
CMT - Ceramics in Modern Technologies, 2 (2020) 62-69

Copyright © Techna Group S.r.l., Faenza, Italy

Ceramics in Modern Technologies

Influences of Vacancies on the 
Electrical Resistivity Size effect of Nanocrystalline Metal

Influences of Vacancies on the Electrical Resistivity Size effect of 
Nanocrystalline MetalTo maxim rehenihil inciur ma quo optatec toriat 
acera coratem nosam sequam resti bea conse nostior res il ipsaepuda 
debis seque dolor sitem velis am sit exerfer feribus sim facipie nisquia 
voluptium, ium et la voluptate sus alicipi tamus, sum a quae dita que 
et lias nonsendio occature venis des ex eum qui omnimpo ribere, sum 
facime maion rest et dion et re, occatur ibusam iur recum qui quatia 
nobitianis eium quos aborum conecti nvereic aestibus repudipsam 
fugia sunda dolorep ernatquam consendi sandae nullabo rectempore 
prat.
Bea dit quis alignis este consero eium laut estrum adi ipsusdae 
nonestium num res velita dolum eum dus nempore cusci blab 
imporrumet ut et et reperuntis essitatenim sumquatet aut re dis 
maxime nimi, audae. Luptios ad eossit ea dolenim que et eicid est, 
oditaep udiscit que vel et as simus id exeratium de aut eatecerum 
quisque natur as aut aut invella borest ad eum aut volla vitatur, 
quationsed experati optatusaped ut ommostis mo ium fugia audipis 
intemos dellum ad que corum nobitatenit hicabor ereictaepta inctur 
acessimus ipsam enderes totaten digniaeped eum dolupti sectureriam, 
sitae int laccus molorrupis im ea nus quis estium dunt am et exeris sit 
as quat eat oditate pe id enis perio et, verfererem sincienit doluptatus 
ea ditibus, odicilibus di quod quaerep tataspi derfercit quos que velles 
excestem eiumet exero blam, quas sitaque enducid untium volor aliqui 
te sita sum utem. Re, sim fugitatusam quam ium delitae rcieni quam 
audist oditate poriae. Nequas et parum quundusam et facient.
El et quam, ipid eicati comnit il magnis aspellit dolorit iberitatis res 
ipitio con re mosae offici quis am repudant evellupta isseque pe 
etur? Qui consedio odit ellenient quias debis re quamenihilis simo qui 
volo mil exerepe rferspi tatiorum consequ iandisquam ius, ut earum 
simendita quatem faccus.
Bus doloris nihillesci dolupitatem sincid ullantibust, consequia derrum 
et volum, nonsecabor auditia ipsum nonem. Restore hendipid ut ma 
cor sendus volo est, venita explita ectaernat moloressit et millab 
ilictiati ab ipienima cuptaturem nus voluptatem atibusa cupidel iquibus 
aeseruptate ventis ent doluptur, occuptas sam faccum hit a simus 

eum laboriorem. Nem que sim explibusam sit quaspelist, qui beatatis 
ne ipsaperatus.
Viti del magnam que officia eturios sunt.
Sinum none prae consed expero tem. Rovidus elia cone nullab inciur?
Estem. Riat ipienem adi tem labo. Ferum et aute pre se sum evenias 
aut quam fugiat et percidus rerum quo mod magnit lab inis eossumque 
oditium, endam et dolo ea dolupicid quo odipsan digendel il magnis 
dolum lament.
Umquodi orestib usaperovid ullupta ecatur as es ad que perspel 
ibeaturianis dolum nos re, tectassus et laborunt eum nem ipiciat 
iistotat.
Erovitiur, omnit, sumquia sitiorendis doluptas quaestiis con con peristi 
orataquati cum acerore mporum qui ipienime natquoditia doluptatenit 
exerehent fugiatem. Et inist dolorectecto eaquo eliquib erferi sam 
ditibus endant volo ipsunditiam quatempor as ut list latur sunt, coritio. 
Ehent estrumquid modis rescide rchillanda sit quam aut aditatistios 
et iderum et voluptatis si si conseruntet, ipsandi gnature net quia 
velignihil mo im fugit lam, cusanihilit volorestio volupta sum, solorerum 
fugiti ullorer itatem qui soluptaquo to te si a simaximpor ad quatius.
Cum quiam, voluptas erumque nis dolore molum et aut remodior 
sequidunt.
Unt facerspe atque cus ani nem il eosae de vit eum receseque 
denihitium est volore aut ationsequae velibus am dit maximpere, 
ipienimi, officta sperum nos qui non comni re isciae ex eaquiassunt, 
cullabo rrorum, nectorrum lab iminus ium quatur, que laut quatem 
volorio. Iquia es aut lam rescit omnieni dis ad mincius cipsand ucillant 
ullibus, iuntio blat enisquidi ut volupti re et adis quatem ex eaquam 
doloria speriae ligendant quo volor sita volorrovid qui sequod qui 
consed erferum que ipsam hilignimodit vent quam quaerum rehent ut 
aliqui sit magnissin cus dis eturionse doloritione quistio. Rume nonsed 
eaqui te occum, veribust, ut undenti untotae sit faccupta et et quatist 
iations equiae ommoluptius.
Hicimos erum nus ad utatios pres molor magnimus inimil ipid ut maios 
quas ma nulliquodis se dolupta estias sollaborum vellamCorepelicium 
ex et aut magnatur ad que pariatur?

Influences of Vacancies on the Electrical Resistivity Size effect of Nanocrystalline MetalTo maxim rehenihil inciur 
ma quo optatec toriat acera coratem nosam sequam resti bea conse nostior res il ipsaepuda debis seque dolor 
sitem velis am sit exerfer feribus sim facipie nisquia voluptium, ium et la voluptate sus alicipi tamus, sum a quae 
dita que et lias nonsendio occature venis des ex eum qui omnimpo ribere, sum facime maion rest et dion et re, 
occatur ibusam iur recum qui quatia nobitianis eium quos aborum conecti nvereic aestibus repudipsam fugia 
sunda dolorep ernatquam consendi sandae nullabo rectempore prat.
Bea dit quis alignis este consero eium laut estrum adi ipsusdae nonestium num res velita dolum eum dus nempore 
cusci blab imporrumet ut et et reperuntis essitatenim sumquatet aut re dis maxime nimi, audae. Luptios ad eossit 

CMT - Ceramics in Modern Technologies, Vol. 1, No 1, april 2019

Copyright © year Techna Group S.r.l., Faenza, Italy

Techna
Groupsrl

* Corresponding author
E-mail address: sylvie.rossignol@unilim.fr

https://doi.org/10.29272/cmt.2020.0001
Received January 3, 2020; Received in revised form February 12, 2020; 
Accepted February 27, 2020

Properties of Geopolymer Composites from two Different 
Moroccan Clays

A. El Khomsia,b, A. Gharzounia, N. Idrissi Kandrib, A. Zeroualeb and S. Rossignola*
aIRCER, Ecole Nationale Supérieure de Céramique Industrielle, Limoges Cedex, France; bLaboratoire de la Chimie 

Appliquée, Faculté des Sciences et Techniques, Fes, Morocco

The aim of this study is to valorise clays from the Fez region in Morocco as aluminosilicate precursors for geopolymer 
synthesis. In addition to the clays, the use of calcite and dolomite as mineral additives was also investigated. At 
first, the Moroccan clays were thermally activated by calcining at 700 °C, and then, a potassium alkaline silicate 
solution was used for alkali activation. Samples were synthetized by combining clay, metakaolin and mineral 
additive in several ratios. Consolidated materials were successfully obtained, and geopolymerization reaction 
was monitored by in situ Fourier transform infrared spectroscopy (FTIR), which revealed several networks. The 
results demonstrated that composite geopolymers with a mechanical resistance range from 8 to 50 MPa could be 
obtained from Moroccan clays.
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1. Introduction  

Morocco has a wide range of natural resources; among these 
resources, the clays are particularly diverse and abundant [1]. The 
extracted clays have been used for years in traditional pottery 
and bricks and more recently in the manufacture of Portland 
cement [2]. The main inconveniences of these exploitations 
are high energy consumption and CO2 emissions [3]. In recent 
decades, the international community has shown great concern 
[4] regarding climate change and environmental pollution, setting 
aims to eliminate or diminish pollution factors. The Moroccan 
government has been one of the responsible states that have 
decided to manage this problem by declaring new laws and 
restrictions [5]. Recently, local studies have led to innovative 
applications for clay resources, such as producing low-cost clay-
based ultrafiltration membranes [6], removing heavy metals 
from wastewater by natural clay adsorption, and producing 
restoration mortar [7] for historical monuments using metakaolin 
and traditional restoration materials. Most historical monuments 
were built using lime mortars [8], and this material was used until 
the First World War. In 1990, a large restoration campaign was 
undertaken in Europe aiming to conserve historical monuments 
[9]. After four years, serious deteriorations [9] have been 
observed, mainly caused by the incompatibility of the restoration 
materials with the original materials of the old walls; indeed, salt 
crystallization [10] occurs during the winter in the presence of 
climatic humidity. Additionally, the utilization of conventional 
consolidation treatments using synthetic polymers or alkoxysilanes 
[11] leads to a total failure due to aesthetic, chemical or physico-
mechanical incompatibility [12]. Indeed, the penetration of the 

applied product into the original material is not sufficient; only 
superficial consolidation occurs, which typically detaches and 
falls off. The restoration works in Morocco have been carried out 
using a mixture composed of Portland cement, lime and natural 
clay taken from nearby  monuments to reduce the problems of 
compatibility. However, the above process is still not sufficient, 
and some delamination of the new coatings have been observed.
Among the materials synthetized at low temperature, alkali-
activated and geopolymer materials should be mentioned. 
These last materials are a new class of binders resulting from 
the polymerization of aluminium and silicon species in alkaline 
solution. In 1978, J. Davidovits [13] was the first to introduce 
the term geopolymers, which result from the dissolution of pure 
metakaolin in an alkali metal silicate solution. Natural clays 
containing kaolinite can also be used after thermal activation, 
which transforms kaolinite to metakaolin. A polymerization of the 
released aluminium and silicon species forms a three-dimensional 
amorphous network composed of SiO4 and AlO4 tetrahedrons 
linked by corner-shared oxygen atoms. These materials present 
many advanced properties, such as good nonflammability 
[14] and acid resistance [15]; additionally, they have a setting 
time that can be controlled by the formulation, and are easily 
shaped [16]. All these characteristics allow numerous industrial 
applications [17], such as in building materials, nuclear waste 
holders or military operations [18]. An aluminosilicate source has 
been the subject of many studies, and it has been demonstrated 
that raw materials other than metakaolin and natural clays can 
be used for geopolymer synthesis [19]. In fact, natural clays 
are heterogeneous; they contain other non-clay-like minerals 
such as quartz, haematite and carbonates, which can affect the 
final properties of the geopolymers. Christina K Yip et al [20] 
highlighted the beneficial effect of a calcite and dolomite addition 
on the mechanical properties of alkali-activated materials. 
The aim of this work is to valorize natural Moroccan clays for 
potential application with restoration works and for building 
purposes by using them as aluminosilicate precursors for 
geopolymer synthesis. To achieve this objective, several 
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aluminosilicate precursors and natural Moroccan additives 
“calcite and dolomite” were used. The obtained consolidated 
materials were analysed by compressive mechanical tests, TGA 
analysis and were monitored by in situ FTIR.

2. Experimental Part

2.1. Raw materials and samples preparation

The aluminosilicate precursors used in this work are two Moroccan 
clays named A1 and A2, in addition to a metakaolin from France 
called M1. For the additives, calcite and dolomite from Morocco, 
respectively named CA and DA were used. The clays was grinded 
at a particle size under 100 µm, using at first a percussion grinder 
to minimize the grain size to a diameter under 500 µm, then 
porcelain jars were used to obtain a finer grain size under 100 µm. 
The grinded clays were calcined at 700 °C for one hour and a half 
using a heating rate of 28 °C/min in a rotary furnace. The samples 
preparation was carried out by mixing the calcined clay with KOH 
pellets (85.2% purity supplied by VWR) previously dissolved in 
potassium silicate solution (Si/K= 1.7 supplied by ChemLab). 
Then the reactive mixture was poured into a sealable polystyrene 
molds, and placed at room temperature (25 °C) to consolidate 
for seven days, the Figure 1 summarizes the synthesis protocol. 
The samples are denoted as A(1 or 2)xM1yDA(or CA)z, where (A) 
refers to the calcined Moroccan clay, (M1) to the metakaolin, 
(CA or DA) to the additives and (x, y and z) to the percentage of 
each component. For example a sample called A20.5M10.5DA0, is 
composed of 50% of the clay A2, 50% of metakaolin M1 and 0% 
of the additive DA. 

the analysis. Then the analysis is operated by adsorption of N2 gas 
on the degased sample. 
The particle size distribution was measured with a Horiba 
apparatus, using a laser particle size analyzer. A laser beam cross 
a glass cell with parallel surfaces, where a suspension of water 
and the powder is flowing. The analysis is proceeded under 
ultrasound, to avoid the agglomeration of the particles, to ensure 
a precise analysis.
The water demand (µL/g) corresponds to the sufficient quantity of 
water that saturates one gram of powder. 
FTIR spectra acquisition were performed on Thermo Fisher 
Scientific 380 infrared spectrometer (Nicolet), using the 
attenuated total reflectance (ATR) method. The analysis recording 
were started at 400 and finished at 4000 cm-1, with a resolution of 
4 cm-1. To monitor the geopolymerisation reaction, the software 
was programed to acquire a spectrum (64 scans) every 10 min for 
13 hours. In the post-treatment of the obtained spectra, the CO2 
contribution was removed by a straight-line fit between 2400 and 
2280 cm-1, and the baseline were corrected and normalized to 
permit the comparison.
X-ray diffraction (XRD) patterns were obtained with a Brucker-D8 
Advance with a Bragg-Brentano geometry and a Cu Kα2 detector. 
The analytical range is between 10_ and 50_ (1 h) with a resolution 
of 0.02_ (1h) and a dwell time of 1.5 s. Phase identification 
was performed with reference to a Joint Committee Powder 
Diffraction Standard (JCPDS). Before analysis, the samples were 
ground to obtain the powder.
Thermogravitric analysis (TGA) and thermodifferencial analysis 
(DSC) were performed in Pt crucible between 30 °C and 900 °C 
using a SDT-Q600. The used ramp is 5 °C/min under a dry airflow 
of 100 mL/min.
The compressive strength of synthetized materials was evaluated 
using Instron 5969 testing machine with a crosshead speed of (0.1 
mm/min). The samples were aged of 7 days; each composition 
was tested ten times to obtain an average value. The size of the 
testing tubes was adjusted to reach a ratio (H/Ø = 2) before the 
test, using a diamond wheel to obtain a perfect parallel surfaces. 
The experimental error is obtained from the average of standard 
deviation.

3. Results and Discussion

3.1. Raw material characterization

The mineralogical composition of the Moroccan raw materials 
was obtained by XRD analysis; the Table 1 summarizes the 
obtained results. The clay (A1) is characterized by the presence of 
kaolinite, quartz, calcite and dolomite, and the second one (A2) 
is characterized by the same phases in addition to muscovite. On 
the other hand, the additive CA is essentially composed of calcite, 

Figure 1. Experimental procedure for the preparation of samples based on the 
liquid silicate solution and Moroccan raw materials.

2.2. Characterization technics

The chemical composition of the different raw materials was 
determined by X fluorescence (XRF) using Pnalytical Zetium 
apparatus, with a photons beam at 1 KW. Acquisitions proceeded 
from prepared pellets. The preparation was carried out by mixing 
1g of the powder to analyze with 10g of (99.5% Li2B4O7, 0.5% LiI) 
then, the mixture were melted at temperature of 1200 °C, and 
poured in a platinum mold to obtain the pellet.
The specific surface SBET measurements were operated using 
Micrometric Asap 2020, under N2 gas at -195.85 °C. The analysis 
is preceded by the degas of 1g of sample at 200 °C for 9h under 
vacuum, to ensure that no gas is adsorbed on the surface before 

Table 1. Mineralogical composition of the raw materials A1, A2, CA and DA with 
the JCPDS files. (K: Kaolinite [Al2Si2O5(OH)4] (00-006-0221)- Q: quartz [SiO2] 
(JCPDS 01-089-1961) - C: calcite [CaCO3] (00-047-1743) - D: dolomite 
[CaMg(CO3)2] (04-011-9830) - M: muscovite [K0.9Na0.1Mg0.2Ti0.03Fe0.2Al2.4 

Si3.2O10(OH)2] (04-011-9830) - I: illite [K0.78Mg0.18Ti0.01Al2.46Si3.36O10(OH)2] 
(04-017-0523).

Raw materials Main mineralogical phases

K I M Q C D Pi Fe

A1 x - - x x x x X

A2 x x x x x x - -

CA - - - x x x - -

DA - - - - x x - -
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in addition to dolomite and quartz, while the second one DA is 
essentially composed of dolomite.
The chemical and physical characterizations of each raw material 
are summarized in the Table 2. The molar ratios for Al/Si are 0.33 
and 0.86 for A1 and A2, respectively. However, the molar ratios 
for Ca/Si are 0.32 for A1 and 0.38 for A2. Consequently, these 
samples contain a majority of calcium, aluminium and silicon in 
their composition. The D50 values are equal to 16 and 9 µm for 
the A1 and A2 samples, respectively. The SBET values are equal to 
46 and 33 m2/g for A1 and A2, respectively. Finally, the wettability 
values are approximately 600 µL/g for both samples. The used 
additives present particle sizes of 16 and 46 µm for CA and 
DA, respectively. The weak SBET values (6 and 2 m2/g) are in 
agreement with a water demand of 364 and 178 µL/g for CA and 
DA, respectively.
Commercial metakaolin M1 presents a molar ratio for Al/Si of 
0.86 with a specific surface area SBET value of 17 m2/g [21]. 

3.2. Feasibility tests

The feasibility of geopolymers based on a mixture of Moroccan 
clays (denoted A1 or A2), commercial metakaolin (denoted 
M1), and additives (denoted CA or DA) is investigated. The 
samples preparation protocol is illustrated in Figure 1; two kinds 
of morphologies are obtained after 24 hours. One morphology 
consolidates in a homogeneous state, as shown in Figure 2 (a). 
The other morphology does not consolidate; instead, it shows 
two stratified macroscopic phases, which can be observed as a 
solid precipitate and a floating viscous liquid Figure 2 (b). The 
ternary diagram A1-M1-CA, as shown in Figure 3 (a), shows two 
zones corresponding to the consolidated materials (green colour) 
and unconsolidated materials (red colour). First, it is possible 
to obtain consolidated material with an (M1-A1) binary. In the 
presence of A1 clay (A1-CA), the limit of consolidated material 
reaches 60% Wt of that of A1 calcined clay, up to this value no 
consolidation occurs, the presence of a gel on the surface of 
the final material is observed, indicating an excess of siliceous 
species in the activation solution and a lack of reactive aluminum 
species from the aluminosilicate source. The same behaviour is 

observed in an M1-CA binary, where the limit is 50%. Above this 
value, no consolidation occurs; indeed, this domain is essentially 
composed of carbonates that are not reactive, and therefore, 
induces heterogeneity in the final material. All these limits allow 
us to determine the domain of existence in the ternary. The 
changes in the clay and the additive induce different behaviours, 
for instance, A2-M1-DA, as shown in Figure 3 (b). It is always 
possible to obtain consolidated materials in (A2-M1) and DA-M1 
binaries, however for the last one the limit (60 % Wt) is slightly 
superior compared to (CA-M1). In (A2-DA) binary consolidation 
occurs only when A2 clay is used alone, but the addition of 
CA do not allow consolidation. Indeed, this clay contains few 
kaolinite affecting the available aluminium species able to react 
and conduct to geopolymerisation reaction. In addition to that, 
the other minerals such as muscovite and illite do not react with 
the activation solution, which can explain the low reactivity of 
this clay. 
It is important to mention that the quantity of raw materials used 
in the first ternary A1-M1-CA is superior to that used in A2-M1-
DA with respect to the water demand of the raw materials, as 
cited in Table 3. These results indicate that the studied Moroccan 
clays allow the formation of consolidated material, either in its 
calcined pure form, which is the case of A1 and A2, or in a mixed 
form with the additives and metakaolin. The different behaviours 
observed in the ternaries are directly linked with the nature of 

Table 2. Chemical and physical characteristics of the aluminosilicate sources 
used.

Physical and chemical 
characteristics

Aluminosilicate 
source

Filler

A1 A2 CA DA

Al/Si (molar ratio) 0.33 0.86 0.29 -

Al (mol%) 5.8 6.9 0.6 -

Ca/Si (molar ratio) 0.32 0.38 10 -

D50 (µm) 16 9 16 47

Sbet (cm3/g) 46 33 6 2

Water demand (µL/g) 593 665 364 178

                          (a)                                                      (b)
Figure 2. Photos of the (a) consolidated and (b) unconsolidated materials.

Figure 3. Geopolymer existence domains (a) in the A1-M1-CA ternary 
zone and (b) in the A2-M1-DA ternary zone, with (  ) consolidation zones 
and (  ) unconsolidation zones: () A10M10.5CA0.5; (•) A10.33M10.33CA0.33; 
() A10.5M10.5CA0; () A10.63M102CA0.37; (Δ) (A20M10.5DA0.5); ( ) 
A20.33M10.33DA0.33; (     ) A20.5M10.5DA0; () A21M10DA0 and (    ) A20M10.37DA0.63.

(a)  

(b)
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based on A1-M1-CA [A10M10.5CA0.5; A10.33M10.33CA0.33 and 
A10.5M10.5CA0] and three other formulations based on A2-M1-
DA [A20M10.5DA0.5; A20.33M10.33DA0.33 and A20.5M10.5DA0], with 
the aim of understanding the different parameters that govern 
geopolymerization.

3.3. Effect of A1 and A2 clay on the polycondensation reaction

An FTIR analysis was performed on the six studied formulations 
based on A1 clay (A10M10.5CA0.5; A10.33M10.33CA0.33 and 
A10.5M10.5CA0) and on A2 clay (A20M10.5DA0.5; A20.33M10.33DA0.33 
and A20.5M10.5DA0). The FTIR spectra obtained at t = 0 min and t 
= 400 min are reported in Figure 4.
Sample A10M10.5CA0.5 shows the presence of a large peak at 
approximately 3400 cm-1 at the beginning of the reaction, which 
is associated with -OH stretching, and a sharp peak at 1620 
cm-1, which can be attributed to the –OH bending of water [22]. 
Carbonate species are observable at approximately 1430 cm-1 

Table 3. Weight loss values obtained from the TGA curves of the studied samples 
after ageing for 7 days.

Sample Wt. loss 
(%wt)

30-250 °C

Wt. loss 
(%wt)

250-600 °C

Wt. loss 
(%wt)

600-900 °C

A1

A10M10.5CA0.5 23 2 12

A10.33M10.33CA0.33 24 2 8

A10.5M10.5CA0 22 1.5 1

A2

A20M10.5DA0.5 28 2 12

A20.33M10.33DA0.33 27.5 2.5 9

A20.5M10.5DA0 26.5 2 3

Figure 4. In situ FTIR spectra obtained at t = 0 and after 400 min for the (a) A10M10,5CA0.5; (b) A10.33M10.33CA0.33; (c) A10.5M10.5CA0; (a’) A20M10.5DA0.5; (b’) 
A20.33M10.33DA0.33 and (c’) A20.5 M10.5DA0 samples (Δ= Shift of the Si-O-M band).

Moroccan clays. But improving the content of metakaolin appears 
as a way to use these clays in another domains.
The following steps of this work will focus on three formulations 

(a)  

(b)

(c)  

(a')  

(b')

(c')  
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[23]. At approximately 980 cm-1, an intense and large bond is 
observed, which is attributed to Si-O-M (M = Si, Al...) [24]. After 
400 min, several structural changes are noted. The intensity of 
the water peaks at 3400 and 1620 cm-1 diminish, indicating 
the consumption of water by a polycondensation reaction. The 
carbonate peak intensity increases, in addition to a slight change 
in their position (1387 cm-1), which is caused by the formation of 
potassium carbonates (K2CO3) [25]. A shift to lower wavenumbers 
is observed for the Si-O-M bond (Δ=17 cm-1), which is induced 
by the substitution of silicon atoms with aluminium atoms, 
indicating that a polycondensation reaction occurs, which has 
been previously evidenced by several authors [26,27]. The 

addition of A1 clay (A10.33M10.33CA0.33 and A10.5M10.5CA0), as 
shown in Figure 4 (a) and Figure 4 (b), induces a decrease in 
the shift, with values of 5 and 7 cm-1, respectively. This may be 
due to the change in the aluminosilicate source. In this case, the 
available aluminium content changes, and consequently, the 
formed networks are different [28]. The formulations containing 
A2 clay display the same shift values of approximately 15 cm-1. 
All these data demonstrate that some polycondensation occurs in 
these consolidated materials, and an explanation will be given in 
the discussion section.
To evaluate the water content in these consolidated materials, 
thermal analysis was performed. Figure 5 regroups the obtained 

Figure 5. Thermal analysis curves of (a) A10M10.5CA0.5; (b) A10.33M10.33CA0.33; (c) A10.5M10.5CA0; (a’) A20M10.5DA0.5; (b’) A20.33M10.33DA0.33 and (c’) A20.5M10.5DA0 
samples.

(a')  

(b')

(c')  

(a)  

(b)

(c)  
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thermogravimetric curves for each studied formulation. The weight 
loss values are gathered in Table 3. Similar behaviour is obtained. 
As an example, for the A10M10.5CA0.5 sample Figure 5 a, the first 
endothermic peak shows a weight loss of 23% from 30-250 °C, 
which is associated with the departure of the free and adsorbed 
water [29]. A slight weight loss of 2% between 250 and 600 °C may 
be due to some hydroxyl groups of residual kaolinite remaining 
from the calcination process [30]. After 600 °C, a weight loss of 
12% is caused by the decomposition of the carbonate species 
in CA. For the A10.33M10.33CA0.33 and A10.5M10.5CA0 samples, the 
same behaviour is observed with a small weight loss in the range 

of 600-900 °C due to a minor amount of carbonates. The same 
phenomenon occurs for the A2 clay samples. This observation 
confirms that a calcination temperature of 700 °C does not totally 
decompose the carbonates that are present in the clays. However, 
the water content due to the polycondensation remains higher for 
A2 (28%) clays in comparison to A1 clays, which can be attributed 
to the weak reactivity of the A2 system.
Compressive tests were carried out on the six studied samples, 
which permitted us to evaluate their mechanical resistance (Figure 
7, Table 4). The curves related to the A10M10, 5CA0,5 sample 
present the behaviour of a fragile material with a maximum 

Figure 6. Compressive strength curves of the (a) A10M10.5CA0.5; (b) A10.33M10.33CA0.33; (c) A10.5M10.5CA0; (a’) A20M10.5DA0.5; (b’) A20.33M10.33DA0.33 and  
(c’) A20.5 M10.5DA0 samples.

(a')  

(b')

(c')  

(a)  

(b)

(c)  
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resistance of 42 MPa. The addition of A1 clay (A10.33M10.33CA0.33) 
induces a decrease to 33 MPa. Without additive (A10.5M10.5CA0), 
a maximum compressive strength is reached with the same 
behaviour. A change from A1 clay to A2 clay induces a decrease 
in the compressive strength values, and the behaviour becomes 
similar to that of a composite. This can be explained by the 
difference in the clay mineralogy between the A1 and A2 samples 
discussed in the following section.

4. Discussion

The synthetized samples show various behaviours depending on 
the formulation, especially when considering the type of clay and 
the metakaolin content. The observed shifts depend on the raw 
material that is used; indeed, the highest shift values are registered 
for samples based on A2 clay. This fact indicates the presence of 
several networks resulting from the dissolved metakaolin phase 
and the impurities released from the natural clay. In contrast, 
the use of A1 clay induces low shifts, suggesting the presence 
of less impurities in the clay and a more developed geopolymer 
network in the final material. To validate this behaviour, the 
water content values (TGA analysis) are gathered in Table 3. The 
data reveal that A1-based samples exhibit less water content 
than A2-based samples. Gharzouni et al [31] demonstrated that 
a low water content indicated good reactivity based on “water 
consumption during the polycondensation reaction” and a well-
developed geopolymer network. These observations corroborate 
with the FTIR results, where it is evidenced that the A1 clay (low 
shift) is more reactive than the A2 clay. It should be taken into 
consideration that A1-based materials contain a higher quantity of 
solid precursors compared to that of A2-based samples, which also 

contributes to water consumption (availability of more reactive 
species). Based on this information, the reactivity of the A1 clay 
seems to be higher than that of A2. Moreover, it is important to 
take into consideration the fact that A1-based samples contain 
a notable amount of aluminosilicate precursor, which provides 
more reactive aluminium.
Since all the compositions studied are based on metakaolin, 
clay and additive, the compressive strength values are plotted 
as a function of the aluminium concentration in Figure 8. 
For comparison, data corresponding to materials based on 
metakaolin with and without additives [32] and coproduct-based 
materials [33] are added. As a reference for comparison, pure 
metakaolin-based materials exhibit a proportional variation of the 
mechanical strength versus the aluminium concentration; thus, 
samples that are rich in aluminium present a high resistance (σmax 
= 32 MPa.cm3/g). The addition of mineral filler leads to similar 
mechanical properties as the pure metakaolin-based samples. 
On the other hand, the use of natural coproducts results in low 
mechanical strength, unless the aluminium concentration is 
high. The Moroccan clay-based materials follow the same trend 
as the reference samples; however, the mechanical resistances 
are weaker. It is well known in the literature that the availability 
of dissolved aluminium species allows the formation of a 
geopolymer network that provides high mechanical strength33. 
Indeed, the samples poor in aluminium, such as the A21M10DA0 
sample, show a low compressive strength (5 MPa.cm3/g), while 
mixed formulations containing metakaolin and Moroccan clay 
exhibit resistance similar to those of the reference samples, such 
as A10.5M10.5CA0 (27 MPa.cm3/g). Moreover, the Moroccan clays 
contain associated minerals such as quartz, illite and smectites, 
which means that a part of the aluminium contained in natural 
clays is unreactive. Consequently, these materials can be similar 
to composite geopolymers since the clays act as both reactive and 
unreactive clays. These data highlight the relationship between 
the chemical composition of the clays and the final properties of 
the geopolymers.

5. Conclusion

The aim of this work is to use Moroccan raw materials such as 
clay and mineral additives for formulating geopolymers. The main 
results are as follows:
-	 Formulations based on Moroccan raw materials calcined at 

700 °C allow us to obtain geopolymer materials, which are 
evidenced by FTIR data displaying the formation of several 
networks.

-	 The obtained materials exhibit satisfying mechanical strength 
values, varying from 8 to 50 MPa, depending on the type and 
amount of clay, metakaolin and additive used in the formulation.

-	 In addition, the relationship between the chemical composition 
and final mechanical properties of the consolidated samples 
show that these materials behave as several geopolymers and 
composites, correlating that the various impurities are able to 
produce geopolymer composites.

From this perspective, the suitability of the developed materials 
for historical monument restoration will be tested to evaluate 
the compatibility between the original stones and the restoration 
mortar.
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