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Abstract: This study investigated a metakaolin-based geopolymer blended with Oujda clay, replacing
5–15 wt% of metakaolin (MK) and is focused on structural, thermal stability, and microstructural
changes in the geopolymer pre- and post-high temperature exposure, using XRD, TGA, FTIR, and
SEM. Results showed that Oujda clay addition increased compressive strength to 33 MPa with 15 wt%
clay after 28 days of curing. To facilitate the replacement of metakaolin-based geopolymer, the
amount of metakaolin was decreased by incorporating Oujda clay. This strategy enabled chemical
and mechanical properties comparable to those of traditional metakaolin-based geopolymer, while
also introducing a more locally sourced and potentially cost-effective material.
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1. Introduction

Clay is widely found globally and is commonly encountered in road and railway
construction in Morocco. The weak microstructure bonding of clay particles makes super-
structures vulnerable to significant damage such as cracking, subsidence, and collapse [1].
A geopolymer is created by mixing mineral materials with strong alkaline solutions to pro-
duce a three-dimensional, amorphous aluminosilicate network [2]. This process dissolves
and rearranges aluminosilicate, forming oligomers that link large polymers together [3].
Geopolymers made from calcined materials like metakaolin (MK) are known for their
high strength [4]. The crystal and chemical structures of natural minerals vary based on
how silica and alumino interact with alkaline solutions [5]. Amorphous geopolymers
form at condensation temperatures between 20 and 90 ◦C, while crystalline geopolymers
are produced at 150–200 ◦C [6,7]. Typically, geopolymers are heat-cured for 2–72 h [8,9].
Unlike calcium–silicate–hydrate gels, geopolymers gain their strength through the polycon-
densation of silica and alumino precursors [9]. MK stands out as it is a natural material
derived from the calcination of kaolin, hydrated aluminosilicate clay, not a byproduct of
industrial processes [4]. MK is a high-performance material with a high SiO2 and Al2O3
content, produced by sintering kaolin clay at 600–900 ◦C. Geopolymers made from MK
typically have a Si:Al ratio between 0.5 and 3.0, but a higher Si:Al ratio requires increased
sodium content, which can be achieved with sodium hydroxide [10]. Geopolymers made
from MK and slag offer the highest strength and durability, with notable compressive
strength achieved early in the curing process [11,12]. Several pieces of research have been
carried out in this area. Lecomte et al. [13] indicated that both normal and separate mixing
(alumino–silicate with an alkali silicate solution) methods maintain the degree of geopoly-
merization in kaolin/white clay-slag geopolymers. However, separate mixing requires
additional water, which can weaken mechanical strength. In contrast, Rattanasak and
Chindaprasirt [14] found that separate mixing for fly ash geopolymers allows more time
for aluminosilicate dissolution, enhancing the polycondensation process and resulting
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in stronger geopolymers. Achieving homogeneity in geopolymer mixtures is crucial for
attaining high strength. Workability is essential in geopolymer formation; poor workability
leads to compaction issues and weak structures [15,16]. Clay-based geopolymers often
require extra water for the right consistency, which decreases their mechanical strength.
Compared to fly ash geopolymers, clay-based mixtures are more viscous and stickier due to
clay’s layered structure and high inter-particle friction. Fly ash’s spherical particles reduce
friction, achieving adequate consistency without extra water [17]. Geopolymers are widely
used in engineering, primarily for partial replacement of cement mortar and concrete, with
fewer applications in soil stabilization [18]. Xiang’s study on fly ash-stabilized loess shows
that decreasing the modulus of water glass and increasing the Baume degree significantly
enhances the compressive strength of loess stabilized with fly ash-based cementing mate-
rial [19]. In this study, the structural, morphological, thermal and mechanical properties of
a geopolymer based on metakaolin mixed with Oujda clay were investigated.

2. Experimental Section

Completely calcined Oujda clay with high chemical reactivity (treated with 8 M NaOH)
and low crystalline SiO2 content can be prepared by controlling the calcination temperature
at 700 ◦C, with a heating rate of 5 ◦C/min and a holding time of 4 h. Metakaolin (MK) was
provided by SOKA (Armorican Kaolinear Society) in France. The Oujda clay was supplied
by the agricultural sector in Oujda, Morocco. To obtain a homogeneous particle size, a
56 µm sieve was used for metakaolin and a 67 µm sieve for Oujda clay. The metakaolin-
based geopolymer mixed with Oujda clay was used in a 50% water-saturated state. The
aim was to examine the change in geopolymers with changing material weight ratios,
keeping the water ratio constant. The alkali activator used in this study was a combination
of sodium silicate solution and sodium hydroxide (96% NaOH). The liquid components
in the mixture included 8M sodium hydroxide (NaOH) and sodium silicate (Na2SiO3),
which consisted of 8.2% Na2O, 26.0% SiO2, and 56.6% H2O. The alkali activator solution
was premixed and allowed to rest for 24 h at ambient temperature before casting. Figure 1
shows Oujda clay powder before and after chemical treatment.
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Figure 1. (a) Oujda clay powder; (b) chemical treatment of Oujda clay powder with NaOH.

As shown in Figure 2, three series of geopolymer samples were synthesized by mixing
alkali activation of MK and Oujda clay in alkali–silicate solutions (modulus of alkaline
activator MR = 1.5).

Oujda clay and Metakaolin (MK) were mixed with alkali solutions for 5 min. Fresh
geopolymer pastes were poured in rectangular molds with a size of 4 × 4 × 16 cm3. All
samples were cured at room temperature for 24 h and further cured in a standard curing
chamber (25 ± 2 ◦C and 95 ± 2% relative humidity (RH)) for 7 and 28 days. Metakaolin-
based geopolymer (MKG) and Metakaolin based geopolymer blended with Oujda clay with
the highest compressive strength were selected as thermal stability experimental groups.
Chemical compositions of MK and Oujda clay analyzed by Fluorescence X-ray analysis
(XRF) are listed in Table 1. It is evident from Table 1 that the precursors are composed
of a high content of silicate and aluminate. The silicate content of MK and Oujda clay is
55% and 38%, respectively, while the corresponding aluminate content is 39% and 12.65%,
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respectively. The high content of these monomers (i.e., silicate and aluminate) in these
materials makes them a suitable candidate for the production of geopolymer binders. The
silicate to aluminate ratio (Si:Al) is known to influence the geopolymerization reaction.
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Figure 2. Different geopolymer alkali-activated prismatic samples with different percentage of Oujda clay.

Table 1. Chemical composition of Metakaolin and Oujda clay.

Composition of Metakaolin M1200S SiO2 Al2O3 K2O Fe2O3 MgO TiO2

Proportion (%) 55.00 39.00 1.2 0.6 0.2 0.5

Composition for Oujda clay SiO2 Al2O3 K2O Fe2O3 ZnO CaO

Proportion (%) 38.4 12.65 1.67 11.9 2.96 28.9

Several techniques were used to study the different characteristics of the samples,
including Fourier Transform Infrared spectroscopy (FTIR) (IR affinity-1S Shimadzu, Kyoto,
Japan), X-ray diffraction (XRD) (Bruker D8 Advance, CuKα1, λ = 1.540598 Å, Karlsruhe,
Germany), scanning electron microscopy (SEM) (FEI FEG 450, Hillsboro, OH, USA) and
thermogravimetric analysis (SUMILTANEOU TG/DTA, Kyoto, Japan). Mechanical behav-
ior of the prepared geopolymer samples was assessed by compression tests (Figure 3).
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3. Results and Discussions
3.1. X-ray Diffraction Analysis

Figure 4 presents the XRD analysis of geopolymer pastes containing various levels of
Oujda clay replacement. An amorphous glassy phase is noticeable in all samples within the
25◦–40◦ range of 2θ angles. This halo indicates the formation of an alkaline aluminosilicate
gel (N–A–S–H gel), which is the primary product generated during the geopolymerization
process [20,21]. XRD plots show peaks of crystalline phases corresponding to illite, quartz,
hematite, and anatase [22]. The peaks around 30.19◦, 35.68◦, 39.42◦◦ and 41.3◦ 2θ in
the patterns generally indicate sodium. The crystalline and semicrystalline phases were
detected within a range of 20◦ to 30◦ of 2θ, indicating the presence of calcium silicate
hydrate (C–S–H). All ternary blended geopolymer samples were cured under ambient
conditions and exhibited identical crystalline phases, including quartz (2θ = 26.67; Q as
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per JCPDS Number 88-2488), calcium magnesium silicate (2θ = 2 8.04; C–M–S as per
JCPDS Number 84-1743) and calcium silicate hydrate (2θ = 28.043; C–S–H as per the
JCPDS Number).
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3.2. Scanning Electron Microscopy (SEM)

Figure 5 illustrates the microstructures of MK and Oujda clay. Metakaolin (MK)
contains an amorphous phase predominantly composed of metakaolinite. In contrast,
Oujda clay includes a variety of hardly soluble crystals such as Quartz, Kaolinite, Kyanite,
and Muscovite. Particle size distribution is very similar between MK and Oujda clay.
MK exhibits a layered amorphous aluminosilicate structure with an irregular molecular
arrangement [23]. It is in a thermodynamically metastable state with high pozzolanic
activity and exhibits gelling properties when appropriately activated. Other studies [24,25]
have found that the proportion of Si to Na or K atoms in the alkali silicate solution influences
the extent of polymerization of the dissolved elements. The dense structure is characterized
by the dissolution of alkali-activated Al3+, Si4+, and Ca2+. On the other hand, Oujda clay
displays a loose and porous, thin-walled structure with its inner surface covered by a layer
of nano-silica microspheres (~100 nm). This clay exhibits exceptional chemical reactivity
owing to its large specific surface area and the presence of nano-scale reactive sites on its
inner surface [26].
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3.3. FTIR Analysis

Figure 6 displays the FTIR spectra (400–4000 cm−1) of MGK cured for 28 days with
15% Oujda clay. The absorption band at 471 cm−1 is associated with the Si–O–Si in-plane
bending vibration, while the band at 727 cm−1 is attributed to the symmetric stretching
vibration of Si–O bonds [27,28]. Following the reaction between silicon aluminates and the
alkali solution, the geopolymer structure involves bending vibrations of Si–O–Al bonds
between the 471 cm−1 and 729 cm−1 bands. Absorption bands between 1448 cm−1 and
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1642 cm−1 correspond to the stretching vibrations of O–H groups in water molecules.
Additionally, a peak at 1448 cm−1 indicates the presence of C*O vibration, suggesting
carbonation of the geopolymer. This phenomenon is due to the decomposition of the
activator Na2CO3 into Na2O and CO2 [29].
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3.4. TGA Test

Thermogravimetric analysis was conducted on geopolymer concrete samples con-
taining varying amounts of Oujda clay. Powder samples were extracted from the core of
geopolymer bricks following a 28-day compressive strength test. All geopolymer samples
exhibited similar thermal degradation patterns. Gradual mass loss occurred across all
samples with increasing temperature, attributed to moisture loss and changes in the chemi-
cal structure of the geopolymer concrete. According to Figure 7, the initial phenomenon
observed at 100 ◦C corresponds to a mass loss due to the evaporation of free and absorbed
interstitial water in the geopolymer samples. The condensation can be justified by the
disappearance of the band at about 727 cm−1 on the IR spectra of geopolymer concrete and
geopolymer concrete after heated at 500 ◦C, indicating further mass loss attributed to the
release of structural water and hydroxyl groups from Si–O and Al–O bonds. The total mass
loss at this stage was approximately 2% [30].
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3.5. Compressive Strength

The study investigated the compressive strength of geopolymer pastes using varying
amounts of Oujda clay replacement, tested after 7 and 28 days of curing. Figure 8 illus-
trates the results. Increasing the replacement level of Oujda clay (5 to 15 wt%) resulted
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in higher compressive strengths at both curing times. Specifically, at 7 days, compres-
sive strength improved from 20.36 to 32.07 MPa. At 28 days, the geopolymer exhibited
maximum compressive and flexural strengths when Oujda clay was replaced at 15 wt%,
with compressive strength increasing from 21.98 to 33 MPa, and flexural strength from
6 to 10.5 MPa. The high chemical reactivity of Oujda clay enhances the dissolution of
aluminosilicate precursors, thereby accelerating the geopolymerization process [31]. One
study has shown that crystallization of Na2SiO3 and SiO2 on the surface of geopolymers
results in a loss of strength [32]. The increase in the content of Al2O3 and SiO2 improved
the geopolymerization and produced the N–A–S–H and C–A–S–H gels, thus enhancing the
strength properties of geopolymers [33,34].
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Figure 8. Compressive and flexural strength of different types of geopolymer with various contents
of Oujda clay.

4. Conclusions

This study investigated a metakaolin-based geopolymer blended with Oujda clay,
replacing 5–15 wt% of MK. Results showed that the Oujda clay addition increased com-
pressive strength to 33 MPa with 15 wt% clay after 28 days of curing. The high chemical
activity of Oujda clay accelerated and enhanced the overall performance of the geopolymer.
The incorporation of Oujda clay into the metakaolin mix enabled chemical and mechanical
properties similar to those of traditional metakaolin-based geopolymers to be maintained,
while introducing a locally sourced and potentially more cost-effective material.
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