of con-
taminants from wastewater, etc. (1–3). Geopolymers 
have always attracted the interest of researchers for 
their potential to decrease the carbon dioxide emis-
sions associated with cement production, offering a 
viable alternative (4). Historically, these materials 
were known first as alkali-activated materials. These 
materials have proven not only to be more sustain-
able from an environmental point of view, but also 
to have similar or even superior strength and tech-
nological behavior to conventional cements, making 
them the object of various applications (4–6). Tradi-
tionally, these cements are generated by reacting an 
aluminosilicate precursor with an alkaline activating 
solution (sodium hydroxide, waterglass...), however, 
recent studies (7) have demonstrated the possibili-
ty of using acid solutions (phosphoric acid) gener-
ating materials with interesting properties, such as 
porous matrices capable of acting as immobilizing 
matrices for dyes or heavy metals (2), or materials 
for thermal insulation (8, 9). The reaction products 
of acidic geopolymers differ significantly from those 
of alkali-activated geopolymers due to the influence 
of the medium’s pH. Generally, in alkaline geopol-
ymers, the major reaction product is C-A-S-H gel 
(for high calcium content precursors), N-A-S-H gel 
(in low calcium content precursors). In hybrid sys-
tems, the product is a mixture of different types of 
gels (3, 10). For acidic geopolymers, the main re-
action products depend on the nature and chemical 
composition of the precursor used. In this context, 
Li et al., used different mixtures of high-magnesium 
nickel slag (HMNS) and fly ash (FA) activated with 
H3PO4 (11). Their study focused on various curing 
methods: curing with fresh-keeping film, curing in 
water, curing in air, standard curing, and curing at 
constant temperatures. The curing time were 3, 7, 
and 28 days. The main reaction products identified 
were aluminophosphate gel, newberyite gel phase 
and crystals, and aluminum silicon phosphate gel 
phase and crystals. Alshaaer et al., conducted a study 
aimed at producing geopolymers activated with 10M 

H3PO4. The specimens were cured 24 h at 60 °C and 
then at room temperature for 28 days (12). The main 
reaction products were -Si-O-P-O-Si- with alumi-
num phosphate crystals. Lin et al., also studied the 
activation of metakaolin using H3PO4. The major 
structural units identified were Si-O-Si, Si-O-Al, Si-
O-P, and Al-O-P. Moreover, Zhan et al., studied the 
activation of metakaolinite with H3PO4, incorporat-
ing Al2O3 powder into the mixture (13). The main 
reaction product in this case was Si-O-Al-O-P-O-. In 
summary, the type of reaction products generated is 
highly dependent on the nature of the precursor, the 
acid activator, and the activation conditions.

It is important to mention that most of these studies 
used precursors with low calcium content. This sug-
gests that the reaction products in the present study 
will be significantly different because the precursor 
used is obtained from the wastes generated during 
phosphate ore extraction, which are rich in CaO. The 
use of industrial wastes as precursors for the produc-
tion of geopolymers has attracted considerable re-
search interest. Various wastes, including waste glass, 
fly ash, and mining wastes such as phosphate waste, 
have been tested for this purpose (3, 14).

Moroccan researchers have actively focused on val-
orizing phosphate mining wastes for various applica-
tions. These by-products have been successfully used 
in the formulation of concretes, fired bricks, mortars, 
and geopolymers with promising results (15–18). The 
use of such wastes in various applications can signif-
icantly reduce their negative environmental impact. 
Given the large quantities of phosphate mining waste 
typically deposited near mining sites, this practice of-
ten leads to serious environmental problems, includ-
ing the degradation of the physical landscape and its 
aesthetic value (3).

The objective of the present work is to evaluate 
the potential of a secondary mine waste products (red 
clay) as a precursor for the elaboration of acid geopol-
ymers, paying particular attention to the identification 
of the reaction products generated and trying to opti-
mize the experimental conditions for the production 
of geopolymers from phosphate by-products. This 
approach will also help reduce the negative impacts 
of phosphate mine waste disposal.

2. MATERIALS AND METHODS

2.1. Characterization of the precursor (red clay)

A red clay, a by-product of phosphate mining, has 
been used as a precursor to prepare acidic geopol-
ymers. The particle size distribution analysis (laser 
granulometry) was performed to investigate the fine-
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ness of the clay under study. The particle size distri-
bution is shown in Figure 1. The results show that 
90%, 50%, and 10% of the clay particles have sizes 
smaller than 70.8 µm, 12.5 µm, and 1.60 µm, respec-
tively.

The chemical composition (XRF analysis) is 
shown in Table 1. The results show that the major 
oxides are calcium oxide (32.53%), followed by sil-
ica (25.22%), magnesium oxide (11.44%), alumina 
(4.45%), and iron oxide (1.58%). The percentage of 
alumina is slightly low (lower than 5%). Figure 3(a) 
shows the XRD pattern of the red clay, where, a part 
of montmorillonite and other crystalline phases were 
detected (quartz, tridymite, dolomite, hematite, fluo-
rapatite, and calcite).

Improving the reactivity of the clay before using it 
as a precursor for geopolymer production is a priority 
(19). TG/DTG analysis was performed to determine 
the appropriate dehydroxylation temperature. Figure 2 
shows the TG/DTG curves where three distinct peaks 
can be observed. The first peak is attributed to water 
loss in the clay, which typically occurs around 100°C 
(3). The second peak, located around 550 °C, corre-
sponds with the decomposition of dolomite (previous-
ly identified by XRD) to produce CaCO3 + MgO. The 
third peak, located around 750°C, corresponds with the 

overlapping of several phenomena that occur in this 
temperature range, i) the dehydroxylation of montmo-
rillonite, which typically occurs at 700°C (20) and ii) 
the decomposition of calcite (both the one identified in 
XRD and the one originated in the decomposition of 
CaMg(CO3)2) to produce lime (CaO) (21).

XRD and FTIR were performed after the thermal 
treatment process (see Figures 3(a) and (b) respec-
tively. Quartz (SiO2), tridymite (SiO2), fluorapatite 
(Ca5(PO4)3F), and hematite (Fe2O3) remain present 
after the thermal treatment, indicating that they were 
not affected by the high temperature (900°C for 2 
hours). Lime (CaO) and periclase (MgO) are formed 
due to the decomposition of dolomite. The disappear-
ance of calcite (CaCO3) is also due to its decarbon-
ation to lime. In addition, the thermal treatment of 
clay minerals and dolomite leads to the crystallization 
of gehlenite (Ca2Al(AlSiO7)) and diopside (CaMg-
Si2O6), where the diopside is known by its formation 
at the dolomite/quartz interface (the crystallization 
of these phases could detract from the reactivity of 
the precursor). FTIR results for the raw clay before 
and after thermal treatment are shown in Figure 3-b. 
The band that appears after thermal treatment at 3643 
cm-1 is attributed to the asymmetric stretching of hy-
droxyl bonds in portlandite. However, this phase was 

Figure 1. Particle size distribution of red clay.

Table 1. Chemical composition of the red clay (XRF, % oxides in weight).

Chemical composition wt.% LOI CaO SiO2 MgO Al2O3 Fe2O3 P2O5 TiO2 K2O Na2O

Red clay 23.63 32.53 25.22 11.44 4.45 1.58 0.39 0.24 0.20 0.11

LOI: Loss of ignition at 1000°C
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not detected in the XRD pattern suggesting that it is 
present in small amounts or was not very well crys-
tallized. The two bands at 1635 cm-¹, and 3435 cm-¹ 
characterize the deformation and stretching vibrations 
of the O-H and H-O-H bonds, respectively. It is im-
portant to note that these two bands also appear in 
the spectra after thermal treatment. This could be ex-
plained by the fact that water was re-adsorbed during 
the experimental procedure. The bands at 2924, 2521, 
1431, 876, 728, and 712 cm-¹ indicate the presence of 
carbonates, which disappear after thermal treatment 
except the band at 1431 cm-¹ has not completely dis-
appeared, indicating that the carbonation process was 

not complete. The doublet appearing around 796 cm-¹, 
as well as the band at 471 cm-¹, characterize Si-O-Si 
bond deformation vibrations in quartz that still ap-
pear after thermal treatment, which is in good agree-
ment with previous findings. The clay Al-O, Si-O-Si, 
and Si-O groups are characterized by the band at 
1041 cm–¹, which shifts from 1091 cm–¹ due to chem-
ical and structural changes (22). The peak at 523 cm–¹ 
is attributed to deformation vibrations of Al-O (22). 
The band at 917 and 876 cm-1 which characterizes the 
presence of Al-O-H and Al-OH-Al respectively, can 
also confirm the dehydroxylation of montmorillonite 
with its disappearance after thermal treatment (23).

Figure 2. TG/DTG analysis of raw clay.

Figure 3. XRD (a) and FTIR (b) analyses of red clay before and after the thermal treatment (M: Montmorillonite (COD9002779), 
Q: Quartz (COD1011159), T: Tridymite (COD9013393), D: Dolomite (COD1200014), C: Calcite (COD1010928),  
L: Lime (COD1011095), H: Hematite (COD1011267), d: diopside (COD1011057), P: Periclase (COD9006747),  

F: Fluorapatite (COD9010504), G: Gehlenite (COD9006113)).

(a)
(b)
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Figure 4 shows the 27Al and 29Si NMR spectra of the 
clay after the thermal treatment. 27Al NMR spectrum 
shows a broad peak at about +50.16 ppm, which is 
attributed to 4-coordinated aluminum, corresponding 
with the conversion of Al(VI) to Al(IV) in montmo-
rillonite after the thermal activation (24). According 
to A. Noushini et al., the peak associated with Al(IV) 
in gehlenite appears around +66 ppm; however, this 
signal overlaps with other Al(IV) signals in the broad 
peak observed at +50.16 ppm (25). The small shoul-
der at about +10.2 ppm is associated with 6-coordi-
nated aluminum, indicating that the montmorillonite 
has not been completely dehydroxylated (26). 29Si 
MAS NMR was also utilized to investigate silicate 
structures. The resonance at -72.2 ppm is attributed to 
Q1(3Al) sites present in gehlenite (27). The resonance 
at -84.3 ppm corresponds to diopside (28). Moreover, 
the peak at -103.9 ppm indicates the presence of Q4-
type species associated with the calcined montmoril-
lonite (24). In addition, the two peaks at -108.1 ppm 
and -113.0 ppm are attributed to Q4 sites present in 
quartz and tridymite, respectively (3, 29).

2.2. Experimental

2.2.1. Preparation of the red clay based geopolymers

After the thermal treatment of the clay, to be used 
as a precursor, the next step was the preparation of 
the acid geopolymers. For that phosphoric acid was 
chosen as an activator and used in different concen-
trations (5M and 8M) to study its influence on the 
final product. Considering the small proportion of 
aluminum in the precursor, since aluminum plays a 
significant role in the geopolymerization process, an 

Figure 4. 27 Al and 29 Si NMR spectra of the thermally treated red clay (T-RC).

additional source of aluminum (sodium aluminate, 
NaAlO2) was incorporated into the pastes in varying 
proportions to study its effect on the geopolymers.

Six formulations, varying in the proportions of red 
clay and sodium aluminate, were prepared by acid 
activation with 5M and 8M H3PO4. The molar con-
centrations were chosen based on preliminary tests 
and previous studies. Similar procedures as the one 
taken by Tchakouté et al., were followed and various 
preliminary tests were conducted to determine the ap-
propriate concentrations for the activator (30). Tcha-
kouté et al., investigated the effect of phosphoric acid 
concentration on geopolymer properties using me-
takaolin as the only precursor and tested concentra-
tions of 4, 6, 8, 10, 12, and 14M. Their results showed 
that geopolymers activated with 10M H3PO4 had the 
highest compressive strength. In this study, however, 
due to workability considerations, only geopolymer 
pastes activated with 5M and 8M H3PO4 were select-
ed for study.

Table 2 shows the dosification for each type of ge-
opolymer. The appropriate liquid/solid (L/S) ratios 
have been determined based on some preliminary 
tests that consist in maintaining the same workabili-
ty in all pastes. All formulations were prepared under 
identical conditions. Mixing time was set at 3 min-
utes, and the pastes obtained were poured into pris-
matic molds of 1 x 1 x 6 cm³ and cured in an oven at 
70°C for 72 hours. After this temperature curing, the 
paste specimens were sealed in plastic film and place 
in the leave in the laboratory (21oC) until compression 
tests were performed at 7, 28, and 90 days. One piece 
of the untested specimen was kept for microstructural 
characterization (BSEM and MIP), while the rest was 
ground and used for mineralogical and nanostructural 
analysis (FTIR, XRD and NMR). At selected ages the 
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collected specimens were immersed in isopropanol 
for 24 hours to stop the geopolymerization reaction, 
to then be dried in a desiccator during 48 hours.

2.2.2. Methods

Compressive strength tests were performed using 
an Ibertest Autotest 200/-10-SW press. Mercury intru-
sion porosimetry (MIP) was used to study changes in 
the pore structure of the prepared geopolymers using 
an AutoPore IV 9500 V1.09 Serial 293 porosimeter 
from Micromeritics Instrument Corporation. A Bruk-
er D8 Advance diffractometer was used to study the 
mineralogy of the clay before and after the thermal 
treatment as well as after acid activation, operating in 
the 2θ range of 5-60° with a step size of 0.02° every 
0.5 s using CuKα radiation at 40 kV and 30 mA. FTIR 
analysis was performed to investigate the function-
al groups of the samples using a Thermo Scientific 
NICOLET 600 FT-IR spectrophotometer, with spec-
tra collected in the 4000-400 cm-1 range. The micro-
structure of a representative sample was studied using 
an S-4800 scanning electron microscope coupled to a 
HITACHI energy dispersive X-ray spectrometer, and 
the data were processed using Bruker ESPRIT 2 soft-
ware.

The Magic Angle Spinning Nuclear Magnetic Res-
onance (MAS-NMR) spectroscopy was carried out 
to analyze solid-state 27Al – 29Si – 31P using a Bruk-
er AVANCE II 400WB instrument. For 29Si NMR 
spectra, data were collected at 79.5 MHz with a π/2 
pulse width of 5 μs and a relaxation delay of 10s. 
The spectra were referenced to Tetramethylsilane 
(TMS). Meanwhile, the resonance frequency of 27Al 
was 104.3 MHz, and a π/2 pulse technique of 5 μs 
was applied with a delay of 10 s. Chemical shifts 
were recorded relative to external Al (H2O) 6

3+. High 
resolution 31 P-MAS and 31 P{1H} CP-MAS spectra 
were recorded at 161.98 MHz (9.4 T magnetic field) 
by spinning the samples at the magic angle (54º44’’). 

Table 2. Main feature of the pastes.

Geopolymer T-RC* (%)
(solid)

NaAlO2
* (%)

(solid)
H3PO4 concentration (M)

(liquid) L/S ratio1

GP-5% NaAlO2 -5M H3PO4 (GP-1) 95 5 5 1.3

GP-10% NaAlO2 -5M H3PO4 (GP-2) 90 10 5 1.3

GP-15% NaAlO2 -5M H3PO4 (GP-3) 85 15 5 1.3

GP-5% NaAlO2 -8M H3PO4 (GP-4) 95 5 8 1.1

GP-10% NaAlO2 -8M H3PO4 (GP-5) 90 10 8 1.1

GP-15% NaAlO2 -8M H3PO4 (GP-6) 85 15 8 1.1

(*) weight %; (1) liquid solid ratio

The 31P-MAS spectra were obtained after a π/2 ex-
citations of 2.85 µs and intervals between successive 
accumulations of 60 s. The number of accumulations 
was 40. The 31 P{1 H} CP-MAS spectra were ob-
tained with a contact time for cross polarization of 
3 ms, intervals between successive accumulations of 
5 s and the number of accumulations was 200. The 
31P chemical shift values are given relative to 85 % 
H3PO4 aqueous solution.

2.2.3. Limitations of some methods

The use of multiple analytical techniques is essen-
tial in the study of any material, as each method has 
its limitations. For example, XRD is valuable for de-
termining the mineralogical composition of materials, 
but the presence of overlapping diffraction peaks can 
make it difficult to identify minor phases. To com-
plement and confirm the XRD results, FTIR was also 
used to identify the functional groups in the samples. 
However, FTIR is very sensitive to moisture, and 
overlapping peaks can make it difficult to accurately 
assign functional groups. In addition, improper sam-
ple preparation can affect peak quality, which must 
be taken into account when interpreting the results. 
NMR analysis has been used to complement the 
previous techniques by investigating the Al, Si, and 
P environments and providing detailed structural in-
formation. However, NMR also has limitations, such 
as noise in the spectra due to the sensitivity of the 
technique, which can complicate deconvolution and 
interpretation of the results. In summary, the use of 
several techniques allows us to have a more accurate 
interpretation of the results.

3. RESULTS AND DISCUSSION

Figure 5 shows the compressive strength values 
for geopolymers activated with 5M and 8M H3PO4 
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solution after 7, 28, and 90 days of curing. It is dis-
tinguished that the strength development is highly 
dependent on the H3PO4 concentration. The systems 
with 8M H3PO4 develop higher strengths attaining 
14.5 MPa at 90 days. The effect of phosphoric acid 
concentration on metakaolin-based geopolymers was 
previously studied by (30), in the acidic geopolymers 
prepared with different acid concentrations (4, 6, 8, 
10, 12, and 14M) to study its effect on the properties 
of the final products. The results of this study showed 
that increasing the H3PO4 concentration from 4 to 
10M increased the compressive strength values. This 
was explained by the presence of a small amount of 
free water remaining in the solution at low concentra-
tion values, that does not react during the geopolym-
erization process. This leads to the formation of pores 
when the specimens are dried, resulting in low com-
pressive strength values, which was the case in the 
present study. In addition, the compressive strength 
values of geopolymers activated with 8M H3PO4 
increase with the amount of NaAlO2. After dissolu-
tion, NaAlO2 provide tetrahedral aluminium, that can 
participate in the formation of reaction products (es-
pecially AlPO4 and the amorphous gel, as it will be 
shown below), which could lead to increase the com-
pressive strength values.

Figure 5. Compressive strength values of red clay based 
geopolymers activated with 5M and 8M H3PO4.

XRD analysis of both types of geopolymers (acti-
vated with 5 and 8 M H3PO4 acid) are shown in Figure 
6. The results show the presence of certain phases, 
such as quartz and tridymite, that remained after acid 
activation (indicating that are not potentially reactive 
under these conditions). In addition, some new phases 
were formed due to the reaction between phosphor-
ic acid and lime. Brushite (CaHPO4·2H2O) appears 
as a new crystalline phase in geopolymers activated 
with 5 M phosphoric acid, while monetite (CaHPO4) 
appears in those activated with 8 M. Monetite is the 

dehydrated phase of brushite (31). The formation of 
these phases depends highly on the pH values of the 
pore solution. According to the literature, monetite 
forms at pH values below 5 (32), while brushite forms 
at pH values below 6.5 (33). This implies that the pH 
for monetite formation is lower than that for brushite 
formation, which is consistent with the present study 
where the pH of 8M H3PO4 is lower than that of 5M 
H3PO4. It has also been reported by (34) that brushite 
cements have low compressive strength due to their 
rapid setting, resulting in poor crystal compaction 
during the setting process, which is in good agree-
ment with the previous findings. In addition, new-
beryite (MgHPO4·3H2O) and aluminum phosphate 
(AlPO4) are present in both types of geopolymers. 
Notably, the crystallinity of newberyite is higher 
(much more sharp and defined peaks) in geopolymers 
activated with 5M phosphoric acid compared to those 
activated with 8M phosphoric acid. This suggests that 
newberyite may be present in both crystalline and 
amorphous forms in geopolymers activated with 8M 
phosphoric acid, potentially contributing to the higher 
compressive strength of these geopolymers. Moreo-
ver, the appearance of humps ranging from 18-40° 
indicates the formation of amorphous gels. Similar to 
the present study, the influence of phosphoric acid on 
the properties of geopolymers has been explored by 
several researchers, with a key difference being the 
type of precursor used. The study conducted by Pu 
et al., demonstrated that when fly ash was activated 
with phosphoric acid, the crystalline reaction prod-
ucts were Berlinite, Monetite, and Brushite, while the 
amorphous phases included Si-O-Al-O-P, Si-O-P, and 
Al-O-P units (35). The highest compressive strength, 
20 MPa, was achieved with 50% phosphoric acid 
(L/S = 0.3) after 90 days of curing. They noted that 
Berlinite enhances geopolymer strength and structure 
but may not support long-term strength growth in 
phosphate geopolymers. Similarly, Tchakouté et al., 
investigated metakaolin as a precursor activated by 
different concentrations of phosphoric acid and ob-
served the formation of an amorphous phase (Si-O-P-
O-Si) along with a crystalline phase (Berlinite) (30). 
The highest compressive strength was achieved with 
10M phosphoric acid, and the presence of AlPO4 was 
shown to enhance the overall strength. This empha-
sizes the key role aluminum content plays in precur-
sor selection. Additionally, Riyap et al., reported that 
the formation of calcium phosphates in phosphoric 
acid-based geopolymers can reduce the amount of gel 
formed (36), resulting in lower compressive strength, 
which may explain the acceptable strength values ob-
tained in the present study.

FTIR spectra are represented in Figure 7. The 
bands at 3411 cm−1 and 3485 cm−1 in the spectra of 



8 • S. En-naji et al.

Materiales de Construcción 74 (356), October-December  2024, e360. ISSN-L: 0465-2746. http://doi.org/10.3989/mc.2024.390924

both types of geopolymers (5 and 8M H3PO4) are as-
sociated with the stretching vibrations of the H-O-H 
bonds (2). The bands observed at 1650 cm−1 and 1649 
cm−1 correspond to the deformation vibrations of 
O-H bonds. For the geopolymers activated with 5M 
H3PO4, the presence of a broad band with two shoul-
der peaks at 1135 cm−1 and 1071 cm−1 indicates the 
presence of P-O bonds, characteristic of brushite (37). 
This is consistent with the XRD results, where brush-
ite was noticeable in GP-5M but not in GP-8M. For 
the geopolymers activated with 8M H3PO4, the band 
shifts to a lower wavenumber (around 1081 cm−1) and 

is associated with the formation of P–O–Al bonds 
(38). It is also important to note that these broad bands 
in both types of geopolymers could result from over-
lapping P-O bonds not only in crystalline phases, but 
also in amorphous phase that cannot be distinguished 

using XRD or FTIR. In addition, the bands around 
976 cm−1 and 877 cm−1 are characteristic of P-OH 
bonds in newberyite, present in both types of geopol-
ymers (39). The bands at 790 cm−1 and 794 cm−1 in 
the spectra of GP-5M and GP-8M, respectively, are 
characteristic of quartz, indicating that it was not by 
the acid activation (40). The band around 532 cm−1 
can be attributed to the vibration modes of Al-O-P in 
(AlPO4·H2O) (41). Lastly, the band at 470 cm−1 is at-
tributed to the vibration modes of Si-O-Si (42).

Since there is a tendency for the compressive 
strength values of GP-8M to increase with increasing 
sodium aluminate content, they were selected for fur-
ther study. MIP analyses were performed on GP-8M 
and the results are shown in Figure 8. As expected for 
these acid geopolymers, the total porosity in the ref-
erence system was quite high (See Figure 8(a)). With 

Figure 6. XRD patterns of geopolymers activated with (a) 5M H3PO4 and (b)geopolymers activated with 8M H3PO4 (Q: Quartz 
(COD1011159), T: Tridymite (COD9013393), L: Lime (COD1011095), H: Hematite (COD1011267), d: diopside (COD1011057), P: 

Periclase (COD9006747), F: Fluorapatite (COD9010504), G: Gehlenite (COD9006113), N: Newberyite (COD9014665), M: Monetite 
(COD9007619): A: Aluminum phosphate (COD9006404), B: Brushite (COD1533075)).

Figure 7. FTIR spectra of geopolymers activated with 5M H3PO4 (a) and geopolymers activated with 8M H3PO4 (b).

(a)

(a)

(b)

(b)
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increasing amounts of NaAlO2, the porosity decreases 
from 39.29% for the GP with 5% NaAlO2 to 38.12% 
with 10% NaAlO2 and to 34.09% with 15% NaAlO2. 
In addition, there are changes in the pore size distri-
bution towards smaller pore size diameter (See Figure 
8(b). It can be observed that higher amounts of NaA-
lO2 result in smaller pore diameter. Specifically, pore 
volume in the range of 10-100 microns decreases, 
while those in the range of 0.01-0.1 microns increase. 
The results obtained are in agreement with the com-
pressive strength values (See Figure 5).

Geopolymers with high compressive strength val-
ues were selected as representative materials to be 
analyzed by BSEM after 28 days. The micrograph 
of the geopolymer containing 15% sodium alumi-
nate and activated with 8M is shown in Figure 9. The 
microstructure shows a dense matrix where several 

phases can be distinguished. The same phases previ-
ously identified by XRD were also identified by EDS 
at various points, including quartz, monetite (CaH-
PO4), aluminum phosphate (AlPO4), and newberyite 
(Mg(PO3OH)·3H2O) were observed. The presence of 
unreacted remaining clay is also evident in the sys-
tem, as some particles based on Si and Al are still 
present. In addition, the identification of a new phase 
can be distinguished, which could be related to the 
formation of an amorphous gel containing Si, Al, Ca, 
and P that can co-precipitate with the crystalline phas-
es, in the acid system.

In order to explore the nanostructure of the reac-
tion products, 27Al, 29Si, and 31P MAS NMR analyses 
were conducted in a selected sample (geopolymers 
containing 15% NaAlO2). In the same figure, the 
27Al and the 29Si MAS NMR spectra of the thermal-

Figure 8. Total porosity of the geopolymers based on 8M (a) and the distribution of the pore size diameter (b).

Figure 9. Mapping micrographs and EDS of GP-6.

(a) (b)
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ly treated clay have been including for comparative 
analysis. 29Si NMR spectrum (see Figures 10(a) and 
10(b)), shows the presence of one narrow peaks ap-
pearing at -72.8 ppm, that is attributed to the Q1 sites 
of remaining gehlenite,  (3). The identification of the 
peaks ranging from -82 ppm to -105 ppm is very chal-
lenging, and probably are the result of the overlap-
ping of different Q3(nAl)/Q4(nAl) environments, that 
could correspond with unreacted particles clay’s but 
also with the amorphous phase previously identified 
by BSEM. Additionally, the presence of quartz and 
tridymite (observed in XRD) is characterized by the 
two resonances at -109.1 ppm and -113.5 ppm, respec-
tively (3). 27Al NMR spectra of the geopolymer (GP-
3) show resonances around +47.17, +8.11, and -13.88 
ppm (Figure 10-c). The two first peaks are attributed 
to Al(IV) and Al(VI), respectively in the Si-O-Al-or-
dered structure (26). According to previous studies, 
the new peak at -13.88 ppm and the wide hump be-

tween +20 and +60 ppm are attributed to Al(VI)-OP 
and Al(IV)-OP structures coordinating with -O-Si and 
-OH to form the octahedral and tetrahedral structures 
(Al(VI)(OP)x (OSi)y (OH)6−x−y ) and (Al(IV)(OP)x(OSi)
y (OH)4−x−y ) (43). Figure 10-d shows the deconvoluted 
31P NMR spectra of the sample GP-6 where several 
peaks can be distinguished. According to the litera-
ture, peaks at -0.3 and -1.5 ppm are attributed to the 
presence of monetite (CaHPO4) (44). In the present 
study, two distinct peaks appeared at about -0.15 and 
-1.6 ppm, which could confirm the presence of mone-
tite, previously identified by XRD. The signal at -7.4 
ppm is attributed to the presence of newberyite (45). 
At about -13.9 ppm, the broad peak confirms the pres-
ence of aluminum phosphate (46). The formation of 
AlPO4 can be classified into three types: surface pre-
cipitates (as in the case of aluminum phosphate reso-
nating at -13 ppm), inner-sphere surface complexes 
where the resonance appears between -11 ppm and 

Figure 10. (a) 29Si NMR spectra of geopolymer (GP-6) before and after activation, (b) Deconvoluted 29Si NMR spectra of the GP-6, (c) 
27Al NMR spectra of geopolymers before and after activation, (d) Deconvoluted 31P NMR spectra of GP-6.

(a)

(c)

(b)

(d)
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0 ppm (as indicated by the bands appearing at -4.76 
and -9.07 ppm), and outer-sphere types resonating be-
tween 0 ppm and 10 ppm (46). According to a previ-
ous study, the phosphorus environment of Q0, gener-
ated by the orthophosphate group, corresponds to +2 
ppm (13). Thus, the presence of peaks at about +1.7 
and +2.8 ppm is attributed to the phosphorus environ-
ment of Q0 (that could correspond with the formation 
of an amorphous phase containing P).

 4. CONCLUSIONS

• Thermally treated red clay (a mine tailing waste) 
can be used as a precursor for the elaboration of 
acid geopolymers (set and harden developing 
acceptable strength (14.3 MPa/90days) and with 
a porosity that could be interesting for various 
applications (thermal insulation application, ad-
sorption of contaminants from industrial waste-
water, catalytic supports in chemical industry, 
lightweight materials, etc.).

•  The type of reaction products obtained are high-
ly dependent on the chemical composition of the 
precursor and the acidic conditions. It has been 
found that some reaction products vary depend-
ing on the concentration of phosphoric acid • 
The presence of sodium aluminate improves the 
mechanical strengths in systems activated with 
H3PO4 8M which means that Al3+ can participate 
in the formation of AlPO4 and in the amorphous 
gel.

• An amorphous gel with a chemical composition 
based on Si, Al, Ca, and P has been detected. 
Further studies are needed to clarify the nanos-
tructure of this phase. In addition, long-term du-
rability studies, including resistance to chemical 
attack, and comprehensive environmental impact 
assessments should be conducted to ensure the 
material sustainability.

• Incorporating phosphate by-products into geo-
polymers production reduces both waste man-
agement and raw material costs, providing a 
more cost-effective solution for industries such 
as construction and wastewater treatment.
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