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Summary. We have developed a geopolymer material by alkaline reaction on thermally activated 

kaolin. Initially we characterized the geopolymer by different methods (rheology, DTA-TGA, etc.) and we 

mixed it with different amounts of natural sand to obtain a granular composite. 

The structural characterization of this material was undertaken by several techniques (XRF, XRD and 

microscopic observations). A rheological study was implemented to determine the influence of the aggregate 

rate on the setting kinetic. Three-point bending and compression tests were conducted for mechanical 

characterization. We also conducted microindentation tests to study the influence of quartzite rate on the 

hardness of the material. 

The results indicate that the integration of quartzite (up to 15 wt. %) did not alter the setting kinetic. 

We noted a small degradation of the mechanical behavior when the quartzite rate is increased; this effect is due 

to a higher density of microcracks. However, adding the aggregate has a beneficial effect on the hardness of the 

material. 

These attractive features make this material a plausible matrix whose reinforcement with plant fibers 

will provide a ternary composite suitable for multiple applications.  

 

 

 

Introduction  

Geopolymers are inorganic polymers with a three-

dimensional and amorphous structure resulting from a 

process of condensation of monomers of aluminum and 

silicon obtained by an alkaline attack on SiO2 and Al2O3-

rich powder [1]. 

The alkaline solution is generally composed of the 

sodium and /or potassium hydroxide and sodium or 

potassium silicate.  

Aluminosilicate powders can come from several natural 

sources (kaolin, pozzolan...) or industrial (fly ash, blast 

furnace,slags...) [2] [3].  

The phenomenon of geopolymerization is complex. 

Studies suggest that this process occurs in four stages: (1) 

a dissolution of the solid phase, source of silicon and 

aluminum in alkaline solution, (2) the diffusion of Al and 

Si monomers resulting from the attack, (3) the formation 

of a gel and (4) the hardening of gel phase [4] [5].  

Relatively to conventional construction materials such as 

portland cement, geopolymers have good physical and 

chemical properties in terms of shrinkage after setting, 

mechanical holding and especially resistance to acid 

attack and fire [6-9].   

The elaboration of geopolymers at temperatures close to 

the ambient constitutes certainly both economical and 

ecological advantages (low energy cost and low CO2 

emissions of greenhouse).  

The use of silica sand, as an additive to improve the 

performances of a geopolymer matrix has been the 

subject of recent works [10] [11], these studies have 

shown that the nature of the added silica has a great 

influence: the contribution of a reactive amorphous silica 

promotes polycondensation and increases the Si/Al ratio 

in the matrix while the inert crystalline silica tends to 

cause degradation of the material by the lack of cohesion 

matrix-additive.  

However studies have shown that the Si/Al ratio 

improves the strength of materials in aggressive 

environment (acids).  

In this work, we propose to study the effect of the 

introduction of natural quartzite on the performance of a 

matrix geopolymer obtained by alkaline attack of 

thermally active kaolin.  

Quartzite is naturally occurring and the studied properties 

are the setting mechanisms and the mechanical resistance 

of the material.  

1 Materials and experimental methods 

1.1 Starting materials  

The geopolymer material is synthesized by the 

reaction of an alkaline solution on previously active 

kaolin and quartzite additives. The solution consists of: 

- Sodium and potassium hydroxides from Cadilhac 

Company, 98.5% and 90% purity, respectively. 

- An alkaline solution of sodium silicate from Cadilhac 

Company with 45 wt.%  of dry matter, a SiO2/AlO2 

molar ratio of 2 ± 0.1 and density = 1.54 . 

The dry matter is composed of :  

- Commercial kaolin (SIBELCO). 

- Natural quartzite, originally from the region of 

Marrakesh, (Assif lmal). This mineral is mainly used as 

additive degreasing in ceramic tiles industry [12]. 
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Kaolin and quartzite were characterized by 

quantitative chemical analysis (XRF,Magixpro, 

Panalytical) (table 1), and mineralogical analysis 

(XRD,Panalytical X'Pert Pro), (Fig. 1). 

 Table 1. Quantitative chemical composition of powders in wt.% 

 Fig. 1. X-ray diagram of the quartzite powder (a) and the 

kaolin powder (b). K: kaolinite, Q: quartz 

 

The XRD spectrum of kaolin presents characteristic 

peaks of kaolinite and free quartz . Quartzite spectrum 

presents only the characteristic peaks of quartz. 

Characterization results permits us to estimate that the 

kaolin is composed of a 89.5 wt.% of kaolinite and 6 

wt.% of free quartz while the quartzite is mainly 

composed of free silica (89.3 wt. %). 

The synthesis of geopolymers necessitates the use of 

activated kaolin. Metakaolin is obtained by thermal 

treatment in order to amorphising clay particles, sources 

of aluminum by dehydroxylation [13].   

Figure 2 represents the kaolin XRD spectrum before 

(a) and after heat treatment at 750 ° C for two hours. We 

observe the quasi total disappearance of characteristic 

peaks of kaolinite. 

We also determined the particle size distributions of 

metakaolin and quartzite powders using a laser particle 

size analyzer (Coulter LS 230) (fig. 3).  

Metakaolin presents a unimodal distribution with a very 

fine grain population of average size of about 4μm, while 

quartzite presents a very large multi-modal distribution of 

grain sizes wish reach 2 mm.  

 

 

 

 

Fig. 2. XRD diffraction pattern of the kaolin before (a) and after 

heat treatment (b). K: kaolinite, Q: quartz 

 

Fig. 3. Grain size distribution of the metakaolinite (a) and the 

quartzite (b) powders 

 

 

1.2 Synthesis of the geopolymer 

The composition of the alkaline solution then used for 

the synthesis is shown in Table 2. 

To elaborate the geopolymer matrix, we prepare an 

equal quantity of alkaline solution and metakaolin 

mixture. We also prepare mixtures consisting of alkaline 

solution, metakaolin and quartzite. The formulations are 

shown on table 3 wt.%.. 

The suspensions are poured into a parallelepiped 

molds (20 × 20 × 80 mm3) posed on a vibrator to 

 

SiO2 Al2O3 Fe2O3  TiO2 CaO  MgO Na2O K2O SO3 P2O5 MnO P.F 

Kaolin 47.54 35.49 0.89 0.18 0.43 0.33 0.09 2.15 0.02 0.05 0.01 12.61 

Quartzite 90.70 4.10 0.80 0.30 0.80 0.50 0.10 1.20 --- --- --- 1.50 
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promote the elimination of gas bubbles, molds are then 

placed in a drying oven at 40 ° C for 12 hours. 

Table 2. Composition of the alkaline solution in wt.%. 

 

Constituent 

 

H2O 

 

KOH + NaOH 

silicate de sodium 

(solution) 

wt.%. 33.5 22.5 44 

Table 2. Formulations of prepared geopolymers.  

Quartzite/liant (%) 0 5 8 10 13 15 

Alkaline solution (g) 100 95 92.5 90 88.5 85 

Metakaolin (g) 100 95 92.5 90 88.5 85 

Quartzite (g) 0 10 15 20 25 30 

1.3 Characterization methods 

The investigation of the physical and structural 

characteristics of the materials required the 

implementation of several techniques: 

-We used rheology to determine the evolution of the 

viscosity of the mixtures from the first stages of the 

polycondensation in order to study the setting as a 

function of temperature (30 to 60 °C) and composition. 

The tests were carried out on a Haak Rheostress type I 

rheometer, in the plane-plane configuration (PP60Ti). 

Mixtures previously undergo stirring for two minutes 

prior to be injected into the rheometer. 

-The mechanical characterization of samples (aged 28 

days) was performed by determining the three-point 

bending (samples of size 2 × 2 × 8 cm3) and compression 

(2 × 2 × 3 cm3) strengths.The fracture tests were run on a 

universal tensile testing machine (Istron type 5566) 

equipped with a 10 KN load cell capacity at a cross-head 

displacement rate of 1 –mm/min. 

-The observation of the microstructure was performed on 

the gold-sputtered fracture surfaces using a scanning 

electron microscope (Carl Zeiss SEM Supra 55 type, 

Oberkochen, Germany). 

- The hardness of the material is measured by the Vickers 

method with a tester under a load of 2 kg (Clemex). 

2 Results and discussion 

2.1 Rheological comportment. 

The study of the rheological behavior of geopolymers 

turns on a valuable approach for the determination of the 

influence of several parameters (composition, 

temperature...) on the mechanism and kinetic of setting. 

We studied the effect of two parameters namely the 

composition of the starting pastes (the mass percentage of 

quartzite) and temperature (30 to 60 °C) on the evolution 

of viscosity from the young age until the geopolymer 

setting. 

A recent study showed that at the first age of the 

mixture between alkaline solution and powder dry 

(metakaolin with or without additives) the suspensions 

viscosity depends strongly on the alkaline solution. This 

study has shown that it is more judicious to work in terms 

of normalized viscosity [14].  

norm= /sol (T)           (1) 

Figures 4 a and b illustrates changes in the normalized 

viscosity according to the age of the paste with 0 wt.% 

quartzite at temperatures ranging from 30 to 60 °C (a) 

and the evolution of norm of pastes from 0 to 15 wt. % of 

quartzite tested at 40 ° C. 

Fig. 4. Normalized viscosity of the pastes with 0 wt.% quartzite 

vs. time for different temperatures (a)  and the evolution of 

norm of pastes from 0 to 15 wt. % of quartzite tested at 40 ° C 

(b). (Shear rate ’= 5s-1) 

 

 

 

We note that:  

-Whatever the compositions and temperatures studied, 

the evolution of viscosity vs. time follows the same 

allure: a slight increase in the first ages of the mixture 

followed by a rapid increase due to the hardening of the 

material.  

A graphical approach allows to estimate a setting time 

that corresponds to the inflexion of the evolution of 

viscosity [14].  

-The temperature has an accelerator effect on the setting. 

The increase in temperature seems to favour the 

dissolution phenomena of soluble oxides, diffusion of 

complex Al and Si complexes dissolved, the formation of 

a gel resulting from polymerization and finally the 

hardening of the gel [15]. 

- The addition of the quartzite increases significantly the 

viscosity of mixtures.  
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The same experimental protocol for the determination of 

the setting time has been applied to compositions ranging 

from 0 to 15 wt.% of quartzite.  

-The variation of Ln(t) versus 1/T (Fig. 5) shows a 

perfect correlation with Arrhenius law: 

tprise  =  A e 
-
 
Ea/RT

       (2) 

The calculation of the slope of the rights (-Ea/R, Ea is the 

activation energy of polymerization and R is the ideal gas 

constant) provides access to an average value of the order 

of 84 kJ/mol for Ea for all of the compositions explored. 

This value is of the same order of magnitude as that 

reported in the literature for similar compositions [14].  

Fig. 5. Time sitting vs. sitting temperature of 0, 5 and 10 wt.% 

of quartzite. 

 

In the light of this result, it appears that the quartzite 

added to metakaolin plays no major role in the setting 

process of geopolymers. This mineral has only a role of 

inert aggregate in the material. This observation is 

confirmed by XRD analysis (Fig. 6). We note that the 

spectrum of the material containing 15 wt.% of quartzite 

presents mainly representative amorphous phase dome of 

the geopolymer and characteristic peaks of quartz.  

Fig. 6. X-ray diagram of geopolymer containing 0 (a) and 15wt.% 

of quartzite) (b),(Q: quartz) 

 
 

 

 

2.2 Mechanical characterization  

Mechanical characterization was studied by the study 

of the evolution of flexural and compressive strengths 

versus rate of quartzite on samples elaborated at 40 ° C 

28 days aged (Fig.7 a and b respectively).we note that the 

introduction of quartzite decreases both materials strength 

in inflexion and compression of about 20%.  

Figure. 7. Three point bending (a) and compression (b) 

strengths vs. the amount of quartzite (wt.%). 

 

 
The mechanical performance of the geopolymer matrix 

with (0 wt.% of quartzite), which presents fragile type of 

the comportment at break although acceptable, are 

limited by the presence of intrinsic defects. These defects 

are spherical macrocracks likely caused by gas release 

during the curing and the drying (Fig.8. a).  

The degradation observed in the presence of quartzite 

can be explained by:  

- The decrease in the volume of the geopolymer phase 

responsible of the cohesion of the material. 

-The lack of cohesion between the matrix and the grains 

of chemically inert quartzite, and which has a very wide 

size distribution (fig. 3.b), resulting in the phenomena of 

decohesion clearly visible on surfaces of ruptures 

(Fig.8.b). 
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Fig.8. SEM micrographs of the surfaces of rupture 

 

 

On the other hand, the addition of the quartzite has a 

beneficial effect on the surface properties such as the 

hardness. Addition of 15% of quartzite (hard mineral) 

increases significantly the hardness of the material (Fig. 

9) 

Fig. 9. Vickers microhardness vs. the amount of Quartzite 

(wt.%). 

 

Conclusion 

Good mechanical performances of a geopolymer 

synthesized by alkaline reaction on a metakaolin, 

prompted us to use it as a matrix for the elaboration of 

composite materials. we chose a natural aggregate, the 

quartzite.  

The rheological study and XRD characterization 

show that the aggregate acts as a chemically inert charge 

and has no influence on the setting characteristics of the 

matrix. The addition has an impact on the mechanical 

resistance of the material. We note a degradation of the 

order of 20% for a rate introduction of 15 wt. % 

On the other hand, there is a sensible improvement 

of a surface property, the hardness, an essential 

characteristic for a material that can be used for coating.   
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